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Introduction

1. Introduction

1.1. Discovery of Hepatitis C Virus

Hepatitis C virus (HCV) infects approximately 170illion people
worldwide (WHO, 2008'¥). The first demonstration that most cases of
transfusion-associated hepatitis were caused byherehepatitis A virus
HAV) nor hepatitis B virus (HBV), the only two knewhuman hepatitis
viruses at the time, came in 1978, This new form of disease was called
non-A non-B hepatitis and the presumed etiologienagvas called non-A
non-B hepatitis virus. However, it was only afteamyg years of attempting
to isolate the agent responsible for this so-capledt-transfusion, non-A,
non-B hepatitis that, in 1989, with the aid of modchniques of molecular
cloning and phage display, a new RNA virus, ternmegbatitis C virus
(HCV), was isolated®. HCV causes a persistent infection in the majafty
infected people and can lead to severe manifestaéis cirrhosis of the liver
and hepatocellular carcinofffa For this reason, and the high prevalence of
infection worldwide, HCV is rightly classified ag@ajor human pathogen.

1.2. Classification

HCV, a positive sense, single-stranded RNA viras, heen categorised as a
member of the Hepacivirus genus within the Flaide by genome
analogy with other members of this famiff§. This family also includes the
flaviviruses such as dengue virus and Japanesepleslites virus, the
pestiviruses such as bovine viral diarrhoea virnd alassic swine fever
virus, and the recently discovered GBV-A and B s&sl and hepatitis G
virus. The HCV genome encodes a polyprotein of @xprately 3011
amino acids"™®, which is comparable in size to other members haf t
Flaviviridae such as the flavivirus yellow feverus (~3460 aa) and the
pestivirus bovine viral diarrhoea virus (~3960 ad)e structural proteins of
both the flavi- and pestiviruses are located at Mwermini of their
polyproteins, beginning with a small, basic nuckgsid proteil*®. The N-
terminus of the HCV polyprotein is also highly ladrurthermore, HCV,
flaviviral and pestiviral polyproteins all share milar hydrophobic
characteristics. Alignment of the HCV genome withes genomes of the
Flaviviridae shows regions of sequence homologyval as comparable
genomic organisation. As an example the regionrgpgramino acids 1230-
1500 contains many residues identical to a put&iV¥®- binding helicase
encoded by human flaviviruses, animal pestivirumed plant potyviruses.
Also, upstream from this lies a region sharingdess conserved among the
putative trypsin-like serine proteases thought, doymparative sequence
analysis with trypsin-like molecules, to be encodwsd flaviviruses and
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Introduction

pestiviruses®!. HCV and the pestiviruses have, within their 5’'UTah
internal ribosome entry site (IRES), which directap-independent
translation of the open reading fraffé HCV has also been shown to share
with flaviviruses and pestiviruses a large, consdrstem-loop structure
within the 5’UTR. However, despite similarities between HCV anchbot
flaviviruses and pestiviruses, significant diffecen also exist, and these
differences led to the proposal of a third Flavdae genus, the
hepaciviruses.

Investigators in Japan were the first to suggest HCV was a genetically
diverse virus, with subsequent studies identifyaigeast 6 major genetic
groups. To classify these groups, all presentlywmdiCV isolates have
been placed into one of 6 clades containing alCYV subtypes (fig. 1.1).

Clade 5

Clade 3
IKD49 EUH 1480
HCV-Tr

Clade 6

MELL JK O

EUHEZ

HC-J8
BEBEIL 3
HC-J6 Clade 4

Clade 2

Figure 1.1: Cladogram of HCV genomes (taken frJJSr?'J)

Furthermore, due to the high rate of mutationsoshiced during viral
replication, a population of variant HCV speciesrtfied quasispecies) can
be isolated within a single patiedt”. The variability is distributed
throughout the genome. However, the non-codingoreggat either end of the
genome (5'-UTR and 3'-UTR) are more conserved.gémes coding for the
envelope E1 and E2 glycoproteins are the mosthlati&dminoacid changes
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may alter the antigenic properties of the protethss allowing the virus to
escape neutralizing antibodie¥.

Genotypes 1-3 have a worldwide distribution. Tyfasand 1b are the most
common, accounting for about 60% of global infatsioThey predominate
in Northern Europe and North America, and in Soutlsd Eastern Europe
and Japan, respectively. Type 2 is less frequesftyesented than type 1.
Type 3 is endemic in south-east Asia and is vayididtributed in different
countries. Genotype 4 is principally found in thedtMe East, Egypt, and
central Africa. Type 5 is almost exclusively foumd South Africa, and
genotypes 6-11 are distributed in Asia (WHO, 2503

Figure 1.2 reports a geographic distribution of teein six HCV genotypes
(1-6) in 1999%,

Figure 1.2: Geographic distribution of the main six HCV genasp

1.3. Epidemiology of HCV

Despite being endemic worldwide, there is high gaplic variability in the
distribution of HCV (figure 1.3). Africa and Asiaale the highest reported
prevalence rates while the lowest are found in stréklised countries such
as North America, Australia and those in Northerml &Vestern Europe
(WHO, 20033, The highest reported seroprevalence rate is gypE
where approximately 22% of the population are H@Ybpositive, thought
to be due to contaminated glass syringes usedtionmade schistosomiasis
treatment campaigns from 1960 to 1587
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Hepatitis C, 2003

Prevalence of infection

. > 0%
[ 2.5-10%
1-2.5%

‘Source: SWHO, 2004)

Figure 1.3: Prevalence rates of HCV infection worldwide

The most common factors responsible for HCV trassion worldwide are
blood (transfusion from unscreened donors), intmaus drug abuse, unsafe
therapeutic injections and other healthcare relatedtedures®™. Within
developed countries, the introduction of blood enmeg tests for HCV has
effectively eradicated transmission by blood traegh. Instead, injection
drug use has been the predominant mode of trarismissrecent time&°!.

In the developing world however, unsafe therapemmjections and blood
transfusions are still major modes of transmissid@V transmission via
occupational, perinatal or sexual exposure is mash common. Perinatal
transmission is estimated to occur in 2.7-8.4% né&nts born to HCV
infected mothers, with higher rates in those barHtV/HCV co-infected
mothers ®”] though high rates of spontaneous clearance ohatab
infection during childhood has been obsen@tf. Sexual mode of
transmission has been reported, however it isefgs éfficient than for other
sexually transmitted virusé&s!,

1.4. Clinical manifestations of HCV infection

HCV infection is very often clinically silent witmost acute infections being
symptom-free and only a small number showing safrjaundice™. Rapid,
fulminant hepatitis associated with acute HCV itifathas been reported in
Japan, however this is not common elsewhere. Thig neflect differences
in genotype distribution as genotypes 2 and 3 avetrrevalent in Japan
while genotype 1 is prevalent in North Ameritd.
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Infection becomes chronic in approximately 75% afignts, as confirmed
by persistence of HCV RNA in serlifh Chronically infected patients may
exhibit vague symptoms such as fatigue and joihinag however it is more
common for patients to be unaware until complicgegiaf chronic liver
disease occur, often decades following infectiotmast all chronically
infected patients develop histological featuresclmfonic hepatitis such as
portal inflammation, interface hepatitis and lobuilgury®. Up to 20% of
patients develop cirrhosis within the first two ddes of HCV infectioff*®.

A wide range of factors can influence the developna# cirrhosis, but it
seems that being male, aged over 50 at time o€tiofe and high alcohol
intake increase susceptibility to cirrhdSis Complications of chronic liver
disease include liver failure and hepatocellulacic@ma (HCC). In patients
with established cirrhosis, HCC may develop in w@% per year and up to
4% of patients infected with HCV may go on to depeHCC during their
life® (fig. 1.4).

| HCY Infection ]
[ Acute Infection, ]
20-30% with symptoms
Clearance of HCV RNA, ﬁ Fulminant Hepatitis,
15%-256% Rare
h 4
[ Chronic Infection, ]
T5%-85%
[ Extrahepatic ¢
Manifestations
h 4
[ Chronic Active ]
Hepatitis
v
| Cirrhosis, ]
10%-20% over 20 years

[ Decompensated Cirrhosis, ;| HCC, 1%-4% per year ]
S-year survival rate of 50%

Figure 1.4: Various outcomes of HCV infection

Furthermore, there are many important extrahepa#inifestations of HCV
infection. Most of them are associated with autoimen or

lymphoproliferative states and may be related eéopgbssibility that HCV is
able to replicate in lymphoid cells. Cryoglobulioan be found in 50% or
more of patients with hepatitis C. Vasculitis, aatgia and purpura are
included as symptoms. Presently, it is well knowattHCV is the chief
cause of essential mixed cryoglobulinemia. Othseales, including lichen
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planus, Sjogren’s syndrome, and porphyria cutaaedat have been linked
to HCV infection*”. However, a definite pathophysiological role of A
these diseases has been difficult to establish.

1.5. Immune response

Innate and acquired immune responses both playeaimdHCV infection.
The critical period, in terms of determining theamume of infection appears
to be the acute phd¥e Natural killer cells may play a vital role as
chimpanzees with asymptomatic HCV infection cammglate the virus
without any detectable HCV-specific T-cell respdifde

Within a few weeks of infection, the majority of tjgats show
seroconversion, indicated by the presence of adiggo against both
structural and non-structural proteins. The serploffHCV infection does
not follow the classical pattern of IgM responsesatved in other viral
infections because it may be absent, late or gemsisifter HCV infection
and does not correlate with the histologic activpggsitive anti-HCV IgM
levels are found in 50-93% of patients with acugedtitis C and in 50-70%
of patients with chronic hepatitis C. Thereforefi-#fCV IgM cannot be
used as a reliable marker of acute HCV infeéfibnlgG levels are used
instead for monitoring of chronicized infections.

Clearance of infection is associated with a str@my+ and CD8+ T-cell
responsé®. However, the cellular immune response may ocdutha
expense of a long-lasting inflammatory reactiorultésg in liver cirrhosis
and HCC.

1.6. Therapy

The therapy for chronic hepatitis C has evolveaditg since interferomne:
was first approved for use in this disease in 10is.9

Interferone. has potent antiviral activity, not by acting dittgaon the virus

or its replication cycle, but instead by inducimgeirferon-stimulated genes
which in turn promote a non-virus-specific antivistate within the infected
cell ®Y. Recombinant forms of interferanhave been produced, and several
formulations ¢-2a, a-2b, consensus interferon) are available as thef@py
hepatitis C. However, interferantherapy alone has limited success, with
only 16-20% of patients producing sustained resporadter 12 months of
treatmert”. The addition of the antiviral agent Ribavirin rdhan doubled
the response rate seen with interfecoraloné®®. Today, pegylated
interferon, in which polyethylene glycol (PEG) isvalently attached to
recombinant interferon; in combination with Ribavirin, is the treatmerit o
choice. Pegylation changes the uptake, distributiand excretion of
interferon, prolonging its half-life. PEG-interfera. can be given once
weekly and provides a constant level of interfesomthe blood, whereas
standard interferon- must be given several times weekly and provides
intermittent and fluctuating levels. In additionE®-interferone. is more
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active than standard interferanin inhibiting HCV and vyields higher
sustained response rates with similar side effd@¢sause of its ease of
administration, better pharmacokinetics and higtiecacy, PEG-interferon-
o has replaced standard interfemonboth as monotherapy and as
combination therapy for hepatitig'€.

The outcome of treatment can be grouped into oné¢hiefe categories.
Virological Response is defined as the loss ofatalde HCV RNA during
(Early Virological Response, EVR), and continuirgg 6 months after the
end of therapy (Sustained Virological Response, S\Ehd-of-treatment
Response and Relapse is defined as a transiewonsssfollowed by relapse,
while Non-Response, which occurs in approximatelpe-third of
chronically infected patients, defines those whuendbecome HCV RNA
negative. When PEG-interferen-plus ribavirin is administered for the
standard duration (48 weeks), a sustained virotbgasponse is achieved in
around 50% of patients infected with HCV genotypantli around 80% of
patients infected with HCV genotype 2 or 3. Datavrsniggest that treatment
duration can be shortened or lengthened dependinbaseline viral load
and/or early on-treatment viral kinetics, offerinthe prospect of
individualizing therapy further to improve respormeto prevent treatment
from being unnecessarily extended (figure 1:3)

Eligible patient
Anti-HEV positive

3

Determine quantitative HCV RNA
Determine HCV genotype: if genotype 1

Mare than l T ggest | Mo fibrasis ar
portal fibrosis, | CivesDiopsy =i = | portal fibrosis only,

Begin treatment Cansider no treatment

\\ Treat with peginterferon
plus ribavirin,1,000mg < 75kg:

1,200mg » 7Ekg

Determine quantitative HCV RNA af week 12

'

Complete EVR (HCV RNA-) | | Partial EvR (Hev ANALSZ log) | | no EVR (HCV RNAL2 log) |
Continue treatment for a total of Determine qualitative HCW RNA _
48 weeks at week 24 week lop Treqtweny

i !
a\l HCV RNA negative | [ HCV RNA pasitive

Qualitative HCV RMA at week 4B (end of treatment) and at
Week 72 (to establish sustained virclogical response)

Figure 1.5: Algorithm for treatment of genotype 1 HCV infecti@taken from>! )
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Recently, research has been focused on new tafgetdCV treatment.
Agents have been discovered which inhibit spe@fiocesses in the virus
life cycle including inhibitors of HCV enzymes aglvas nucleic acid based
molecules that interfere with the viral RNA. Smablecule inhibitors have
been identified that block essential viral enzynsesh as the NS3/4A
protease and the NS5B polymefd$&!. Nucleic acid based antiviral agents
have also been discovered recently including amseligonucleotides and
small interfering RNAs (siRNA&). Potential has also been shown by novel
immunomodulatory agents as candidates for treatmieRICV; a synthetic
agonists of Toll-like receptor 7 has shown anti-H@¥tivity with very
limited side effecté”.

1.7. Virus morphology

Electron microscopy studies on HCV positive plasseamples using
monoclonal and polyclonal antibodies allowed vigalon of spherical
particles of diameter 55-65 nm, with a low buoysutrose density between
1.08 and 1.16 g/mi®). HCV is believed to possess an envelope (derived
from host cell membranes) as evidenced by its teitgito chloroform™”.,
Non-enveloped HCV nucleocapsids, with higher buoydensity (~1.3
g/ml), have similar spherical morphology and canfduend in significant
quantities in serufff!. The nucleocapsid is composed by the core protein,
while E1 and E2 glycoproteins are integrated indheelope and exposed on
the outer side of the patrticle.

Upon synthesis, E1 and E2 proteins are targetedhé¢o endoplasmic
reticulum, where they fold and heterodimerize. didition, they are retained

in this compartment, where the virus particle isufht to acquire its
envelope™. However, because HCV does not replicate efftbiein cell
culture, it is currently impossible to study lamrents in the maturation of
HCV envelope glycoproteins that might occur durilgdding and
maturation of the particle. Non-structural protei?dS) provide various
functions necessary for viral entry, replicationl gmocessing (fig.1.6).

1.8. Genome structure

HCV has a single stranded, positive sense genona@mioximately 9.6kb.
The genome contains one long open reading frameF(G#icoding a
polyprotein of approximately 3011 amino acids, Ked by 5’ and 3’ non-
coding regions®. The highly conserved 5’'UTR is 341 nucleotideseingth
and contains extensive secondary structure. Sitielsuin structure between
the HCV 5'UTR and that of picornaviruses led to dwnclusion that HCV
had an internal ribosome entry site (IRES), requfor translation initiation
199 The ORF encodes a single polyprotein which isgssed co- and post-
translationally by host and viral proteases to pomsd at least 10 viral
proteins™. The structural proteins (core, E1, E2 and p7)l@ated within
the amino-terminal third of the polyprotein, while non-structural proteins

12
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(NS2, NS3, NS4A, NS4B, NS5A and NS5B) are foundimithe carboxy-
terminal two thirds.

The 3’ UTR is a tripartite structure consistingaiconventional 3’ end, a
poly(U) tract and a 3' X-tail. This X-tail is highlconserved and forms an
elaborate stem-loop structure, suggesting a pessit# in replicatiofi".

a Model structure of HCV

Envelope glycoprotein 2
Ervelope glycoprotein 1 HEAYER

Ervelope lipid
RMNA genome

Capsid proteins

b Proteins encoded by the HCV genome

HEW RNA
+——— Region encoding polyprotein precursor ——
[_&NTR ] [ A FNTR ]
/uctural W Nonstructural proteins \

p22 gp35 gp70 p7 p23 p70 p8  p27 pSB/SE pas
B

Metalloprotease IFM-resistance RNA
Envelope "y !
: Serine protease rotein merase
glycoproteins RNA hEIeIicaae A pay
Mucleocapsid Transmembrane protein Cofactors

Figure 1.6: Model structure of HCV and genome organizatione(lai(om[4])

1.9. NS3 protein

NS3 is a multifunctional protein of 68 kDa, coniamp a serine protease
domain within its N-terminal third and an NTPaséfi@se domain within its
C-terminal two-third$™*%°I% (figure 1.7). The two functional domains are
not cleaved from each other yet act independeritgach other. The serine
protease domain is required for 4 cleavage evextting in cis to release
itself from the HCV polyprotein and in trans to guze the N-termini of
NS4B, NS5A and NS5, In addition to the N-terminal third of NS3, a
C-terminal domain of NS4A has been described asN&3 co-factor,

13
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required for efficient cleavage of the downstreastyprotein, especially at
the NS4B/5A cleavage site, resembling that seen in flaviviruses and
pestiviruses. The NS3/4A protease has also beemnstwm control host cell
antiviral defences by disrupting pathways that leadctivation of interferon
regulatory factor 3 (IRF3) and subsequent inductbrtype | interferon.
Identification of an interaction between NS3 and2Nstiggests NS2 may
function as an anchor to retain NS3 at the ER mamébuntil cleavage of
NS4A%,

The C-terminal two-thirds of NS3 possess NTPase lalttase activity.
Polynucleotide-stimulated NTPase activity, capaiflaydrolysing all NTPs
and dNTPs, has been shown, while RNA helicase iggtirequiring ATP
and a divalent ion, has also been identified: tI88 KC-terminal domain is
capable of unwinding RNA-RNA, RNA-DNA and DNA-DNAubstrates in
a 3'-5' directior'®",

Figure 1.7: Structure of NS3 protein (Protein Data Bank code 1CProtease domain is
depicted in yellow, helicase subdomains 1,2 ance3ragreen, cyan and violet respectively

14
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Sequence-based classification has placed the HCY G¥&rminal domain
into helicase superfamily 1l (SF-II), along witharly 100 proteins encoded
by prokaryotic, eukaryotic and viral genes. ThelSkelicases play critical
roles in transcription, RNA processing, translatiamd RNA replication.
Prototypical members of this family include tratisla factor elF-4A, DNA
repair enzymes UwvrB, Rad-3 and Ercc-3, the humanA Ri¥ocessing
enzyme helicase A, and the vaccinia virus RNA lasiicNPH-II.

Crystal structures of the HCV NS3 helicase domairitdelf*”, in complex
with single-stranded DN, and in the bifunctional protease-helicase NS3
protein complexed with NS4A co-factor peptide showed that it is
composed of three nearly equal-sized subdomainsdduoain 1 (residues
181-326 of NS3) and subdomain 2 (residues 327-48MIS8) have little
sequence identity, but share the same structur@pased of a large central
B-sheet flanked by-helices, and are homologous in structure to timdrak
region of the RecA protein. Subdomain 3 (residuB2-@31 of NS3) is
mostly a-helical and contains part of the single-strandedleic acid binding
site. Subdomains 1 and 3 share a more extensiedaoé than either share
with subdomain 2. Therefore, subdomains 1 and @ frigid unit, whereas
subdomain 2 is connected to subdomains 1 and 3obxerg-exposed
polypeptide segments capable of supporting largke scelative rotations of
subdomain 2. In particular, an unusual moleculaatuiee is a long
antiparallel-loop that extends from the centfakheet of subdomain 2 to
subdomain 3 where the end of the loop becomes tagral part of the
subdomain 3 structure. Thus, similar to other lasks, subdomain motions
are characteristic for the activity of the HCV habe.

All helicases crystallized to date contain doméhmst resemble domains 1
and 2, but none share a domain that resembles dd@n#ém some helicases,
such as Pcr”, two domains replace domain 3, one which extenoks f
domain 1 (called domain 1B) and one that extends)fdomain 2 (called
domain 2B). In several helicase structures thateslimmains similar to
domains 1 and 2 of HCV helicase, such as the Reofgip, DnaG, and
eukaryotic translation initiation factor &, domain 3 is missing entirely,
suggesting that domain 3 might not be required REV helicase
movements. This is not the case, however, and wthoits role in
unwinding is only beginning to be understood, dantis clearly essential.
Deletion of 97 amino acids from the C-terminus &3\results in an inactive
helicas&".

An active NS3 helicase domain has recently beeorteg to be required for
replication of an HCV subgenomic repliddh In spite of these evidences,
since there is no DNA stage in the HCV lifecyche £xact function of HCV
helicase is still unclear. It could unwind dupleN® that is formed when
the single-stranded HCV genome is copied, or it hinigmooth RNA
secondary structures, which impede the NS5B RNAeddpnt RNA
polymerase. Alternatively, the ability of HCV hedie to move like a motor
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along RNA could be used for a process not linkeddoa fide helicase
activity (i.e. the disruption of base pairs). HC¥libase could strip RNA
binding proteins from viral RNA, assist translatiam even help coordinate
translation and polyprotein processing. Moreoveg3Nias been shown to
bind many cellular factors including protein kina&e protein kinase C,
tumour suppressor p53 and histones H2B & H4 andeffasts on various
processes such as cell metabolism, differentiatiwhtumour promotidtf.
The multifunctionality of NS3, together with itstémactions with numerous
cellular factors, indicates that this protein playsivotal role in the life cycle
of HCV, not just in terms of replication of the airRNA but also by
interacting with host proteins which may resultsiome of the pathogenic
effects associated with HCV infection.

Whether NS3 exist® vivoas a monomer or as an oligomer is still debated.
Ever since the HCV helicase portion of NS3 wast fiparified, it was
apparent that it behaved as a monomer and did eexd to oligomerize to
cleave ATP. Initial studies found HCV helicase @ as a monomer in
solution based on gel filtration ddf4. The monomeric enzyme has all the
residues necessary to catalyze ATP hydrolysis,asnd result, no decrease
in turnover constant is observed when HCV helidasdiluted®”, in stark
contrast with other helicases. There is also yetlinect structural evidence
for dimerization. Although the protein exists as dimer in the
crystallographic asymmetric unit in PDB files 1HBhd 1CU1, it is a
monomer in 1A1V and 80HM. No evidence has been egotesl that
interfaces seen in PDB files 1CU1 or 1HEI are lgaally relevant. In
addition, all HCV-encoded proteins are translated aingle polyprotein and
therefore produced in equimolar amounts. It isdafeee unlikely that NS3
exists in large excess relative to other viral @t involved in RNA
replication, e.g. the RNA polymerase NS5B and t&&A protein.

While the evidence that HCV helicase acts as a mends convincing,
there is also evidence that multiple subunits ademwith each other to
efficiently unwind RNA. Yeast two-hybrid assays wyide the most
persuasive evidence that NS3 interacts with it§8Ifin these experiments,
three residues were identified that are critical dioner formation, Thr266,
Tyr267 and Met288. Mutations of these residuesamy influence dimer
formation that can be assayed using gel filtratlmnt, also the ability of the
protein to unwind DNA.

The latest evidence for oligomerization has emeffgeth measurements of
rates of HCV helicase catalyzed DNA and RNA unwmgdi Notably,
unwinding rates are not linearly dependent on theumt of protein present
in the reaction, but rather, accelerate greatlyeorc critical protein
concentration is reached. Several kinetic models Hzeen proposed that
take into account and explain this cooperatf#fy’. Ensemble and single
molecule studies have established that NS3 is @epsive helicase, capable
of making multiple unwinding steps of well defingide without dissociating
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from the substrate. This stepping behaviour in®lakernating pauses and
rapid unwinding events and is similar to the bebawidisplayed by
cytoskeletal motor proteins. The pauses are likelybe caused by the
necessity to reset the conformation of the helidddé& complex after each
unwinding step, consistent with an inch-worm modg&lunwinding. The
kinetic models cited above also attempt to caleulaé number of base pairs
unwound in a single turnover event (called “stegei Levin et al have
calculated a step size of 9 base pairs using DN, asing a long RNA
substrate, Serebrov and Pyle have determined tBabase pairs are
unwound by HCV helicase in a single step. The numfebase pairs
unwound by NS3 per step appears to be one of tigedareported for
helicases to date, and it significantly exceedsfologprint of a monomeric
NS3 bound to an RNA substrate (6-8 nt).

A model that represents a possible synthesis of tfemomeric and
oligomeric unwinding theories has been recently semef?. The
experiments in this work revealed distinct actitegess of NS3, one of which
is a nonprocessive but highly reactive monomer s Tgopulation of NS3
dominates the unwinding reaction under conditionsvhich the measured
kinetic step size is lower, whereas more processiates of NS3 dominate
under conditions in which the step size is higlleereby demonstrating a
link between oligomeric state and kinetic step sifdhe helicase. These
experiments reconcile the apparent discrepanceported step sizes, and
they establish a model for unwinding that is caesiswith both ensemble
and single molecule studies. These findings immican unwinding
mechanism in which NS3 monomer is the minimal fiomal unit capable of
RNA remodeling, and where increased processivigeaps to be the only
characteristic of NS3 unwinding that is stronglfeafed by oligomerization,
as kinetic parameters for unwinding remain essintize same.

1.10. Diagnosis of HCV infections

Historically, alanine aminotransferase (ALT) angasate aminotransferase
(AST) levels were used as markers for suspect H@#&ttion, even though
they are nothing more than surrogate markers foVH@nd are now
considered obsolete by maty

The first proper marker of HCV infection is serur®¥i RNA detectable by
PCR as early as 1 week after infection and incngasip to 16-10°
genomes/ml. Non-enveloped circulating nucleocapsidicles also rapidly
appear and represent an early marker of acute H@¢tior®”.

Different antibodies appear in serum at differenielivals from the time of
initial inoculation. Unlike the usual pattern of iminoglobulin response,
presence of anti-HCV IgM is not a reliable markeacute infection, as anti-
HCV IgM can be detected in most patient with chcoriCV infection.
Anti-core 1gG directed to the nucleocapsid and NB&eins are generally
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the first to appear and can be detected by the Ailie is peaking, within
days to weeks after onset of clinical sympt8mdHowever, protective
antibodies have not been identified yet.

Diagnostic tests for hepatitis C can be divided thie following two general
categories: serological assays that detect an@bddihepatitis C virus (anti-
HCV) or directly HCV antigens; and molecular assthat detect, quantify,
and/or characterize HCV RNA genomes within an itddc patient.
Serological assays have been subdivided into sogédests for anti-HCV,
such as the enzyme immunoassay (EIA), and suppteitests such as the
recombinant immunoblot assay (RIBA). While scregritssays are widely
used for initial screening of large populationsg(eblood donors),
supplemental anti-HCV tests are designed as coafiom tests to resolve
false-positive testing by EIA. Detection of HCV RNA patient specimens
provides evidence of active HCV infection and igembially useful for
confirming the diagnosis and monitoring the anéiviresponse to therapy.
Optimal HCV PCR assays at present have a sengitdfitless than 100
copies of HCV RNA per milliliter of plasma or seruMolecular tests have
also been developed to classify HCV into distinehatypes; the clinical
importance of HCV genotype determination residethendifferent response
of the HCV genotypes to interferon-ribavirin treatm

Since the discovery of hepatitis C virus (HCV) 889, there have been
many advances in the area of diagnostic testinpdpatitis C. The problem
of HCV transmission by blood products has spurrédresive research in the
area of blood product testing for antibody to HCaht{-HCV). In this
setting, anti-HCV screening assays have been desigio optimize
sensitivity of detecting infected carriers of HC¥ ggrevent the transmission
of infectious virus. Although first generation senéng assays have been
extremely effective in reducing the risk of pogtsfusion hepatitis C, they
have also created a situation in which false-pgesitesting has occurred in
some individuals who have no other clinical or l&tory evidence of HCV
infection. In a low-prevalence setting like the Ilti®a blood donor
population, the false-positive rate for a screemisgpy actually exceeded the
true-positive rate, creating a need for supplenemtaconfirmatory tests.
Because of this need, supplemental anti-HCV angibedts, such as the
recombinant immunoblot assay (RIBA), were develogedaid in the
diagnostic evaluation of seemingly healthy indidtiuwho test positive in
the anti-HCV screening assay. Supplemental anti-HiS¥ays have been
used widely in the diagnostic workup of patientshvwduspected hepatitis C,
under the assumption that supplemental tests canséé to confirm the
diagnosis. However, the unequivocal diagnosis paligs C requires either
clinicopathologic correlation, such as typical bisgic changes on liver
biopsy, and/or demonstration of active HCV replmain an individual with
a positive antibody screen, such as demonstratioviremia by reliable
molecular assay’s In many infections, isolation of the pathogentisgue
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culture is useful for establishing the diagnosiowever, tissue culture
propagation of HCV has been extremely difficultthwonly a few reports of
low-efficiency propagation in the research settifidrerefore, molecular
assays have been developed to detect, quantifyprandaracterize HCV
RNA genomes within infected patients. DemonstrabbrHCV RNA in a

patient’s blood by molecular assays can be extneosful in the diagnostic
workup. However, in other cases, such as a patighta known risk factor
for HCV infection plus a history of chronic abnoiitias in serum

aminotransferase levels, molecular assays are lpisob®t necessary to
make the diagnosis of chronic hepatitis C in a@esiive patient. Patients
who test positive for HCV RNA in the blood are krowo be actively

infected by HCV and are at increased risk for depielg significant liver

disease. Common algorithms for HCV investigatiorrently suggest use of
both serological and molecular tests in differentges of the infection
(figure 1.8)

Test for anti-HCV
by EIA or ELISA

Negative ™ positive
- ‘
/ e
> HCV RNA quantitative assay by PCR or bDNA
Mot infected. No further tests unless: — T
* Arute exposure = - I
* Hemodialysis } — Negative Positive
* Immunocompromised
HCV RNA qualitative assay by PCR _ Genotype
Negative = resolved infection * Positive = infected

anti-HCV = antibody to hepatitis C virus; EIA = enzyme immunoassay; ELISA = enzyme-linked immunosorbent assay;
PCR = polymerase chain reaction; bDNA = branched DNA

Figure 1.8: An algorithm for investigation of HCV infection gan from[g])

1.11. Serological assays

1.11.1. EIA screening assays for anti-HCV

The main screening assay for detecting anti-HC\badtes is the enzyme
immunoassay (EIA), that has evolved into more sijdted automated
immunoassays (i.e. the CLIA format). Nevertheleks, the sake of
simplicity, they can be treated as similar as thmciple behind their
mechanism is essentially the same.

The EIA has many advantages in the diagnosticnggtincluding ease of
use, low variability, ease of automation, and reddy low expense. At least

19



Introduction

four generations of anti-HCV tests have been deexlp and each
generation has resulted in an improvement in thesigeity of detecting
HCYV infections.

The first generation anti-HCV test (EIA-1) containex single HCV
recombinant antigen derived from the nonstructiv8¥4 gene, designated
c100-3. Although development of this test represgénta dramatic
breakthrough in terms of identifying patients wihrologic evidence of
HCV infection and reducing HCV transmission viadaddransfusion, EIA-1
lacked optimal sensitivity and specificity. For exae, in a high prevalence
setting such as a tertiary care center, only apmabtely 80% of patients
with clinical and molecular evidence of HCV infaxti tested positive for
anti-HCV by the EIA-1 te§f,

On the other hand, in the low-prevalence blood dsetting, up to 70% of
individuals who tested positive for anti-HCV by tB#A-1 test had false-
positive test results, and were not infected wit@\VH For this reason,
supplemental anti-HCV tests (e.g. immunoblot agsayeye developed to
help reduce the number of individuals with falsesifee anti-HCV
screening tests.

The EIA-1 test was subsequently replaced in 199thbysecond-generation
test (EIA-2). The EIA-2 test contains HCV antigéram the core and NS3
genes in addition to the NS4-derived antigen, ahds trepresents a
multiantigen EIA. Introduction of the new antigeledd to a substantial
improvement in sensitivity and a slight increasepecificity relative to the
EIA-1%% (table 1.1)

Tame L Sensidvity and Positlve Predictive Value of EIA for Antl-HCV

Praitive Predictive ValueT (%)

Ynsay Sensitivity® () Law Preval=nce Higl‘. Preval=nce
HA-1 70-80 30-30 70-83
B4-2 92-93 30-61 83-05
HA-3 a7 13 Mot Done
*Based on clinical findings and detectian of HCV BNA by PCR
T Compared with RIBA

Table 1.1: Sensitivity and positive predictive value of aHIEV EIA of generations 1,2 and 3
(taken from[37])

The use of core and NS3 antigens in the EIA-2 shsttened the average
“window period” for HCV seroconversion, so thahag mean time to
seroconversion after blood transfusion was 10 wewkis the EIA-2 test
versus 16 weeks with the EIA-1 test. In the highwatence setting, EIA-2
testing allows detection of approximately 95% dafividuals with molecular
evidence of HCV. Immunocompromised individuals, rsuas organ
transplantation recipients or human immunodefigfenarus—infected
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patients, may lack detectable antibodies by ElA#nein the presence of
active viral infection. In the low-prevalence bloddnor population, EIA-2
testing resulted in a further reduction in the diecice of posttransfusion
hepatitis &”. A third-generation anti-HCV test (EIA-3) was laed in
1995. The EIA-3 test contains reconfigured core B&3 antigens plus an
additional HCV antigen (NS5) not present in the E1Aest. Several studies
demonstrated an incremental improvement in seitgitior detecting HCV
infection in blood donors and liver clinic poputats. The mean time to
seroconversion in transfusion recipients was shedéy 2 to3 weeks, and
the sensitivity for detecting anti-HCV in the higinevalence setting was
improved to 97%'%. Specificity of EIA-3 in the blood donor populatio
appears to be slightly better than the EIA-2. Ofernest, the slight
improvement in EIA-3 sensitivity compared with tB@A-2 test has been
attributed to reconfigured antigens already presettte EIA-2 test and not
to the NS5 antigéfi. A progressive improvement in sensitivity of déi@t
of anti-HCV has been accomplished by the three rg¢ioes of EIA
screening assays (Table 1.1). However, testing igh-prevalence
populations has indicated that not all patientd aittive HCV infection (eg,
HCV RNA positive) are identified with the EIA scrgrg tests.

TR R SR AT €14 - COMBO
T R T T ST T s W O] E A - 3

600 TR T FA -2
AST P AT E1A
{1
0 5 10 156 20 25 30 35
Weeks

Figure 1.9: First detection of anti-HCV (and/or core antigear, §ombo tests) after onset of
acute HCV infection (adapted frélr%])

Recently another generation of assays for testim¢(y/ infections has been
established. These new generation is composedeotdicalled “combo”
immunoassays, that simultaneously detect anti-HCiibadies and
circulating HCV core antigéf®. Inclusion of the core antigen detection
system sensibly shortened seroconversion windo\g-Byweeks compared
to 3% generation tests, almost closing the gap betweenunoassay and
NAT technology (figure 1.9). Considering the loveensitivity of HCV core
antigen detection in comparison to NAT, the HCV bonmassay is not
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practical for the determination of the end of tneat response and sustained
viral response, but could be useful for the deteation of early viral
response in the pegylated interferon-alpha andviribatreated patients
infected with HCV. Furthermore, the HCV core antigean be used as a
marker of HCV replication in anti-HCV positive indliluals in the areas of
the world that cannot afford NAT and/or in the isgf$ that are not equipped
or competent to perform HCV RNA testing.

1.11.2. Supplemental tests for anti-HCV

Supplemental tests for anti-HCV were developed éip tresolve false-
positive EIA test results. The prototype suppleraknést is the RIBA
(Recombinant ImmunoBlot Assay), which contains $hene HCV antigens
as EIA in an immunoblot format.

Results are interpreted either as positive (twanore positive antigens),
indeterminate (one positive antigen), or negativeéerpretation of HCV
serology depends on the patient risk status. Famele, in the low-
prevalence blood bank setting, approximately 35%spécimens with
positive EIA results used to be false positives REBA negative) according
to first and second generation t&€tsin contrast, in a high-prevalence
setting such as a university referral laboratoppraximately 97% of EIA—
positive specimens were also positive by immunolaad less than 1% of
ElA-positive specimens test negative by immunobféf. Therefore,
supplemental anti-HCV testing was not used for icovation of infection in
high-risk patients with a positive anti-HCV screétowever, improvement
in false-positive detection by more advanced Elstdds rapidly making
supplemental tests unnecessary and obsolete.

1.11.3. Molecular assays

The presence of antibodies to HCV cannot distingbistween current and
resolved infection. Moreover, only core antigenelsvhave any bearing on
the likelihood of successful antiviral treatmenheTadvent of serum-based
tests of viral presence represents a watershedheén evaluation and
management of hepatitis C. However, several asaagsin use for the
detection of HCV RNA, and infected patients may tested in different
laboratories, each using a different test proceduril recently, even the
units of expression lacked standardization. Mamgiss of HCV therapy
expressed the amount of virus present (viral ldadopies per mL. Several
studies selected 2 million copies per mL as thestwld separating “low”
from “high” viral load®®. However, because there was no comparability of
quantified viral loads between assays, it was allpuimpossible to interpret
viral loads when different test systems were usAdsays now are
standardized and expressed in IU per mL of sEfum viral load greater
than 800,000 IU/mL is currently considered highyarelless of the assay
used®. Due to high sensitivity and virtual absence ofexoconversion
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window, NAT test for the detection of HCV infect®rare becoming
increasingly popular in western countries, somegimgubstituting the
immunoassay methods even for screening phase. tdeless, their elevated
cost precludes their use in many developing coesftff.

1.11.3.1. Target vs signal amplification.

The NAT test most commonly used to determine tlesgmce or absence of
HCV is based on the polymerase chain reaction (PTH} test detects the
presence of minute quantities of HCV by first aryatig the quantity of
HCV RNA in the sample, a technique referred to axget amplification.
Transcription-mediated amplification (figure 1.10% another target
amplification tedt®/e,

(1) Primer 1 including T7- \r":"'_" 1
promoter sequence binds 111 HEY AMA
to target

oy o Primar 2

{2} AT ereates a double-

stranded cOMA template I
Including TF-promotor "-..,.-"
sequence %
Ill””' LT (4} Primer 2 binds to

RMNA amplicen and
rainitiates synthosis of
double-strandoed cONA

template ingluding T7-

Qmm T My Frimor 1 oromoter sequence
- - n'rJ_I_l 1

(3) RNA polymerasa o Primaer 2
trangcribes RNA from
DHA templatc and

produces 100-1,000 104=1, 000 ANA transeripis
coplas of ANA transcript

Figure 1.10: Mechanism of transcription-mediated amplificatassay

Other tests, such as the branched DNA 4Sapperate by a different
mechanism, referred to as signal amplificationufféegl.11). The principle of
branched DNA testing is to bind branched probehédcarget RNA, raising
the number of signal molecules that can bind eacfjet molecule. Most
target amplification tests such as PCR are moraithan than currently
available signal amplification tests, and so yieler false-negative results.
Target amplification tests are more complicated @ode costly than signal
amplification tests, and also take longer to penfoSignal amplification
tests are technically simple, highly automatedid;egnd easily reproduced.
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label probe -

bDNA —, é
capture k k
e ender—ﬁ| /|| i /I|._capture probe

Figure 1.11:Mechanism of branched DNA assay

+«—target

Their relative lack of sensitivity is their mainasvback. Both types of tests
are extremely specific. Apart from a contaminatgdtem, false-positive
results are rare. The current generation of PCHRS tiss quite sensitive,
detecting HCV viral loads as low as 25 IU/mL. Levef circulating HCV in
individuals with untreated infection usually ranfgem 50,000 to 5,000,000
lU/mL.

1.11.3.2. Qualitative vs quantitative assays.

The HCV RNA test kits designed to indicate viraadoare not quite as
sensitive as those that provide only a qualitafjpeesent/absent) result.
Because untreated individuals with HCV have vimlels so much higher
than the threshold of detection, this small lossdnsitivity is not important,
and quantitative HCV RNA testing should be orddmrdhese patients.
Results of qualitative PCR tests for HCV RNA arepressed as either
positive or negative; viral load is not providededause of the slight loss in
sensitivity with quantitative assays, a negativauilteon a quantitative PCR
or branched DNA assay may be falsely negative amdy person with
suspected HCV infection, should be confirmed witgualitative PCR test
for HCV RNA. This is especially true when assesdimgtment response.
Patients with high viral load have a lesser liketil of responding to
available antiviral therapy?. In addition, viral load has implications for
therapeutic “stopping rules.” It is now clear tpatients with HCV genotype
1 who do not achieve a 100-fold reduction in vicdd after 12 weeks of
antiviral therapy have less than a 5% chance desirly such a response if
therapy is continued for an entire year. As a tesativiral therapy
generally should be stopped after 12 weeks in patients, since continuing
treatment is usually not worth the associated aast morbidity, given the
low response rate. However, this criterion of a-id@ reduction in viral
load at 12 weeks does not apply to patients with/lg€notype 2 or 3, since
such patients require only 6 months of antivirarépy.*”
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1.12. The Liaison® system

The Liaison®system (Diasorin S.p.A., Saluggia, Italy) is antrimsient
designed to perform immunometric analyses of bicklgfluid samples
(such as serum or plasma) in a completely automagsd(figure 1.12). Up
to 15 different tests can be performed at once prioul44 samples in a
sequential or random access mode. The output oarldysis is generated
through the formation of an immune complex, followeby a
chemiluminescent reaction that produces an emigsgibght.

trigger

solution

Figure 1.12: The Liaison® system

The instrument is composed of two modules, desidadie both allocated
on a single workbench; the first module is a peas@omputer with touch
screen, that hosts the user interface softwarealirile system data (assay
protocols, reagent cartridges database, outputalyses, calibration history,
network controls etc.). The second module is theiahcanalyzer, that
performs the analysis from sample loading all tlag wo the final output for
the user. Key components of the analyzer include:
e Cuvette loader and stacker: two conveyor beltswaldmntinuous
loading of the reaction modules, that are stored onultilevel rack
(7 levels).
» Sample rack slots: in the left-hand part of theérursent, a storage
area can hold up to 12 sample racks, each carmgrig 12 samples.
A barcode reader allows error-free catalogatiosamfples.
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Reagent slots: in the right-hand part of the imawrat, another
storage area can hold up to 15 different reagentridge
simultaneously. This area is kept at a constanpéeature of 15°C
for optimal conservation of the reagents, whiletiarisg device
keeps the microbeads always in homogenous susperi&iocode
reader for cartridge identification.

Robot dispense arms: two robotic arms each carrgingspensing
needle. One arm is usually dedicated to dispersangples, another
to dispensing reagents. Each one has a separaténgasell to
clean the needle after each pipetting.

Incubator: this area hosts the reaction cuvettemgluncubation
times, at a constant temperature of 37°C.

Washing station: through the application of a mégnfeld, this
part allows retention of the paramagnetic microbesatt removal of
the reaction liquids. Any number of washing stejih the desired
washing buffer can be set.

Read area: contains the injection devices of triggagents and the
photomultiplier tube

The Liaison® system is based on two key featutes:use of paramagnetic
microbeads as the solid phase and the generati@ignél by means of

chemiluminescence.

The adoption of microbeads as the solid phase ddstaf the classic

immunoassay supports, as the ELISA microwells givekear edge in terms
of available reaction surface, which in turn ingesathe kinetic rates of the
antigen-antibody complex formation.

Figure 1.13: The paramagnetic microbeads used in the Liaisos&m
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Moreover, diffusion of both the analyte and theédsghase in the reaction
volume is allowed, while in ELISA system only thaealyte can diffuse,
decreasing the possibility of the immune complexmiation. The

microbeads adopted in the Liaison® system (figurg&3)L are colloidal

particles composed of a ferric oxide core covergdabpolystyrene layer
formed by spontaneous coalescence of polystyremeari chains. This
structure is in turn coated with another layer cosgul of polyurethane
activated with tosyl- groups. The tosyl- group @lenesulfonyl chloride)
can undergo nucleophilic attack (figure 1.14), wilgy the beads to
covalently bind proteins through their available irdm groups §-amino

groups of lysines, N-terminal end).

O/\/\o & E @> CH,

AH
\

H

O

HO—S»<Q>CH3
v B
Q/\AN(H
R

Figure 1.14: Chemistry of the covalent binding of amines tottisyl-activated beads.

R-N

The paramagnetic properties of these microbeadsvaksy manipulation
through the application of a magnetic field. Thetipkes respond to a
magnet but are not magnetic themselves and retairesidual magnetism
after removal of the magnet.

The tracer molecule is an antigen or antibody ogeted to a signal
generating compound. Chemiluminescent tracersaareefd by conjugating
the antibody (or antigen) to a molecule that camegate a photon emission
upon addition of certain reagents. The entity a thhoton emission is
measured with a luminometer, usually equipped wighotomultiplier tube.
The chemiluminescent molecule used in the Liaissg&em is the luminol
derivate ABEI (N-(4-Amino-Butyl)-N-Ethyl-Isoluming] which is converted
to its activated ester to allow conjugation witre tAntibody or antigen
(figure 1.15).
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NH, O 0

Figure 1.15: Luminol, isoluminol, and ABEI

In presence of W), and a microperoxidase (deuteroferrihneme), ABEI
achieves an excited state in consequence of a cakraaction. This excited
level decays to the ground level generating endéngform of light (fig.
1.16).

H3C
o]
N
HZN/\/\/ “
NH
o]
dfn | H2C2
OH
H,C,
> o
N
HzN/\/\/ .

+
420 nm

(e}

Figure 1.16: Chemiluminescence reaction of ABEI

The emission of light is recorded by the photonigiptube for an interval
of just 3 seconds (“flash” chemiluminescence) dmal gignal is integrated
over this interval (fig. 1.17). The final resudtéxpressed in RLUs (Relative
Light Units).

Using chemiluminesce is a great improvement overymatic signal
generation of classic ELISA format assays. Seritsitie highly increased
and a greater dynamic range can be achieved.
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Figure 1.17:“Flash” chemiluminescence signal integration @& thaison® system

Lower molecular weight and steric hindrance of ABE®mpared to
horseradish peroxidase allow conjugation of morgnai generating
molecules per tracer molecule. Moreover, generaiahrecording of signal
is completed in a very short time (3 seconds), withensible throughput
increase.
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2. Aim of the work

Almost every anti-HCV antibodies diagnostic kit @ntly on the market
makes use of the NS3 antigen, in different varigdtene of the NS3 antigen
forms included in commercial diagnostic kit arewhan fig. 2.1.

1 192 384 747 810 ‘1027 1657 1711 1973 301‘1
I c|Ee1| E2|p7] Ns2 | NS3 NS4a| NS4b | NS5a/NS5b |

’ €200 11921931 ‘

’ €33 1192-1457 H €100-3 1569-1931 ‘

NS3 3D 1192-1657

’ NS3/4a Pl 1027-1711 ‘

Figure 2.1: NS3-derived antigens used in various commercial HiBMunoassays

ETI-AB-HCVK-4 is the anti-HCV EIA kit sold by DiaSm. It makes use of
highly antigenic determinants of both the strudtumad non-structural
regions of HCV, including NS3, in the form of c3Btigen, to detect 19G
directed against HCV. Large shares of the markepe@ally in most
developed countries, are shifting from the trad#iioELISA immunoassay
towards more automated systems, for reasons dictatethroughput and
detection performances. Therefore, the necessityfittdhe kit to the
automated Liaison® platform is clear.

Adaptation of an EIA immunoassay to the CLIA formatually implies a
development process that, in most simple scenaoioly involves
optimization of reaction variables (incubation teBnevashing steps, signal
acquisition, concentration of the reagents). IBtheperations are not enough
to obtain a kit with satisfying performances, ihdae necessary to rethink
the kit structure in a more dramatic way, such aslifging antigens and/or
assay format.

Therefore, the first attempt to fit the ETI-AB-HCVX kit on the Liaison®
platform was made with the most simple approacét i using the same
reagents of the EIA kit (antigens and solutionsithvgolid phase support
being the only sensible difference (paramagneticrabieads instead of the
ELISA microwells). This work was made by the Diasolaboratories in
Saluggia (Vercelli, Italy).

The assay format adopted for the CLIA assay prptoig the indirect, two-
step format (figure 2.2). This method requires kdsghase, where one or
more antigen are immobilized, and a labeled seagyn@datibody for
detection. First, the serum or plasma specimeddeto the suspension of
antigen-coated microbeads. An incubation at 37°Mdvie, during which
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antibodies (IgG being the main fraction) directeghiast the immobilized

antigens, if present in the sample, are capturethemmicrobeads. Then a
magnetic field is applied and all the unbound makés washed away. The
magnetic field is then released and an ABEI-coregianonoclonal 1gG

specific for the constant portion of human IgG dsl@d. Another incubation
follows, during which the ABEI-labeled antibody chimd 1gG captured on
the microbeads by the solid-phase antigens. Anotlashing step follows,

then the chemiluminescent reaction is primed with addition of hydrogen
peroxide, sodium hydroxide and deuteroferrihemealfyi, the emission of
light at 420 nm is measured.

"

Sample containing Paramagnetic particles o
anti-HCV IgG ¥ edwith HOV antigens P SR &

@ is‘mc

Incubate at
37°C

Q i 37°C

ABEl-conjugated

Ag AL anti-human Incubate at Formation

-’ complex + Iz G MAL 3reC -’ofcomplex-’ EWash

* Add .cheminuminescence wp Detect light emission at
priming reagents 420 nm

Figure 2.2: Mechanism of the indirect, two-step immunoassagnfir

The preliminary evaluation of this prototype on lamsera from HCV-
positive subjects, negative controls and serocawerpanels showed a
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substantial equivalence of the CLIA prototype te @IA kit in terms of
sensitivity and specificity. Unfortunately, the pitype also showed extreme
instability of its performances over time, spegiadifter thermal stress at
30°C or 37°C. In fact, after only a few hours ofrage at a temperature
above 4°C, the chemiluminescence signal inten$itgined testing the same
sample is greatly reduced. The chemiluminescemasigeduction is such
that samples that were dosed as highly positiverbeftressing the kit, after
2/3 days of thermal stress became undistinguisHednhe negative samples.
This is a particularly critical issue, because it stress stability is a
stringent requirement for prototype acceptance fared commercialization
of the kit. Even if storage of the kit at 4°C byetlend-user is always
recommended on the package and in the user manyasure of the kit to
thermal stress during shipping is a possible eyeat waiting on airstrip
during summertime or in warm countries). Therefateleast some kind of
resistance to thermal stress is required for imthligtaton of the kit. In most
cases, an acceptable threshold is maintainingaat #-80% of the original
RLUs after 3 days of storage at 37°C.

Separate stability studies performed on each antijehe ETI-AB-HCVK-

4 kit (c33, core and NS4) demonstrated that thenthkinstability is caused
almost exclusively by the ¢33 antigen.

The aim of this work was to solve or reduce therttad instability problem
of the ¢33 antigen in the environment provided ly Liaison® platform,
bringing the thermal stability of the prototypeattceptable levels.

The most desirable scenery would have been findingolution to the
thermal instability problem not implying a changethe antigen primary
sequence. This would have allowed to maintain thigtiag procedures and
process already developed and consolidated fdelth®A ¢33 antigen.

Thus, the first possible solutions to be examinedevthe ones that could be
applied to the existing ¢33 antigen without genegatnew constructs.
Failure of this approach switched the focus tordaization of new antigens
based on the NS3 protein.

Disclaimer:

All the antigens disclosed in this work were reatdifor research use only,
and are not part of any device currently manufactuand/or sold by
Diasorin S.p.A.
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3. Materials and methods

Strains and vectors

E. coli XL1-Blue strain (Stratagene, Agilent Technologi&anta Clara,
USA) was used for cloning operations and plasmithteaance.

E. coli BL21(DE3) strain (Novagen, Merck Chemicals Ltd, Bea, UK)
was used for protein expressida. coli OverExpress C41, C43, C4lpLys
and C43pLys are from Lucigen (Middleton, USA).

Vectors pET-24b(+) and pET-30b(+) (Novagen, MerckheRicals,
Darmstadt, Germany) were used in this work.

Sequence span of the cloned antigens is reportéabla 3.1. Aminoacids
numbers refer to the HCV polyprotein reported imBank M62321.1 entry.
SlyD and FKBP12 sequences are as reported in Gé&nBartries
CAQ33668.1 and AAA58472.1

Antigen Vector AA Cloning

c33 pET-30 1188-1463 Bglll-Xhol
SlyD-c33 pET-24 1188-1463 EcoRI-Hindlll
c33-7aa pET-30 1188-1456 Bglll-Xhol
FKBP12-c33 pET-24 1188-1463 EcoRI-Hindl]l
c33eu pET-30| 1188-1456 + 1479-1507 Bglll-Xho
c33 2D pET-30 1188-1507 Bglll-Xhol
NS3 3D pET-30 1188-1654 Bglll-Xhol
NS3 3D pET-30 1188-1654 Ndel-Xhol
w/0 extra seq.

Table 3.1: Description of the vectors used in this work

Synthetic DNA sequences were purchased from GenéRegensburg,
Germany)

Protein expression and purification

For flask protein expression, 20 ml of overnighliunes were diluted in 1 |
of LB medium with the appropriate antibiotic, groan30°C under constant
shaking and induced with 1 mM IPTG upon reachingptical density of
0.6 ODydml. Samples corresponding to 0.6 §fwere collected each hour
and after 3 hours of induction cells were harvestedentrifugation.

All proteins were purified by native fast proteilgdid chromatography
(FPLC) on an AKTA Explorer 10 system (GE Healthcatéppsala,
Sweden).
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Frozen cell pellets were thawed, resuspended in BBter and lysed by
sonication. Cell lysates were clarified by cengdtion and surnatant were
loaded on a Chelating Sepharose FF column, condiiovith buffer A. The
column was washed with 4 column volumes (CV) offéuf, then protein
was eluted with a gradient of buffer B (100% offeuB in 3 CV). Fractions
containing the protein of interest were pooled ditdted with buffer C, in
order to bring the final concentration of ammonianiphate to a value of
0,8 M, then loaded on a Phenyl Sepharose HP colequilibrated with
buffer D. After elution with buffer E, fractions otaining protein were
pooled. Final polishing was performed on a Superd@f gel filtration
column in buffer F. Protein concentration was meagiy measurement of
absorbance at 280 nm.

All the resins were from GE Healthcare (Uppsalae&sw), and the various
reagents were bought from Sigma-Aldrich (St. LOUISA).

Circular dichroism

CD measurement were done with a Jasco (Easton) 0A-50
spectropolarimeter both in the far (250-190 nm) By use of 0.2-cm path
length cuvettes. Sample were at a concentratiof.»fmg/ml in 20 mM
phosphate buffer. Temperature of the sample wasased by steps of 5°C
from 25°C to 80°C with a Haake thermostatic batfieevery step, the CD
measurement was repeated.

Formaldehyde fixation (see 4.2)

¢33 protein at 1 mg/ml was fixed by addition 37%nfaldehyde to a final
concentration of 1.8%. After 3 hrs of reaction & 4the reaction mix was
dialyzed against buffer F to remove formaldehydeesg. NHHCO; to a
final concentration of 0.1 M were added to querghreaction. The mix was
incubated for 45’ at 4°C, then dialyzed again agjauffer F.

Addition of cofactors

AMP-PNP (adenylyl-imidodiphosphate, tetralithiumltseSigma-Aldrich)
was added to the storage solution at a concentraifol50uM. (dU),
oligonucleotide (Primm, Milano, Italy) was addedtbh@ storage buffer at a
concentration of 1.5 uM.

HPLC analyses

High performance liquid chromatography was perfatméth a Beckman
Coulter System Gold 126 chromatograph (Beckman t€quFullerton,
USA) and a TSK-GEL G3000SW column (Tosoh Bioscisncstuttgart,
Germany), in PBS buffer.
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Liaison® immunoassay

Dynabeads® M-280 Tosylactivated paramagnetic mgadb (Invitrogen,
Carlsbad, US) were coated with the various NS3yans according to the
manufacturer’s instructions, at an antigen conegiotn of 1.5 uM in coating
buffer (see 4.5.1). NS4 and core antigen were setl to reduce complexity
of the system and isolate NS3-related reactivitlockling of the coated
beads was performed with 0.1% casein, then thesbeade washed and
resuspended in storage buffer. Immunoassay is npeefb as described in
chapter 2, with a tracer concentration (ABEI-Antintan 1gG MoADb,
DiaSorin, Italy) of 150 ng/ml and a sample voluni€20 pl. HCV positive
sera (cited in this work as POS # ) were boughtnfifrina Bioreactives
(Nanikon, Switzerland) and diluted 1:50 in negatse&rum prior to use.
Negative sera (cited in this work as POS # ) aedojten population of sera
described in 4.5.2 were obtained from the hospifalChivasso (ltaly).
Seroconversion points (from panels 6213, 6214 amtV9R5) were
purchased from ZeptoMetrix Corporation (Buffalo, A)SInterfering sera
(cited as INTERF #) were obtained from the collactiof sera of the
Diasorin facility in Saluggia (ltaly).
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4. Results

4.1. Characterization of the instability phenomenon

The observed instability of ¢33 antigen reactivityring storage could be
explained by many different factors. Several hypeds were made
regarding the factors involved in the process, Wwhitay comprise protein
degradation, aggregation (in solution and/or on libads) and conforma-
tional changes of the protein. First of all, sormeliminary analyses were
made to better understand the nature of the phemameausing ¢33 thermal
instability.

4.1.1. Assessment of proteolytic degradation

The first approach was to investigate if the redgtiloss was due to
proteolytic degradation of the protein, as this ldduave probably been the
easiest problem to solve. Proteolytic degradationlct destroy important
antigenic regions of the protein, impairing itsli§pito bind antibodies.
Unfortunately, analysis of protein integrity in itsost realistic environment
(immobilized on the beads) is of difficult feasityil and would require
techniques and studies beyond the intentions efwlurk. For this reason,
the assumption was made that the environment mduiy the beads is not
related to a possible proteolytic event affecting protein. This assumption
is reasonable as the paramagnetic beads used asshg are coated with an
inert polysaccharidic layer.

Lane | Sample
39 kDa 1 Invitrogen® SeeBlue Plus 2
2 €33, 10
- - - 3 ¢33, after 3 days at 4°C
28 kDa
4 ¢33, after 3 days at 37°C

1 2 3 4

Figure 4.1: SDS-page of ¢33 (8g per lane) before and after 3 days of storage@tahd
37°C
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Incubation of ¢33 antigen in solution at 37°C fevaral days does not cause
evident proteolytic degradation, as reported by $8&e (fig. 4.1) and
HPLC analysis (data not shown) of the samples.

This result allows to rule out proteolytic degradatas a possible cause for
the loss of reactivity.

41.2. Circular dichroism of ¢33

Circular dichroism (CD) spectroscopy measures uffees in the
absorption of left-handed polarized light versghtihanded polarized light
which arise due to structural asymmetry. The absericregular structure
results in zero CD intensity, while an ordered cnte results in a spectrum
which can contain both positive and negative sgn8kecondary structure
can be determined by CD spectroscopy in the "farspectral region (190-
250 nm). At these wavelengths the chromophoreeipéptide bond, and the
signal arises when it is located in a regular,ddlénvironment. Alpha-helix,
beta-sheet, and random coil structures each gegtoia characteristic shape
and magnitude of CD spectrum.

[==]
=]

—=— slphsa helix
—&— hete sheet
random coil

1]
L]

e
L]

20r

ellipticity per residus x 107 (deg-crmidecimole)

190 210 230 250

wave length {nm}

Figure 4.2: Characteristic CD curves of polypeptides with atple#ix, beta-sheet and random
coil secondary structure.

The approximate fraction of each secondary strectype that is present in
any protein can thus be determined by analyzinfartsiv CD spectrum as a
linear combination of such reference spectra fohestructural type. Due to
these characteristics, circular dichroism is an eb&nt spectroscopic
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technique for following the unfolding and foldin§groteins as a function of
temperature. Secondary structure-specific signais e measured over a
wide range of temperatures to obtain informations tbe structural
rearrangements taking place during heating process.

Thus, a far-uv CD analysis of ¢33 was performedédtier understand the
rationale of its inactivation during thermal stredsthe coated beads. The
CD output clearly shows that a temperature-specifitformational change
takes place, with a clear decrease of ffkeheet content to a more random
coil structure. It is interesting to note that thiansition happens over a
narrow temperature interval between 30°C and 30\@r this temperature,
no more structural changes are observed, but the s@bal at high
wavelengths is not abolished, as should be in gtzigly unfolded protein;
a signal characteristic efhelical content is maintained up to the upper end
of the tested temperature range (80°C). This suggdhat this
conformational change is not simply a generic tla@rdenaturation of the
protein overall, but is more likely a structurahm@angement or unfolding of
a specific portion of the protein. The transitign df 35°C is unsurprisingly
very near to the temperature which the antigentivetton happens at.

0.04 |-
0.03 | —25
— 30
0.02 35
— 37
—~ 0o 40
_§> — 45
= 0 50
£ \ —55
o 00 —60
65

0.02

—_—T0
003 —17
— 80

0.04 -

1 1 1 1 1

200 210 220 230 240 250
wavelength (nm)
Figure 4.3:Far UV CD curves of ¢33 measured from 25°C to 80°C.

38



Results

0.042 |

0.044 -

£0.046 |

0.048

0.050 |-

O (millidegrees)

0.052 |-

0.054 | E

0.056 i ] I ! I ]
300 310 320 330 340 350

temperature (K)

Figure 4.4: Extrapolation of ellipticity of ¢33 at 205 and 226n during the thermal scan
reported in figure 4.3.

4.2. Formaldehyde fixation of ¢33

Formaldehyde fixation is a long-known method usedniicroscopy for

specimen preservation and in vaccine productiore @frthe most common
case is the preparation Gfostridium difficiletoxoid, which is an inactivated
toxin used as a vacciffé.

Treatment of the toxin with formaldehyde leads ¢éaation with the N-

terminal amino acid residues and the side chainsrginine, cysteine,
histidine and lysine residues, and the subsequammbation of methylol

groups and Schiff-bases as well as intramoleculethytene bridges with
amine, phenol, imidazole or indole groups. Theamimlecular crosslinking
of toxin with formaldehyde leads to its completadtivation with at least
partial retention of its immunogenicity. In additiothe crosslinking may
result in changes in the toxins’ shape and ovestdbilization of their

structurd®”.,

This approach has been used on ¢33 antigen, wéthaith of obtaining a
substantial reduction of the degrees of freedonthefprotein. This could
prevent the putative structural rearrangement whaaknses the loss of
reactivity on the beads.

First of all, a brief optimization of the reactioanditions was performed.

To control the possible formation of unwanted imelecular aggregates,
three fixation conditions were tested (1,8% formehlgte for 3, 24 or 110
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hours at 4°C), and aggregation status of the sanpds analyzed on HPLC
gel filtration (Fig. 4.5) .

5,0

monomer

45

|

35

3,0 —3 hrs

.. aggregate —24 hrs
2 ' —110 hrs
E 20

1,5

1,0

0,5

0,0

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Minutes

Figure 4.5: gel filtration HPLC profiles (Bgg of ¢33 fixed with 1.8% formaldehyde for
different times

It can be seen that, upon formaldehyde fixatiomesaggregates are formed,
with longer fixation increasing the possibility oftermolecular crosslinks
formation. The chromatographic profile the showes @lscumulation of more
aggregated forms with the increase of fixation tiffieerefore, to minimize
antigen alteration, the 3 hrs reaction was chosen.

To observe the behaviour of the formaldehyde tcegteotein during
prolonged storage, formaldehyde-treated and uetlesamples were stored
at 4°C and 37°C for 24 h, 110 h and 30 days anlyzetwith an SDS-page
(Fig. 4.6).
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Lane | Sample

Invitrogen® SeeBlue Plus 2

formaldehyde-treated ¢33, tO
formaldehyde-treated ¢33, 24 hrs at 4°C
formaldehyde-treated ¢33, 24 hrs at 37°C
formaldehyde-treated ¢33, 110 hrs at 4°C
formaldehyde-treated ¢33, 110 hrs at 37°C
formaldehyde-treated ¢33, 30 days at 4°C|
formaldehyde-treated ¢33, 30 days at 37°C
Invitrogen® SeeBlue Plus 2
untreated ¢33, 110 hours at 37°C

OO |N|O|O|D[W[IN|F

=
o

Figure 4.6: SDS-page of formaldehyde-fixed c33y(@) immediately after fixation and after
storage at 4°C and 37°C. An untreated ¢33 sampledsttr 37°C is reported in lane 10 for
comparison.

The treated samples after storage at 37°C showearsioh band, due to
different mobility of the heterogeneous intramolecucrosslinked forms
generated. Also high molecular weight forms are egated, probably
covalently linked dimers (according to the observadlecular weight)
generated by intermolecular crosslinking. All thedservation are in good
correspondence with literature data about formaldehfixation of other
proteing™

Both these process are more evident in samplesds&ir37°C than those at
4°C.

It is interesting to note that both these procebsgpen during storage, after
all unreacted formaldehyde has been removed. Tihigest that some
protein residues are in some way “activated” durthg formaldehyde
incubation and only after some time complete tlsslimking reaction, in a
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temperature-dependent way. This is consistent wWhh nature of the
formaldehyde fixation reaction, which is composed two steps with

different kinetics (Fig 4.7). It can be suggestedt tduring incubation with
formaldehyde only methylol groups and Schiff bases formed on the
protein (fast kinetic), and that the formation ¢dlde methylene bridges
(slow kinetic) requires a longer time and a higleenperature.

Step 1:

(|? CHE\ H*-cat
Protein-NH, + C. <—— Protein-i;l1 OH <=—= Protein-N=CH, + H,0
H H

+30 Da +12 Da

Step 2:
CHy
Protein-N=CH, + Protein-R -— Protein-ﬁ R-Protein

Figure 4.7: Two-step protein crosslinking reaction by formaigade. Taken front07].

As this kind of uncontrolled crosslinking reactioan go on during storage,
it could introduce an undesired variability in temple during its shelf-life,
posing a severe threat to the consistence anddeqlulity of the diagnostic
device. Therefore, a way to quench the reactioer dfte desired time is
needed. In common histological practice this quamngis achieved by the
addition of an excess of glycifé which stops the crosslinking reaction by
inactivating the unreacted formaldehyde still Idpdeound to the sample
after washing and, probably, other reactive grodpsmed during
formaldehyde incubation time. Such inactivation sesuthe addition of a
glycyl group for every inactivated moiety, probalbbading to a heavy
modification of protein structure, which could iorn lead to a loss in
antigenicity. To reduce this risk, other smallercleophilic agents were
tested for their ability to quench the formaldehgdesslinking reaction. Use
of ammonium salts, particularly ammonium bicarbenas suggested in a
patent by James and Ho#J. Sodium azide is another readily available
nucleophilic reagent. To test these compounds, @8&in was incubated
with 1,8% formaldehyde for 3 hours at 37°, theneawcted formaldehyde
was removed by dialysis and 0.1 M solutions of glgc ammonium
bicarbonate or sodium azide were used to quenchslanking. In the
negative control, water was added instead of thencfuer solution. The
guenched samples were then stored for 5 days @ &7d loaded on a SDS-
page. The result is shown in figure 4.8.
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Lane | Sample

1 Invitrogen® SeeBlue Plus 2

2 | formaldehyde-treated ¢33, not quenched

formaldehyde-treated ¢33, quenched with

3 0.1 M sodium azide
- 4 formaldehyde-treated ¢33, quenched with
0.1 M ammonium bicarbonate
formaldehyde-treated ¢33, quenched with
5 0.1 M glycine
o -
3 - 4 5
pove

Figure 4.8: SDS-page of ¢33 fixed with formaldehyde and quedchespectively, with
water, NaN, NH;HCO; and glycine, after 5 days of storage at 37°C

Sodium azide showed to be ineffective in stopphegreaction, as no effect
on electrophoretic mobility shift is seen upon &ddi of sodium azide.

Ammonium bicarbonate and glycine supplemented sesnmiontained

protein with a lower electophoretic mobility thamntrol sample. This

probably reflects a lower level of crosslinking &da raise in the molecular
weight of the protein due to the addition of amiroglycyl groups. This

second possibility is suggested by the higher apanolecular weight of
the sample quenched with glycine compared to the gmenched with
ammonium bicarbonate. Both compounds seem to betefé in stopping or
slowing down the reaction, with ammonium bicarbenatoducing a much
sharper band, meaning a less heterogeneous sdmapldhte one obtained
with glycine.

Considering the lower steric hindrance of ammoniims, which could

mean a lower impact on the antigen surface, thepshdand, suggesting
higher efficiency of ammonium bicarbonate quenchiagd that blocking

reaction intemediates with ammonium should intr@dyrimary amino

groups (useful for coating on the tosyl-activatedadis), ammonium
bicarbonate appears as the most attractive compdandcrosslinking

reaction quenching.

CD analysis of formaldehyde-fixed ¢33 (Fig. 4.99whk very clearly that the
B-sheet to random coil transition that was indivigdain the first CD tests
on c33 is completely abolished upon treatment faitialdehyde.
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Figure 4.9:Far UV CD curves of formaldehyde-fixed ¢33 measuredh 28°C to 80°C.

This suggests that formaldehyde fixation succelysfalddressed the
structural rearrangement responsible of the CD tepecariation over
thermal stress. Unfortunately, when the formaldehfyxed c33 protein was
heat stressed and tested on the Liaison® systetid ot show a satisfying
improvement over its non-treated counterpart (Taldld, graphical
representation in Fig. 4.10)

Antigen
Sample c33 formaldehyde-treated ¢33
t0 3 days at 37°C t0 3 days at 37°C
POS 1 457543 139652 380919 128667
POS 2 48829 16942 13953 6810
POS 3 19622 10417 8319 4636
6214-10 10246 2592 2178 933
6214-11 140772 34972 45909 10966
6214-12 145107 33574 56072 12840
6214-13 173156 37278 55947 12922
PHV915-03 5189 1670 3166 2633
NEG 1 1142 622 655 660
NEG 2 2134 1823 1103 1672

Table 4.2 RLU values of ¢33 and formaldehyde-treated c381eeind after thermal stress
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Figure 4.10 RLU values of ¢33 and formaldehyde-treated c38reedind after thermal stress

Signal loss was reduced, but not to a sufficiememx This, in combination

with a lower overall reactivity on positive samplaad seroconversions
(which could be expected due to the inevitableoggitalteration), led to

RLU values after heat stress that were lower tharohes obtained with the
untreated antigen.

Beside showing the failure of the formaldehyde titxa approach, these
findings also suggest that the structural rearnamge highlighted by

circular dichroism analysis, while evident and pieeuis probably unrelated

or only marginally linked to the heat instabilithgnomenon responsible of
the signal loss on the Liaison® platform.

4.3. Adding cofactors

The interaction of proteins with small moleculesicls as ligands and
cofactors, often coincides with an increased stalmf the protein due to the
coupling of binding with the unfolding equilibriunthus, apart from their
catalytic role, cofactors may also have a struttuode. The common
polymorphism C677T in methylenetetrahydrofolateuatdse causing the
single point mutation A222V reduces the affinitytbé enzyme for the FAD
cofactor, resulting in a lower thermal stabiff§#. For the octameric protein
vanillyl-alcohol oxidase, it was demonstrated thedfactor binding

influences the quaternary architecture of the emz{fft. Similarly, for
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lipoamide dehydrogenase, it was shown that FAD ibmdncreases the
protein melting temperature from 35 to 80,

The NS3 helicase domain has at least two diffebemding sites for other
molecules: one is the binding site for the ATP ctidg necessary for the
catalytic activity of the enzyme, and another is Hinding site for nucleic
acids. Binding of both these two ligands produeegd movements into the
structure of the helicase domain to allow its gdi@lactivity. Binding of
polynucleotide by NS3 helicase in the absence oP Adaves a large cleft
between subdomains 1 and 2 (interdomain cleft)diBo of ATP through
the B- and they-phosphate results in the closing of that interdontdeft.
After Eg}drolysis of ATP and release of AMP, theemtomain cleft is opened
again®™?.

Lack of ATP or substrate, which are so involvedh@& conformational status
of the NS3 helicase domain, could be the reasonc®® instability to
thermal stress. This, of course, with the assumpti@t ¢33, a truncated
polypeptide, retains the binding capability andpmesiveness of the wild-
type NS3 helicase.

To check this possibility, the effect of the presmiof cofactor and substrate
in the storage buffer was evaluated. AMP-PNP, a-matrolyzable ATP
analog, was added to the storage solution in @amattto mimic the binding
of ATP and (hopefully) block the protein in a s&tuhere the interdomain
cleft is closed. Presence of substrate was mimidkedhe addition of a
polydeoxyuridine oligonucleotide, (diJ) that, according to literature data
%4 "had been selected among many tested polynudteatidthe one that
most tightly bind the NS3 helicase domain of HCV.

Antigen
Sample c33 ¢33 + AMP-PNP + poly(dU)
t=0 3 days at 37°C t=0 3 days at 37°C|
POS 3 19622 10417 20842 8745
POS 4 41587 15447 35876 14788
6214-09 3284 1773 4939 1302
6214-10 10246 2592 14930 1933
6213-10 4101 1589 3511 1487
6213-11 51847 23478 54210 19254
NEG 1 1142 622 1521 987
NEG 2 2134 1823 1989 2058

Table 4.2 RLU values of ¢33 stored with or without AMP-PNRdapoly(dU), before and
after thermal stress

46



Results

Unfortunately, addition of AMP-PNP and poly(dijo ¢33 protein did not
increase heat stability of ¢33, in terms of RLUwe measured on the
Liaison® system after thermal stress. (Table 4r@pigical representation in
Fig. 4.11)

60000
O c33,t=0
| c33, 3days at 37°C M

50000-H 0 ¢33 + AMP-PNP + p()ly(d U), t=0 |
0 ¢33 + AMP-PNP + poly(dU), 3 days at 37°C

40000 ]

30000 u

20000+

10000 |—u_|_‘
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Figure 4.11 RLU values of ¢33 stored with or without AMP-PNRdgpoly(dU), before and
after thermal stress

4.4. Modification of primary sequence

As the previous attempts of improving thermal digbiof ¢33 without
modifying its primary structure did not have anycsess, designing new
antigens based on the HCV NS3 helicase domain hecamvitable.
Producing a different antigen to be included in &mi-HCV assay would
introduce new variables to be checked before imdligation of the Kit;
same or better diagnostic performances, absenaspafcific reactivity and
feasibility of large-scale antigen production mubke demonstrated.
Nevertheless, adoption of a new antigen would bacaeptable solution, on
condition that the thermal stability problem wadved. Starting from
different hypotheses, several attempts to increthegmal stability by
engineering the primary sequence of ¢33 were madege now described.
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4.4.1. Enhancing solubility: SlyD-c33

Aggregation of antigen during coating and/or aggtiem of the coated
beads were thought to be other possible factoraristable reactivity of the
c33 coated beads. This possibility was hinted byesgrevious HPLC
profiles obtained during antigen development inu§gia (data not shown)
that showed a limited tendency of ¢33 antigen ilutgm to form soluble
aggregates after a few days at 37°C. Aggregaticghetoated beads during
storage was excluded by direct observation of thadb with a common
optical microscope. After 3 days at 37°C, the coabmads appeared
monodisperse. Still, the possibility of aggregatairthe protein during the
overnight coating could not be excluded. To explhie possibility, a new
antigen was made coding for ¢33 sequence fusedramef with two
consecutive copies of th&. coli peptidyl-prolyl-isomerase SlyD, a
molecular chaperone that has been shown to proowtect folding and
solubility of aggregation-prone proteins even wlexpressed as a fusion
partner®®0,

Cloning in pET24 vector and expressionEn coli BL21(DE3) resulted in
abundant production of SlyD-c33 protein (Fig 4l&2e 2).

97 kDa
-
64 kDa

51 kDa

Lane | Sample

1 Invitrogen® SeeBlue Plus 2

Crude extract at the end of fermentation of
E. coliBL21(DE3) pET24-SlyD-c33

3 Purified SlyD-c33

Figure 4.12 SDS-page of SlyD-c33 crude extract and purifaaproduct

Successful purification followed, with IMAC and GR@iromatography (Fig
4.12, lane 3). The retention volume of SlyD-c33lkpaathe GFC profile
corresponds to an apparent molecular weight of KB4 (Fig 4.13). This
shows that in the experimental conditions SlyD-&3Bresent in solution in
form of a dimer. Purification yield was more than rhg per gram of wet
cell weight.
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Figure 4.13 Gel filtration chromatography profile of SlyD-c33

SlyD has been previously shown to form dimers; éfege the observed
dimeric structure could be due to the intrinsicahetization property of
SlyD. However, this dimeric structure is maintaineder time without
progressing further to more aggregated forms (theC Gprofile is
comparable after storage for 3 days at 37°C - datashown). Nonetheless,
when tested in the Liaison® immunoassay, the SIgB-antigen showed no
improvement in thermal stability compared to thigioal ¢33 antigen.

Antigen
Sample c33 SlyD-c33
t=0 3 days at 37°C t=0 3 days at 37°C

POS 1 457543 139652 285798 71652
POS 5 274674 82547 148954 35474
POS 6 18451 5554 20145 6447
NEG 2 1024 622 4829 5241
NEG 3 2134 1543 4407 4778
NEG 4 1823 989 4987 5320

Table 4.3 RLU values of ¢33 and SlyD-c33 before and afterrtial stress
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Signal loss is of the same magnitude after incobadif the coated beads at
37°C. Also, RLU values of the negative samples lagher due to the
probable presence of traces of anti-SlyD antiboi¢siman sera.

500000
@ c33,t=0
450000 ] | c33, 3days at 37°C
O SlyD-c33, t=0
400000 O SlyD-c33, 3days at 37°C
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Figure 4.14 RLU values of ¢33 and SlyD-c33 before and afterrtial stress

4.4.2. Avoiding loose ends: ¢33-7aa

Another set of hypotheses was made starting fraenotbservation of the
tertiary structure of the HCV NS3 helicase. By confing ¢33 sequence
with the whole NS3 protein, it can be seen that ®8@uence comprises the
complete subdomain 1, the sequence acting as @rlibktween NS3
protease and helicase domains, and part of subddn# particular, the C-
terminal end of ¢33 is located in the middle of #endedp-loop in
subdomain 2 that, in wild-type NS3, protrudes tagsasubdomain 3. Th{$
loop of subdomain 2 embraces subdomain 3 formirgpiially flexible
hinge that allows the movement of NS3 along RNAruds.

In ¢33 antigen the extend@doop is truncated to a 7 aminoacid stretch (of
the original 20) and subdomain 3 is completely abdé could be imagined
that in these conditions, the seven remaining @iteal aminoacids remain
loose and solvent-exposed, possibly destabilizihg tonformation of
protein. The same could be told about the N-termierad, which is
composed by the flexible linker sequence and atghamification tag: the
flexible linker, without the NS3 protease domairctmnect to, could miss a

50



Results

crucial component to adopt the correct configuratiboose ends have
previously been reported as a possible cause optotein stability, and the
removal or tying up of these ends is a common wayndrease thermal and
mechanical stability both in natufal and in engineered biological systems
(111 Removal of the complete extendgtbop has previously been reported
for theE. coli expression of subdomain 2 of HCV NS3 helicasanreffort

to obtain a more soluble and stable product for NéfRlies®®.

A new antigen named c33-7aa was designed whoseseg|is identical to
the ¢33 construct except for its C-terminal endemehthe sequence is
truncated at the beginning of the extenfilddop. This way, the remaining
C-terminal seven aminoacids of the loop were rempwadiminating a
putative loose end. The removed aminoacids ardigiged on NS3 helicase
crystal structure in figure 4.15.

Figure 4.15 Aminoacids of ¢33 that have been removed in c83-The depicted structure is
the portion of the NS3 helicase crystal structuReofein Data Bank acc. no. 1A1V)
comprised in ¢33 antigen

The construct was expressedbn coli and purified with yield and purity
comparable to the ¢33 antigen (Fig 4.16).

However, when tested on the Liaison® platform, aa- showed no
improvement over ¢33 antigen in terms of thermabidity (table 4.3 and
figure 4.17).
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Lane Sample
1 Biorad Precision Plus® protein standards
2 Crude extract dE. coliBL21(DE3) pET30-c33-7aa, before induction
3 Crude extract dt. coli BL21(DE3) pET30-c33-7aa, 1h after induction
4 Crude extract dt. coli BL21(DE3) pET30-c33-7aa, 2h after induction
5 Crude extract dt. coli BL21(DE3) pET30-c33-7aa, 3h after induction
6 Purified c33-7aa

Figure 4.16 SDS-page of c33-7aa: crude extracts before atet afduction and final
purified product

Table 4.4 RLU values of ¢33 and c33-7aa before and aftanthkstress
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Figure 4.17 RLU values of ¢33 and c33-7aa before and aftenthkestress
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4.4.3. Limiting degrees of freedom: FKBP12-¢c33

FKBP12 is an abundantly expressed cytoplasmatiejprcommon to many
eukaryotes. It is a 11.8-kDa immunophilin to whtble immunosuppressant
drugs FK506 (tacrolimus) and rapamycin (sirolimioisid with high affinity.
Like many of these immunophilins, FKBP12 possessgstrans peptidyl-
prolyl isomerase or rotamase activif§l. Besides its interest as a target for
drug discovery, human FKBP12 has been studiedt$opriolyl isomerase
activity and its role as a folding helper. FKBP1@sgesses an exposed
flexible loop (“flap™) that has been shown to bé&etant to the insertion of
entire domains without compromising the overaltifog *°. To exploit this
property, human FKBP12 was used to act as a sdaftol c33 insertion,
with the aim of reducing the conformational freedohboth the N-terminal
and the C-terminal ends of ¢33. This way, bothdhds of ¢33 should be
constrained to a more ordered structure, avoidiggossible detrimental
effects of loose ends on protein stability.

flap

Figure 4.18 structure of human FKBP12 (taken fr$5r'?1])

Therefore, ¢33 sequence was inserted in the saope tlmt was used in
Knappeet al ®® for the insertion of the IF domain of SlyD. Clogimas
performed as described in materials and methodgreBsion of protein in
E. coli resulted in a soluble and abundant product (figrE9) with a
monomeric quaternary structure. Protein yield wagrly per gram of wet
cell weight, more than two-fold compared to theyimdl ¢33 antigen.
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Lane Sample
1 Biorad Precision Plus® protein standards
2 Crude extract d. coli BL21(DE3) pET24-FKBP12-c33, before induction
3 Crude extract dt. coli BL21(DE3) pET24-FKBP12-c33, 1h after inductiorll
4 Crude extract dt. coli BL21(DE3) pET24-FKBP12-c33, 2h after inductio+
5 Crude extract dE. coliBL21(DE3) pET24-FKBP12-c33, 3h after inductiorL
6 Purified FKBP12-c33

Figure 4.19 SDS-page of FKBP12-c33: crude extracts before aftet induction and final
purified product

Unfortunately, antigen behaviour on the Liaison@tfadrm (table 4.5; fig.
4.20) was similar to ¢33, exhibiting a sharp deseedn reactivity after
storage at 37°C.

Antigen
Sample c33 FKBP12-c33
t=0 3 days at 37°C t=0 3 days at 37°C

POS 11 10879 1639 9136 1835
POS 12 26076 2620 23009 2451
POS 13 50129 4486 55996 3537
POS 14 19248 3266 25277 2900
POS 15 37745 2213 37420 2371
NEG 5 603 1400 797 1402
NEG 6 888 1310 828 1420

Table 4.5 RLU values of ¢33 and FKBP12-c33 before and dfftermal stress
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Figure 4.2Q RLU values of ¢33 and FKBP12-c33 before and dftermal stress

4.4.4. Restoring subdomain integrity : c33eu

Another hypothesis on the causes of ¢33 instabii& suggested by the
sequence span of ¢33 antigen. As previously shelséquence covers the
complete subdomain 1 but only a minor part of sumgia 2. Thus, the
organization of this truncated subdomain 2 intolded structure (reflecting
the fold of native subdomain 2) is not assuredllatLack of a properly
formed subdomain 2 could contribute to the ovaueditein stability and be
responsible of the observed reactivity loss.

A new antigen, named c33eu was designed, withah®e \N-terminal end of
¢33, but with an extended sequence span to commleliee entire
subdomain 2. As in Gesedt al.®?, the extendefl-loop was replaced with a
short turn sequence (SDGK) to improve solubilitie TSDGK sequence was
chosen to mimic the most comm@rturn motif of the NS3 protein, which
had been found through a structural analysis. éardrol, the corresponding
sequence without deletion of tiidoop (which will be referred as ¢33 2D)
was also cloned. The sequence span of ¢33 2D @wlicBighlighted on the
whole NS3 helicase structure (Protein Data Bank aoc 1A1V) is shown
in figure 4.21 and 4.22.
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The two proteins were expressed and successfultifiguli in the usual
conditions (c33eu induction and purified producti®wn in figure 4.23),
but c33eu showed a higher solubility than ¢33 2Bxaected.

Figure 4.21 Portion of the NS3 helicase crystal structur@{®in Data Bank acc. no. 1A1V)
corresponding to the sequence span of ¢33 2D.

¢33 2D in fact showed a marked tendency towardeegggion, and addition
of at least 4M urea to the purification and storbg#ers was necessary to
avoid precipitation. As a result, ¢33 2D was didealr Purification yield of
¢33eu was around 3 mg per gram of wet cell wemlstightly low value
compared to other constructs.
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Figure 4.22 Portion of the NS3 helicase crystal structure{gin Data Bank acc. no. 1A1V)
corresponding to the sequence span of c33eu. Tdretsinn replacing the extend@eoop is
depicted in red.

Immunometric data obtained on Liaison® system @ahl6; figure 4.24)
showed for c33eu a slight increase in thermal Egbimproving from an
average 82% signal loss for ¢33 to an average S8#@alsloss for c33eu
after thermal stress on the tested positive samples

58



Results

Lane Sample
1 Biorad Precision Plus® protein standards
2 Crude extract dt. coli BL21(DE3) pET30-c33eu, before induction
3 Crude extract dt. coli BL21(DE3) pET30-c33eu, 1h after induction
4 Crude extract dt. coli BL21(DE3) pET30-c33eu, 2h after induction
5 Crude extract dE. coliBL21(DE3) pET30-c33eu, 3h after induction
6 Purified c33eu

Figure 4.23 SDS-page of c33eu: crude extracts before and iafteiction and final purified

product

Unfortunately, this lower instability of c33eu goedth a lower absolute
signal level: the RLU values, while steadier, arbssantially lower than the
ones obtained with ¢33, especially for some sampleisexample, positivity
of PHV901-04 seroconversion point is completelysads
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Antigen
Sample c33 c33eu
t=0 3 days at 37°C t=0 3 days at 37°C

POS 11 105887 24324 68729 31796

POS 12 17132 4775 8733 4658
PHV901-04 32697 3902 4206 2996
PHV901-07 126747 22065 29731 5992
PHV906-05 57482 6420 8259 2126

NEG 07 652 716 705 674

NEG 08 1293 983 1120 1021

NEG 09 887 884 945 704

Table 4.6 RLU values of ¢33 and ¢33eu before and after thestness

This lower reactivity could be attributed to thekaof the extende@-loop,
which could contribute substantially to the immuenigity of the molecule.
However, these partial improvement hints that rasgothe original domain
integrity of NS3 helicase could be the right waygt to obtain a protein
with a more stable antigenicity.

140000
O c33,t=0
M B c33, 3days at 37°C
120000 O c33eu, t=0 1
Oc33eu, 3days at 37°C
100000
80000
60000 —
40000
20000 —I
o U Y ’_h_"\ Y L—h Y Il = Y

Figure 4.24 RLU values of ¢33 and c33eu before and after thestness
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4.4.5. Restoring domain integrity: NS3 3D

Following the path traced with the c33eu antigersjpective, a new antigen
was designed, with a markedly longer sequenceniatiempt to bring the
¢33 antigen back to a conformation better reflgctits natural form,
applying to a greater extent the approach used3adeu.

The NS3 3D antigen comprises all the NS3 proteioepk the protease
domain. As a result, all 3 helicase subdomainspaesent in the complete
form, hopefully recreating the situation happerimgivo where the helicase
domain forms an almost self-sufficient region of @ otein, with minimal
contact with the protease domain.

If plotted on the complete NS3 PDB structure, agiotepresentation of its
structure could be the one depicted in fig. 4.2bi@acids of c33 on NS3
structure are reported on the right for comparison)

Figure 4.25 Portion of the NS3 helicase crystal structure{gin Data Bank acc. no. 1A1V)
corresponding to the sequence span of NS3 3D aid ¢3

In ¢33, due to the absence of subdomain 3, theesblexposure of thg-
loop, and the incomplete subdomain 2, the structaotagrity of the protein
is at least partially compromised, possibly accmgntfor the observed
instability. In NS3 3D, the solvent exposure ofemmal regions should be
greatly reduced, and the additional degrees ofdéme caused by the
incomplete domain 2 of ¢33 should be reduced ak wel

Furthermore, literature data on HCV drug discovetywed that the
complete helicase domain can be obtained as alegiuditein inE. coli pET
expression systefff.
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NS3 3D
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— Protease domain Helicase domain
[ Subdomain 1 | Subdomain 2 | Subdomain 3 |
- J
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c33

Figure 4.26 Schematic representation of the sequence spaiNS¥ 3D construct in
comparison with ¢33 and the entire NS3 protein.

The protein was successfully cloned, expressedoaritied (figure 4.27) as

reported in materials and methods, but with a suitistlly lower yield than
the previous constructs, around 1.5 mg per grawedfcell weight.

51 kD
v
39 kD
-

r.*

1 s ate sde wdy 6

Lane Sample

1 Biorad Precision Plus® protein standards

2 Crude extract dE. coliBL21(DE3) pET30-NS3 3D, before induction
3 Crude extract d. coli BL21(DE3) pET30-NS3 3D, 1h after induction
4 Crude extract d. coli BL21(DE3) pET30-NS3 3D, 2h after induction
5

6

Crude extract dE. coliBL21(DE3) pET30-NS3 3D, 3h after induction
Purified NS3 3D

Figure 4.27 SDS-page of NS3 3D: crude extracts before aner aftduction and final
purified product
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The first immunometric results obtained with NS3 8D the Liaison®

platform were encouraging (table 4.7, figure 4.28)the initial RLU values
measured before thermal stress were higher thac3®ealues, showing an
improvement in overall antigenicity of the construd@hermal stress
tolerance, though, was not satisfactory at allthasinitial gain in RLU is

completely lost after incubation at 37°C.

Antigen

Sample c33 NS3 3D

t=0 3 days at 37°C t=0 3 days at 37°C
POS 16 105887 24324 122428 9487
POS 17 19880 3596 23892 1881
POS 18 32697 3902 43035 2280
POS 19 126747 22065 137077 11169
NEG 2 738 495 751 700
NEG 5 652 716 797 776
NEG 6 1293 983 1249 1196

Table 4.7 RLU values of ¢33 and NS3 3D before and aftemtadistress
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Figure 4.28 RLU values of ¢33 and NS3 3D before and aftemtiastress

After this round of tests, c33eu and NS3 3D showedne kind of
improvement over the original construct, c33euit®slightly better thermal
stability, NS3 3D because of its higher antigegicitherefore, continuation
of research was focused on these two candidates.
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With these two constructs, testing of a new coafingtocol was made
possible. The coating protocol recommended by tlamufacturer of the

beads is to be performed at 37°C for optimal cagpbf the aminic groups
of the ligand with the tosyl-activated beads. Quatt lower temperatures is
allowed, provided that incubation time is increasedugh, but still not the
preferred condition. In previous experiments, captvas always performed
at 4°C as a precautional measure because of themexthermal instability

of the antigens. A high temperature during coatiracess could have led to
a completely inactive antigen even before the tlagsiress process. With
the slight improvement in terms of total signalypded by NS3 3D and the
improved thermal stability of c33eu, coating at@%ould have become a
viable alternative. For this reason, the perforneanof c33eu and NS3 3D
were tested again after coating the paramagneadsbevernight at 37°C
instead of 4°C. ¢33 antigen (with coating at 37¥@s also tested as a
control. The results are shown below (Table 4.84Adfig. 4.29 and 4.30).

Antigen
Sample c33 NS3 3D
t=0 3 days at 37°Q t=0 3 days at 37°C

POS 11 3744 1485 400015 65707
POS 12 1103 638 108276 11316
POS 13 2426 1419 369166 28156
POS 14 7867 2432 621315 124416
POS 15 664 481 842 708
NEG 5 702 538 1089 1259
NEG 6 1119 852 1259 1558

Table 4.8 RLU values of ¢33 and NS3 3D, coated on the bat@3°C, before and after

thermal stress

Antigen
Sample c33 c33eu
t=0 3 days at 37°C t=0 3 days at 37°C

POS 11 3744 1485 16930 7802
POS 12 1103 638 33872 58466
POS 13 2426 1419 2272 3006
POS 14 7867 2432 6755 2396
POS 15 664 4801 517 510
NEG 5 702 538 1103 1091
NEG 6 1119 852 752 880

Table 4.9 RLU values of ¢33 and c33eu, coated on the bes8ig°&, before and after

thermal stress
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Figure 4.29RLU values of ¢33 and NS3 3D, coated on the bea83°€, before and after
thermal stress
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Figure 4.30 RLU values of ¢33 and c33eu, coated on the bez@ig’€, before and after
thermal stress
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Surprisingly, NS3 3D initial reactivity is vastlyproved when the coating
is performed at 37°C, while ¢33 reactivity is coetply abolishedc33eu
shows an intermediate behaviour, with a much lowggnal on
seroconversion points and discordant data on pesiBamples. The
magnitude of signal increase of NS3 3D is at |&afild for all the tested
samples. However, signal stability after therme¢sg doesn’t look affected
by the coating temperature, with the RLU valuespgiog to intolerable
values for all the three antigens.

The high RLUs detected on NS3 3D coated beads edt#ting at 37°C are
in striking contrast to the complete inactivatidrcd3 antigen. If such a high
signal can be detected after coating at 37°C, ritine NS3 3D protein is
stable enough to endure the overnight incubatiod7&C in the conditions
provided by the coating solution, or the reactivifyNS3 3D is high enough
to show high RLU values still after the drastic @io reactivity that should
happen during the overnight coating at 37°C.

It should be noted that after the coating procéss,buffer in which the
microbeads are suspended is exchanged with a etbrdfgr with a different
composition. It could be supposed that NS3 3D abatecrobeads are
resistant to thermal stress when stored in thargphtffer, and that the drop
in reactivity happens because of the addition efstorage buffer.

To verify this possibility, a new test was perfodneParamagnetic
microbeads were coated with NS3 3D or ¢33 antigemroght at 37°C, then
washed and resuspended in fresh coating buffezadsdf the usual storage
buffer. Immunochemical data obtained on the Lia®&mtatform with these
beads were absolutely surprising and are showabie #1.10 and figure 4.31.

Antigen

Sample NS3 3D (storage buffer) NS3 3D (coating buffer)

t=0 3 days at 37°C| t=0 3 days at 37°C
POS 21 176133 27842 270718 228810
POS 22 36423 5073 63070 66677
POS 23 18219 3962 33950 37553
POS 24 7983 1545 12639 12923
POS 25 14195 7264 18261 18684
NEG 7 2360 1456 2197 1507
NEG 8 935 669 938 611

Table 4.10 RLU values NS3 3D, coated on the beads at 37°@réaihd after thermal stress,

performed in the usual storage buffer or in fresating buffer
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Figure 4.31 RLU values NS3 3D, coated on the beads at 37°@réehd after thermal

stress, performed in the usual storage buffer fresh coating buffer

These data clearly show that the thermal stabditithe NS3 3D-coated
beads is clearly improved if the buffer used foatowy is maintained also
during storage and thermal stress. In these dondijtloss of reactivity after
thermal stress is negligible. However, the staibigjzffect of coating buffer
is limited to NS3 3D, as was shown in a parallgbez¥ment where ¢33
antigen (coated at 4°C to maintain initial reatyivivas not stabilized in the
same conditions (table 4.11, figure 4.32).

Antigen
Sample c33 (storage buffer) ¢33 (coating buffer)
t=0 3 days at 37°C t=0 3 days at 37°C
POS 26 31790 1563 36881 2011
POS 27 5541 567 7617 1054
POS 28 4997 904 6808 877
POS 29 1276 1979 1542 1124
NEG 9 522 937 659 987

Table 4.11 RLU values ¢33, coated on the beads at 4°C, bafmteafter thermal stress,
performed in the usual storage buffer or in freshting buffer
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Figure 4.32 RLU values ¢33, coated on the beads at 4°C, befuteafter thermal stress,
performed in the usual storage buffer or in freshting buffer

Taken altogether, these data allow to state that:

a) the NS3 3D antigen is resistant to thermal strésS¥%C, provided that
the beads are maintained in coating buffer.

b) this stabilization effect by the coating buffessigecific for NS3 3D, as in
the same conditions ¢33 is not stabilized

c¢) NS3 3D has an overall higher reactivity than c33ewery tested
condition.

d) coating of NS3 3D at 37°C is not only toleratedthy antigen, but also
markedly improves its performances.

These conclusions clearly show that NS3 3D is & ingarovement over ¢33

for application in the Liaison® platform. TherefordS3 3D was chosen
among all the tested constructs for further develemt and optimization.
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4.5, NS3 3D optimization

45.1. Fine tuning of the storage buffer

The critical effect of the coated microbeads sterdmiffer on thermal
stability was discovered in the previous experiraektore precisely, coating
buffer conferred thermal stress resistance to NB3wdiere the original
storage buffer did not. Composition of the two budfis confronted below
(table 4.12).

Coating buffer Storage buffer
Inorganic MES 1.952 g/L
buffering agent ) NacCl 11.7 g/L
Casein 0,1g/L Casein 0,19g/L
TCEP 1,43 g/L TCEP 1,43 g/L
Pluronic F-127 | 0,025% Glycerol 10 %
EDTA 0,83 g/L NaN; 1g/L
pH 6.4 Tween 20 0,5 %

Ethylene Glycol 5%
pH 7

Table 4.12 comparison of composition of coating buffer atatage buffer

One of the most eye-catching differences in buffempositions is the
buffering agent, which is MES (2-(N-morpholino)etiesulfonic acid) in the
storage buffer and an undisclosed inorganic buffeagent in the coating
buffer. A test was made to check if this discregaiscresponsible of the
different effect of the two buffers on NS3 3D stii

After an overnight coating of NS3 3D at 37°C, thienobeads were washed
and resuspended in fresh coating buffer, as dofoeeher in another buffer,
identical to the first except for the inorganic fewing agent, which was
replaced with MES.

Comparison of the results obtained in the Liais@y8&tem clearly show that
the microbeads stored in a solution buffered wiié inorganic compound
maintain reactivity after thermal stress whereas rtticrobeads stored in a
MES-buffered solution do not. The reactivity losk the MES-buffered
microbeads after thermal stress is absolutely coagpa to the one
happening when the beads are stressed in the argjorage buffer.

69



Results

Antigen
Sample [ NS3 3D (coating buffer w/ MES) NS3 3D (coating buffer)
t=0 3 days at 37°C t=0 3 days at 37°C

POS 30 201064 36117 197237 201589
POS 31 39716 6311 40103 46127
POS 32 23995 4548 26460 23670
POS 33 11576 5029 10074 6890
POS 34 163441 16824 150886 121701
NEG 35 693 669 701 567
NEG 36 944 854 895 762

Table 4.13: effect of the replacement of inorganic bufferirgeat with MES in the coating
buffer (used as a storage buffer): comparison of Riallies of NS3 3D, before and after

thermal stress.
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Figure 4.33: effect of the replacement of inorganic bufferirgeat with MES in the coating
buffer (used as a storage buffer): comparison of Riallies of NS3 3D, before and after

thermal stress.

This experiment clearly shows that the presenct®finorganic buffering
agent instead of MES in the buffer where the NS3I88&ted microbeads are
stored is the critical factor determining the di#iet behaviour of the two
analyzed buffers. As the coating buffer performedwell, it was decided to
use it also as a storage buffer, with just somtée ladjustments such as
adding standard preservatives and detergents teah@ disclosed here.
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These added components, however, were still coafirto be ininifluent in
terms of thermal stress stability (data not shown).

45.2. Crossreactivity analysis and S-tag

The addition of such a long aminoacidic sequendieoC-terminal end of
c33 to obtain NS3 3D generated an antigen with ndefy better
performances in terms of reactivity and stabilijowever, it also raised
concerns on the possible inclusion of crossreacang/or interfering
sequences that were previously not included invibB-characterized ¢33
antigen. A preliminary sequence similarity searclithwthe BLAST
algorithm was performed on ¢33 and NS3 3D sequetwdimid potential
similar motifs that could lead to crossreactivity the antigen with
antibodies unrelated to HCV. Significant sequerngglarity was found only
in the GB virus C polyprotein, a fact that was athg known for ¢33. This
finding did not raise particular concerns, becaugesimilarity is stronger in
the N-terminal part of NS3 3D, which is common 83 cand weaker in the
C-terminal part, exclusively owned by NS3 3D.

NS3 3D

54% identity 36% identity

c33

Figure 4.33:percentage of sequence identity between NS3 andi@B @ polyprotein in the
NS3 helicase regions covered by ¢33 or NS3 3D

Nevertheless, NS3 3D was tested with the Liaisog&tesn on an open
population of 128 sera obtained from the hospifaCbivasso, looking for
potential interfering reactivity. The related data be found in Table 4.14.

Of these 128 sera, 5 gave RLU values above arnrampithreshold set to
5000 (which is a low RLU value indeed for the L@i® system), and
clearly out of the general distribution. These Eassere retested with the
Ortho HCV SAVe 3.0 ELISA kit and all tested posdivor anti-HCV

antibodies. Therefore, these five samples werenéddfias positive and
separated from the collection. The remaining 122reweonsidered a
population of negative samples. The RLU distribmtiof this population

approximates a normal distribution and is reporitedfigure 4.34. The
average value of this negative population was 924 ,Rwith a standard
deviation of 449 RLU. These numbers are well ire lwith the values
normally recorded on other indirect tests of thaiddon® platform and
should be considered very satisfying (positiveicihsamples usually give
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RLU values of several thousands). Neither unspecdactivity on isolate
samples, nor high background values were foundarahalyzed population.

Sample RLU Sample RLU Sample RLU

CHIVASSO018| 519032 [ CHIVASSO61 | 645 CHIVASSO104| 742
CHIVASSO019| 835 CHIVASSO62 | 636 CHIVASSO105| 3044
CHIVASS020| 950 CHIVASSOG63 | 572 CHIVASSO106| 738
CHIVASSO21]| 762 CHIVASSO64 | 729 CHIVASSO107| 738
CHIVASS022| 999 CHIVASSOG65 | 630 CHIVASSO108| 805
CHIVASS023| 535 CHIVASSOG66 | 673 CHIVASS0109( 1362
CHIVASS024| 597 CHIVASSO67 | 1600 | CHIVASSO110| 892

CHIVASSO25( 2386 CHIVASSOG68 | 726 CHIVASSO111| 1060

CHIVASSO26| 724 CHIVASSOG69 | 1608 | CHIVASSO112|1818

CHIVASSO27| 811 CHIVASSO70 | 757 CHIVASSO113| 820

CHIVASS028| 214996 [ CHIVASSO71 | 2306 | CHIVASSO114|675

CHIVASS029| 850 CHIVASSO72 | 577 CHIVASSO115| 1166

CHIVASS0O30| 994 CHIVASSO73 | 793 CHIVASSO116| 1010
CHIVASSO031] 525 CHIVASSO74 | 556 CHIVASSO117| 742
CHIVASS032| 709 CHIVASSQO75 | 652 CHIVASSO118| 999
CHIVASSO33| 736 CHIVASSO76 | 919 CHIVASSO119| 882
CHIVASSO34| 512 CHIVASSO77 | 838 CHIVASSO0120] 1201
CHIVASSO35| 579 CHIVASSO78 | 865 CHIVASSO121| 777
CHIVASSO36| 1141 CHIVASSO79 | 888 CHIVASSO122| 762

CHIVASSO37| 812 CHIVASSO80 | 1264 | CHIVASSO123|678

CHIVASS038| 550 CHIVASSO81 | 1334 | CHIVASSO124| 748

CHIVASSO39| 553 CHIVASSO82 | 604 CHIVASSO0125| 2779

CHIVASS040| 938 CHIVASSO83 | 895 CHIVASSO0126]| 1326

CHIVASS0O41]| 1035 CHIVASSO84 | 843 CHIVASSO127| 1244

CHIVASS042| 196088 [ CHIVASSO85 | 12825 [ CHIVASS0128] 1080
CHIVASS043| 832 CHIVASSO86 | 795 CHIVASSO129| 828

CHIVASS0O44| 907 CHIVASSO87 | 793 CHIVASSO130[ 1356
CHIVASS045| 520 CHIVASSOS88 | 631 CHIVASSO131| 3030
CHIVASSO46| 747 CHIVASSO89 | 793 CHIVASSO132| 1456
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CHIVASSO47| 568 CHIVASSO90 | 777 CHIVASSO133| 1304
CHIVASS0O48| 1485 CHIVASSO91 | 993 CHIVASSO134( 915
CHIVASSO49| 754 CHIVASSO092 | 714 CHIVASSO135| 847
CHIVASSO50| 588 CHIVASSO93 | 614 CHIVASSO136( 700
CHIVASSO51| 673 CHIVASSO94 | 849 CHIVASSO137| 774
CHIVASS052| 810 CHIVASSO95 | 1024 | CHIVASSO138|1024
CHIVASSO053| 652 CHIVASSO96 | 686 CHIVASSO139| 756
CHIVASSO54| 754 CHIVASSO97 | 658 CHIVASSO0140| 673
CHIVASSOS55| 386637 [ CHIVASSO98 | 820 CHIVASSO141| 961
CHIVASSO56| 772 CHIVASSO99 | 746 CHIVASSO142| 718
CHIVASSO57| 586 CHIVASSO100| 1264 CHIVASSO143| 625
CHIVASSO58| 740 CHIVASSO101| 702 CHIVASSO144| 730
CHIVASSO59| 642 CHIVASSO102| 775 CHIVASS0145( 990
CHIVASSO60| 867 CHIVASSO103| 898

Table 4.14:RLU values obtained with NS3 3D on an open poputetif 128 sera from
Chivasso hospital. The five positive samples arekathin red

35

Figure 4.34: distribution of the RLU values obtained testing tt23 negative sera from
Chivasso hospital with NS3 3D (bars). Theoreticatnmad distribution is shown with the
dotted line

NS3 3D performances were also tested on a smalipgob interfering sera

of HCV-negative with unspecific reactivity that hla€en isolated in the past
during the development of other diagnostic kits.s#ming again the
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arbitrary threshold of 5000 RLU, 5 of the 8 intenfg sera (INTERF 1 to 5)
showed high reactivity against NS3 3D (table 4.15).

Sample RLU
INTERF 1 24787
INTERF 2 208403
INTERF 3 1096296
INTERF 4 14632
INTERF 5 68381
INTERF 6 4478
INTERF 7 4375
INTERF 8 2731

Table 4.15:RLU values obtained with NS3 3D on 8 known interfgtHCV-negative sera

More experiments were planned to eliminate or redtlte nonspecific
reactivity found against 5 of the 8 known intenfgyisera. The hypothesis
was made that this unspecific reactivity was causethe N-terminal extra
sequence added by the vector pET30 and not belgpnginthe HCV
proteome.

This sequence SSGLVPRGSGMKETAAAKFERQHMDSPDL corssist
mainly of the S-Tag and the thrombin recognitioqusmce. The S-Tag is a
15-aa peptide derived from bovine RNase A proteimt, with complete
sequence identity to its human counterpart. Foomabf autoantibodies
directed against endogenous RNase and DNase enhasdseen reported
in individuals affected by autoimmune dise&8esit is possible that the
unspecific reactivity of the 5 isolated interferirsgra could be directed
against the S-Tag. To verify this possibility, asren of NS3 3D without the
extra N-terminal sequence was cloned and expre@@kdd not shown) as
described in materials and methods and testedeofivihinterfering sera.

Antigen
Sample NS3 3D NS3 3D w/ NS3 3D w/o extra
scavenger sequence

INTERF 1 24787 20174 12653
INTERF 2 208403 5401 2291
INTERF 3 1096296 7677 2699
INTERF 4 14632 11265 2282
INTERF 5 68381 3104 1083

POS 40 607524 617508 380477

Table 4.16: RLU values obtained with NS3 3D, NS3 3D with a stayer and NS3 3D
without extra sequence on the 5 interfering HCV-tiggaera and a positive control.
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As an alternative, an unrelated protefinh ¢oli thioredoxin - as coded by an
empty Novageh pET32 vector) containing the same extra sequehbiSs
3D was spiked into the interfering samples to aci acavenger.

If the unspecific reactivity had been directed agaithe N-terminal extra
sequence, the putative antibodies responsible shaould have bound the
excess of scavenger protein, resulting in the akton of their ability to
bind the immobilized NS3 3D.

The results obtained on the Liaison® system inthinee different conditions
are reported in table 4.15 and figure 4.35.

1200000
] B NS3 3C
B NS3 3D + scaveng
O NS3 without extra sequer
200000 —
= —~ -~
~= T T
100000
50000
0 ’_._‘ L I_.— N B S

INTERF 1 INTERF 2 INTERF3 INTERF 4 INTERF £

Figure 4.35:RLU values obtained with NS3 3D, NS3 3D with a szayer and NS3 3D
without extra sequence on the 5 interfering HCV-tiggasera.

Both eliminating the extra sequence and addingasesmer were effective
in reducing the unspecific reactivity of the fivearfering sera against NS3
3D. The signal reduction was dramatic in all bue arase (INTERF 1),
eliminating almost completely the concern causethbyinterfering sera and
confirming that the unspecific reactivity of theSesera is caused by the
presence of antibodies directed against the exitermNinal sequence. The
positive control shows that while adding a scaverdges not reduce the
RLU signal against a true positive, removing thgagequence generates an
antigen with lower reactivity also against posits@mples. The causes of
this phenomenon were not investigated but coulteb&tively attributed to
a lower solubility of the protein without the extsaquence. Due to these
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factors, the addition of a scavenger protein to shmple diluent in the
diagnostic kit should be the easiest way to copth whese interference
problems.

4.5.3. Codon adaptation and expression strains

NS3 3D was demonstrated to be a clear improvemeanta83 for its higher
reactivity and thermal stability. However, the giatyields obtained in the
used model conditions (flask culture, growth at@Gihduction for 3 hours
with 1 mM IPTG) were not exciting. Yield of NS3 3D two separate
expression and purification batches was 0.4 andn@ ®f protein per gram
of wet cell weight.

Optimization of the fermentation process would hasgquired more time
and resources and was not in the scope of this.wiaskinvestigate the
possibility of raising the expression level of N8B, experiments on
different expression strains and codon adaptati@mewperformed. The
results will be now briefly reviewed.

Meddling with the expression strain was not prooect E. coli
OverExpres8' C41, C43, C41pLys and C43plLys strains from Lucigen,
isolated specifically for production of difficulbtexpress proteifid were
considered as an alternative to tBecoli BL21(DE3) expression system
used in this work. Unfortunately, expression of N&3 in these strains
resulted in an even lower expression of the proteirich was hardly visible
on SDS-page as can be seen in figure 4.36.

Better results were obtained by improving codonpgatéon. Poor codon
adaptation of heterologous sequences to the hasilational apparatus has
often been reported as a cause for low expressidoreign protein§*4,
The Codon Adaptation Index (CAl) is a value thatirdes the fitness of a
nucleic acid sequence to the codon bias of its.hbse CAI value is
computed by giving a weight (representing relatgaptiveness) to each
codon, calculated from its frequency within a ciosenall pool of highly
expressed genes, to form a codon usage table.t/dasgan the calculated
CAl are dependent on the set of sequences usezhtrgje the codon usage
table. The original NS3 3D sequence, obtained by Hdbm a larger
template, was analyzed with different CAl deterrtiova tools (reported in
table 4.17). All of them gave low CAl values, refear below.
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1 2

Lane | Sample

Invitrogen® SeeBlue Plus 2

Crude extract dE. coliC41 pET30-NS3 3D, before induction
Crude extract dE. coliC41 pET30-NS3 3D, 3h after induction
Crude extract dE. coli C43 pET30-NS3 3D, before induction
Crude extract dE. coli C43 pET30-NS3 3D, 3h after induction
Crude extract dE. coli C41pLys pET30-NS3 3D, before induction
Crude extract dE. coli C41pLys pET30-NS3 3D, 3h after induction
Crude extract dE. coli C43pLys pET30-NS3 3D, before induction
Crude extract dE. coli C43pLys pET30-NS3 3D, 3h after induction

[En

OO |IN|O|O|A~|W|N

Figure 4.36 SDS-page of NS3 3D expression in Lucistrains: crude extracts before and
after induction.

Thus, a synthetic NS3 3D gene optimized with thené&@ptimizer®
software tool was ordered to GENEART AG. This ojitation software is
designed to improve codon adaptation and removeueseg motifs
(repetitive sequences, RNA destabilizing elemeths)t could negatively
impact on the protein expression process. The GAhis optimized gene,
calculated with the same tools is reported for canispn (table 4.17).

Algorithm CAl (pre-optimization) | CAIl (post-optimization)
EMBOSS.car 0,442 0,766
OPTIMIZER®! 0,439 0,759

Jcat™” 0,351 0,589
GeneOptimizer”) N/A 1,000

Table 4.17:Codon Adaptation Index of the NS3 3D coding seqedrafore and after
optimization with GeneOptimiz@rZ] (GENEART AG, Regenshburg, Germany)
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BL21(DE3) cells were transformed with the optimizpehe and expression
and purification were performed in the same coadgiused for the original
NS3 3D gene. As can be clearly seen in the SDS;plagestrain carrying the
optimized NS3 3D sequence accumulates more NS3 r8ieip than the
original one during fermentation (figure 4.37).

Lane | Sample

1 | Crude extract of BL21(DE3) pET30-NS3 3D (non-optieai), before induction
Crude extract of BL21(DE3) pET30-NS3 3D (non-optiea), 3h after induction
Invitrogen® SeeBlue Plus 2
Crude extract of BL21(DE3) pET30-NS3 3D (optimizdzbfore induction
Crude extract of BL21(DE3) pET30-NS3 3D (optimizedl) after induction

albhlwiN

Figure 4.37 SDS-page of NS3 3D expression in Luciéstrains: crude extracts before and
after induction.

The final yield of the two expression and purifioat batches performed
with the optimized NS3 3D gene were 1.6 and 1.7ofmgrotein per gram of
wet cell weight, with a more than three-fold impeovent in protein
production.
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5. Discussion

High prevalence of the hepatitis C virus and sever@nifestations of
infection clearly explain the need of reliable diagtic instruments for HCV
detection. This is particularly true in developitmuntries, where prevalence
of HCV in the population is even higher. Due to thassive presence of
various bioreagents, often diagnostic kits mustcbasidered heat-labile
products. For these kinds of products, conditiohshipping and delivery
are a delicate issue and must be considered wéhtain, lest inactivation of
the product occurs. Transportation at controlledperature is not always
possible, due to logistic and economic issues, e@rmh when shipping at
controlled temperature, it is sometimes difficaltabtain complete tracking
of the cold chain, especially in countries whergidtcs is challenging and
climatic conditions are adverse (warm countrieferéfore, when designing
diagnostic devices, particular care should be takarducing susceptibility
of the product to heat stress. A kit with high sésnce to thermal stress can
tolerate accidental exposure to non-controlled tmamfpires and is easier to
store for the end-user. Moreover, it requires a egensive shipping and
should also exhibit a longer shelf-life.

Most of the automated kits for anti-HCV antibodaetection currently on
the market must be stored in a refrigerated enwieort, as recommended by
the manufacturer. As an example, Prism Anti-HC\VAlbpott, Elecsys Anti-
HCV by Roche and Access HCV Ab PLUS by Bio-Rad malkbe stored
(at least some components) at a temperature ofC2-8cording to the
related user manuals. Thus, an anti-HCV diagnokiicable to stand
transportation and storage at non-controlled teatpez could have a
competitive edge over the more heat-labile compatitin this scenery, the
results described in this thesis can representumbie contribution towards
the realization of an anti-HCV assay with improviedrmal stability.

The process of adaptation of ¢33 antigen from ELISLLIA immunoassay
format turned essentially into solving an emerdimgrmal stability issue. A
new antigen, NS3 3D, was developed with improvesirtal stability. This
antigen showed good tolerance to thermal stress,itsasdiagnostic
performances were unaffected by a 3-days incubatidv°C, meeting the
target set at the beginning of the project. Furthsts performed in our labs
explored various stress conditions and determihatithe thermal tolerance
on NS3 3D still allows clear discrimination of nége and positive samples
after 1 day at 45°C, 7 days at 37°, or one mon#f@t As a nice collateral
effect, NS3 3D is also characterized by a higherctieity against HCV
positive samples than ¢33, improving detectionoaf positive samples and
early seroconversion points. Behaviour of the N83adtigen in the final
anti-HCV kit prototype is still to be determineditéraction with the other
components of the kit should be investigated;, 63 3D seems to be a
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more powerful instrument than ¢33 to detect antBN&ntibodies.
Expression yield of NS3 3D in standard conditioss quite low, in
comparison to ¢33. However, a limited and rudimergptimization,
involving only expression strain and codon usagised the expression yield
at least three-fold, bringing the level of prodantito more acceptable
values. Optimization of culture conditions and fentation process
development, which are not covered in this worle expected to further
improve NS3 3D productivity. Furthermore, highengévity of NS3 3D
antigen will probably allow using a lower quantiof protein per Kkit,
reducing antigen consumption in the manufacturiog@ss.

Besides the added value of NS3 3D over ¢33 folintastrial application,
this study also indirectly gave some more gen@risights on the HCV NS3
helicase domain and its antigenic properties. efstll, inclusion of the C-
terminal part of NS3 helicase domain (completingdsumain 2 and adding
subdomain 3) into the antigen sequence definitalyroved the antigenicity
of the construct. This is in striking contrast widhta reported in literature,
where influence of the C-terminal part of the NS&8lidase domain on
overall antigenicity has often been considered igidug; the general
consensus is that the immunodominant epitopes Gf &8 contained in the
¢33 region”® but at least part of the NS3 helicase immunoggnis
carried by conformational-dependent epitop€d. Some of these
conformational epitopes have been experimentallgntified * or
predicted through artificial neural networRS, but none of them is located
outside the ¢33 region. The discrepancy betweesettata and the findings
of this thesis could be interpreted in two diffaremys: either the sequence
included in NS3 3D but not in ¢33 contains one ooren unknown
conformational epitopes; or the presence of corapsetbdomains 2 and 3
improves the general folding of the coliexpressed NS3 3D, making it
more similar to its native counterpart than c33aland in turn enhancing
the recognition of epitopes contained in the c3filore However, whatever
the correct interpretation of the phenomenon mafthey could also be both
true), implication of conformational epitopes is rroorated by the
phenomenon of thermal susceptibility of ¢33 antigéy in fact, absence of
antigen degradation or aggregation has been deratgtstand consumption
of possible critical cofactors during storage hasrbruled out. Therefore,
the drop in antigenicity of ¢33 observed upon tharsiress should be
caused by some conformational epitopes that ard¢roges or made
unaccessible during some kind of remodeling (orallo@rreversible
unfolding) of the protein. Similarly, NS3 3D theshresistance is strictly
dependent from storage buffer composition. Thereldd sequence of NS3
3D is more antigenic than ¢33, for the reasonsudised above; nevertheless,
this higher antigenicity is quickly lost if the pein is not kept in the correct
buffer. Presence of an inorganic buffer holds aciatu function in
maintaining the reactive configuration of NS3 3[3, i replacement with
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MES (or TRIS, as demonstrated by other tests, @ported in this work)
completely accounts for the antigen inactivatiomorded after thermal
stress. Circular dichroism analysis showed that oB88ergoes a rapid
structure transition with a midpoint temperatureusid 35°C, characterized
by a sharp decrease of theaheet content, but not associated to a complete
unfolding of the protein, as high ellipticity istatned even at 80°P-sheets
of NS3 helicase are located in the core of subdaesndiand 2, and in the
extended3-loop connecting subdomains 2 and 3. In ¢33, prigbably the
B-sheet of subdomain 1 and part of flasheet of subdomain 2 are correctly
structured: decrease of thesheet content upon increase of the temperature
could reflect a collapse of the core of subdomaiantl 2. This structural
rearrangement, however, is completed in a few masgythe time of a
wavelength scan during CD measurement), while &ilslenreduction of
antigenicity happens on a longer time scale (at |24 hours). Furthermore,
intramolecular crosslinking of ¢33 with formaldeleydabolishes the
structural transition but not the loss in antigégicThis suggests that either
the two phenomena are not linked in a cause-efégationship, or the loss
of antigenicity is caused by another structural ifation with slow
kinetics, that is somehow primed by the fast remement detected with
circular dichroism.

To block this putative rearrangement, many attenyptse made in this
work, aimed to increase protein rigidity: fixatiaith formaldehyde, that has
been discussed before; addition of putative cofacir inhibitors, an
approach often used in crystallography to stabiliaesient conformations;
removal or tying up of possible loose ends, catsetthe artificial N- and C-
terminal ends of ¢33; reconstruction of the strradtintegrity of the helicase
domain, by the addition of complete subdomain 2 Z&intihe last approach,
combined with modification of the storage buffeh{gh had been optimized
for the c33-based EIA), succeeded in stabilizing #imtigen, meeting the
primary target and at the same time improving therall performances of
the antigen. A more extensive characterizatiomefNS3 3D antigen will be
required on larger population of sera before inolug the final commercial
kit, however this study clearly shows that NS3 3Dai very promising
candidate to replace ¢33 in the CLIA format anti\HGimunoassay.
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7. Riassunto

Il virus dell’epatite C (HCV), isolato nel 1989 cemagente eziologico
della maggior parte delle epatiti non riconducihilivirus dell’epatite
A e B, infetta ad oggi circa 180 milioni di perspogvero il 3% della
popolazione mondiale, secondo le stime del WHO.nfeZione
diviene cronica in almeno il 70% dei casi, e pudtge a gravi
complicazioni quali cirrosi ed epatocarcinomi. T@ditologie possono
insorgere anche a distanza di molti anni, durargeali l'infezione
risulta asintomatica nella maggior parte dei chaiprincipale via di
trasmissione del virus e lo scambio di sangue tmfeattraverso
trasfusioni da donatori infetti, procedure medieoitarie in
condizioni di igiene precaria o l'abuso di droghetravenose.
L’elevata diffusione del virus e la gravita dellaescomplicazioni
evidenziano la necessita di strumenti diagnosfiidabili e precisi
per la rilevazione di infezioni da HCV. Il campo applicazione di
questi test comprende non solo il monitoraggiosdgigetti a rischio e
la valutazione degli effetti del trattamento suizipati infetti, ma
anche lo screening dei donatori di sangue e plakieat attualmente
in commercio per la determinazione di infezioniHiaV sono di tipo
immunologico o molecolare. Per via del facile ingmee del costo
inferiore, i test immunologici sono i piu usati,psattutto in fase di
screening di ampie popolazioni. L'ultima generaeiah test per la
rilevazione di anticorpi diretti contro proteine HiCV fa uso di
antigeni  ricombinanti  appartenenti  alle  proteine raNi
immunodominanti NS3, NS4 e core. Lo sviluppo dédenologia del
saggio immunologico sta rapidamente modificandomiitodo di
esecuzione dei test da formati manuali o semi-aaticm come
'ELISA (Enzyme-Linked ImmunoSorbent Assay) o il RI(Radio
ImmunoAssay), verso formati piu automatizzabiliratierizzati da
maggiore throughput e minore necessita di intervelal’operatore.
Liaisoi® & lo strumento sviluppato da Diasorin S.p.A. per
'esecuzione di saggi immunologici in formato CLIA
(ChemiLuminescent ImmunoAssay) in modo completament
automatizzato. Lo strumento fa uso di kit che cogtmo i reagenti
necessari per lI'esecuzione del saggio e che vengarnioati sulla
macchina all’'occorrenza. Diasorin attualmente peedun test per la
rilevazione di anticorpi diretti contro HCV in foato ELISA.
L’adattamento di questo saggio al formato CLIA fieserimento nel
menu prodotti Liaisoh & un obbiettivo prioritario. Nella maggior
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parte dei casi, I'adattamento di un test dal fooratISA al formato
CLIA richiede solo la modifica della molecola treotte, non piu
coniugata ad una perossidasi ma al substrato anemiscente ABEI
(N-(4-Amino-Butyl)-N-Ethyl-Isoluminol), ed un prosso di
ottimizzazione della composizione delle soluziomidui i reagenti
vengono conservati. Sfortunatamente, durante kaoesnto del kit
anti-HCV ELISA al formato CLIA é stata evidenzids|acomparsa di
una criticita relativa all’antigene ¢33, che siifiea solo all'interno
del prototipo CLIA. ¢33 e un frammento immunodonnitea della
proteasi/elicasi virale NS3, comprendente poco gella meta del
dominio elicasico. Tale dominio € composto da trgoslomini, dei
quali il primo e parte del secondo sono comprefiarsequenza di
c33. L'antigene ¢33 ha mostrato un'immunoreattivtémale solo se
conservato a temperatura controllata (2-8 °C) asodi stress termico
a 37°C, l'antigene perde gran parte della suaitittidiagnostica in
poche ore. Le possibilita che stress termici di stpeentita si
verifichino durante la distribuzione del prodotiaitb, specialmente
in aree del mondo caratterizzate da problemi lmjist temperature
elevate, sono piuttosto elevate. Per questo motargsuscettibilita
dell'antigene a stress di natura termica porteredolggavi problemi
logistici e di affidabilita per la commercializzane del prodotto
finito. In questa tesi viene presentato il lavofiettuato allo scopo di
aumentare la stabilita dell’antigene ¢33 a stressiiti, in modo da
renderlo compatibile con la distribuzione su largeala senza
comprometterne le proprieta antigeniche. Il sistemoaello applicato
per testare la resistenza a stress termico e quillan test
immunologico di tipo indiretto, in cui I'antigen&33 o derivati) e
immobilizzato sulla fase solida, per catturare ¢waln anticorpi
specifici presenti nel campione di siero. Il legatielgG alla fase
solida € successivamente evidenziato tramite unicaapb
monoclonale anti-lgG umane, coniugato ad ABEleljsale ottenuto
subito dopo il coating della fase solida viene comfato con quello
ottenuto sugli stessi campioni dopo un’incubazidakkit a 37°C per
tre giorni.

La caratterizzazione del fenomeno di instabilitaniea ha evidenziato
che non sussistono problemi di degradazione pittegle che la
proteina ¢33 presenta una ben precisa transizione tippb
conformazionale, caratterizzata da una diminuzidelecontenuto in
B-sheet a temperature superiori ai 35°C. Diversir@ap sono stati
utilizzati per aumentare la stabilita termica dgllateina. In primo
luogo sono stati utilizzati metodi che avrebberonsemtito di
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mantenere inalterata la sequenza primaria deltjang ¢33, il che
avrebbe rappresentato un vantaggio da un puntstai produttivo. In
tal senso e stato valutato I'effetto dell’aggiudtacofattori e inibitori,
potenzialmente in grado di bloccare la proteinauma struttura piu
“chiusa” e quindi piu compatta e auspicabilmente §tabile; questo
approccio, mutuato da tecniche usate in cristadiitgyr non ha portato
risultati in termini di stabilizzazione. L’antigene33 e stato
successivamente sottoposto a trattamento con fdemdla, reagente in
grado di creare legami intramolecolari nell’antigenAnalisi di
dicroismo circolare hanno indicato che tale tradato permette di
annullare la transizione conformazionale a 35°CJardiminuzione di
reattivita dopo stress termico é risultata inateer&i € quindi passati a
modificare la struttura primaria dell’antigene. Buali problemi di
aggregazione dell’antigene durante lo stress termino stati esclusi
esprimendo ¢33 come proteina di fusione con il ehape molecolare
SlyD, piu volte utilizzato in letteratura per aurteme la solubilita di
proteine poco solubili; anche in questo casi nors@io ottenuti
miglioramenti nella stabilita termica dell’antigengn’altra possibile
causa di instabilitd che e stata vagliata e lagmzs di regioni non
strutturate al C- ed all'N-terminale dell'antigergestato rimosso up+
sheet incompleto all’estremita C-terminale di ¢88tallelamente, ¢33
e stata inserita nella sequenza della proteina amBKBP12
allinterno di un loop che e stato dimostrato essé¢ollerante
all'inserzione di domini, mantenendo bloccate amigete estremita
dell'inserto in regioni stabilmente strutturate. S¥eno dei due
approcci ha sortito effetto in termini di stabiizzone della reattivita.
La ricostituzione dell'intero dominio elicasico diS3, ottenuta
aggiungendo a ¢33 anche la sequenza mancante adeldsee terzo
sottodominio, ha permesso di ottenere un antigamatterizzato da
una sensibilita molto piu elevata. Inoltre, I'utdo di una soluzione
ottimizzata di stoccaggio della fase solida ha @=so di ottenere una
completa stabilizzazione allo stress termico di taintigene (la
reattivita rimane inalterata fino a 7 giorni di ut@zione a 37°C);
questo non si verifica invece utilizzando la sabma ottimizzata in
congiunzione con l'antigene ¢33 originale. Paracolente
interessante & osservare che le sequenze aggipptatenenti ai
sottodomini 2 e 3 non sono di per sé antigenicbkeprsdo quanto
riportato in letteratura. Si pud ipotizzare cheeessmpongano un
determinante antigenico di natura conformazionaierd& ignoto, o
che la loro presenza influenzi la conformazionébgle dell’antigene
c33, rendendolo piu simile alla forma naturale éndiu meglio
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riconosciuta dagli anticorpi di soggetti infettivéndo individuato un
antigene dotato delle caratteristiche richieste, esi proceduto
all'ottimizzazione dei livelli di espressione miglando I'adattamento
dei codoni e testando diversi ceppi ospiti Hi coli. Tale
ottimizzazione ha permesso di aumentare la pradhattili almeno tre
volte. Il nuovo antigene e quindi stato testatousia popolazione
aperta di 128 sieri, sui quali si & ottenuta ursrithuzione dei valori
dei campioni negativi molto compatta ed una buoisarininazione
dei campioni positivi. Infine, e stata individuataa sequenza, donata
dal vettore di espressione, responsabile di alcargssreattivita
aspecifiche individuate contro I'antigene; sia ii@azione di questa
sequenza in fase di clonaggio, sia I'aggiunta @i proteina scavenger
nel tampone di diluizione dei campioni hanno pesoedi eliminare
efficacemente le reattivita aspecifiche.

L’antigene cosi ottenuto, grazie alla maggiore ibdita ed alla
stabilita allo stress termico rappresenta un catdidmolto
promettente per la sostituzione dell’antigene c8B saggio di tipo
CLIA per il rilevamento di infezioni da HCV.
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