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The course of disease observed in HCV infection is characterized by an acute phase
with 15-25% of infections resultii  in spontaneous resolution of hepatitis and with the
remaining 75-85% leading ) chronic hepatitis C (CHC) defined as HCV RNA positivity
for at least 6 months (Hoofn e, 2002). The course of acute and chronic hepatitis C, as
well as spontaneous resolution of hepatitis C will be discussed in detail in Sections 1.5.1
and 1.5.2., respectively.

HCV is considered to be a non-cytopathic virus. Thus, liver injury occurs as a result
of the virus-specific host immune response to infection of hepatocytes (Guidotti and
Chisari, 2006). At the same time, in vitro studies examining the effect of HCV on
primary human hepatocytes showed that HCV may also have a direct cytopathic effect
(Lazaro et al., 2007). Of those patients with CHC, between 5 and 25% will develop liver
cirrhosis (Mattson et al., 1993). The main cause of HCV-induced cirrhosis is the long-
term inflammation and the replacement of injured hepatocytes by connective tissue and
abnormal hepatic tissue nodules (Pol et al., 2004). The resulting cirrhosis is the cause of
approximately 50% of orthotopic liver transplants (OLT) (Prieto et al., 1998).
Furthermore, approximately 5% of cirrhotic patients will eventually develop
hepatocellular carcinoma (HCC) ™ “ovet, 2005; Thomas and Seeff, 2005). The genotype
of HCV appears to play a role ease outcome in that those infected with genotype 1b
have a consistently greater risk of developing HCC (Bruno et al., 1997). As well, those
infected with genotype 3 are at higher ri  for steatosis (Rubbia-Brandt et al., 2000).

While :notype is a major predictor of antiviral treatment success, studies have found no







Simmonds, 2004). Genot 3 is found in Southeast Asia, India and Australia, whereas
genotype 4 is the predominant strain in Egypt, northern Africa and the M’ * “le East
(Ramia and Eid-Fares, 200 ). In South Africa, genotype 5 is the most prevalent, while
type 6 occurs in Southeast Asia and Australia (Mondelli and Silini, 1999; Simmonds,
2004; Simmonds et al., 2005). Previously, at least 11 genotypes have been described
(Bukh et al., 1993; Simmonds, 1999), but these genotypes were later re-classified into 6

major genotypes due to the similarity in nucleotide sequences (Simmonds et al., 2005).

1.2.2. Transmissic Routes and Risk Factors

HCV is a highly infectious blood-borne virus. The major route of transmission is by
blood-blood contact (Conry-Cantilena et al., 1996) and the major risk factor associated
with HCV transmission is  ravenous drug use (IDU) (Alter et al., 1999). It is estimated
that as much as 80% of new HCV infections are due to IDU (Law et al., 2003) and in
active IDU, the prevalence “HCV can be as high as % (Fischer et al., 2004). Sexual
contact has been found to be a risk factor for HCV transmission, although less than 3% of
monogamous partners of HCV- 'ted individuals in the United States have been found
to be infected (Terrault, 2002). Other risk factors include intranasal cocaine use,
hemodialysis, tattooing, piercing and needlestick injuries (Kiyosawa et al., 1991; Eyster
et al., 1991; Niu et al., 1993; Thomas et al., 1995; Conry-Cantilena et al., 1996; Lavanchy
et al., 1999; Firestone et al., 2007). Available data for the United States collected by the
CDC’s Sentinel Counties Study of Viral Hepatitis between 2001 and 2004, list the
following risk factors: IDU (39%), occupational exposure  %); household exposure

(3%), transfusions (2%), sexual tr smission (16%) and no indentified risk (33%) leading











































spontaneously resolve hepatitis less frequently and rarely develop cirrhosis or
hepatocellular carcinoma as well as extrahepatic complications. The explanation for a
milder course of infectior 1 slower progression to fibrosis could be related to an

apparent immune tolerance of HCV at birth or early in life (Garcia-Monzon et al., 1998).

1.5.5. Occult Persistence

The introduction of highly sensitive nucleic acid amplification assays capable of
detecting below 10 vge/mL or 2 IU/mL has changed our understanding of the natural
history of HCV infection. These says have allowed for the detection of very low levels
of HCV RNA positive and negative (replicative) strands in individuals who have solved
CHC either spontaneously or due to antiviral therapy with IFN and RBV (Pham et al.,
2004) .

Presently, standard clinical laboratory assays have sensitivities which range between
30 and 1000 vge/mL or 9.6 and 615 IU/mL (Pham and Michalak, 2008). Commonly, the
predominant test being used in clinics is the VERSANT HCV RNA version 3.0 assay
from Bayer with a sensitivity of approximately 1000 vge/mL or 615 IU/mL. The most
sensitive of these tests involve transcription mediated amplification (TMA) assays such
as the VERSANT HCV® RN  assay that can achieve a sensitivity of ~30 vge/mL or 9.6
IU/mL. However, this assay is not yet routinely used for clinical evaluation.

The detection of HCV RNA positive ands in the serum, and both positive and
negative strands in periphe  blood mononuclear cells (PBMC) and/or liver of
individuals who have been found to be repeatedly HCV RNA non-reactive by standard

clinical laboratory tests and 2 _ tedly normal ALT levels is defined as occult
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infection (OCI) (Pham et al., 2004; Radkowski et al., 2005a; Laskus et al., 2007;
Michalak et al., 2007; Pham et al., 2008). This finding was first reported by this
laboratory (Pham et al., 201 ) and confirmed by other groups (Castillo et al., 20t
Radkowski et al., 2005a; Castillo et al., 2006). It has been found that applying s¢ itive
detection techniques (sensitivity of 10 vge/mL or 2 [U/mL) uncovers HCV replication for
years after apparent complete spontaneous or therapeutically-induced resolution of
hepatitis (Pham et al., 2004). Additionally, HCV RNA has been reportedly detected in
patients with elevated liver function tests of unknown etiology (Castillo et al., 2004).

Furthermore, HCV RNA positi  and negative strands have been detected in CD4"
and CD8" T cells, B cellsand m  ocytes in individuals after clinically apparent
resolution of hepatitis C as wi  as  : appearance of distinct HCV variants in their
immune cells (Pham et al., 2008).

In terms of duration of OCI, HCV RNA positive and negative strands have been
detected in liver biopsy samp  taken from patients that had apparently clinically cleared
the virus up to 8 years earlier (Radkowski et al., 2005a). At this point, due to limited
follow-up periods, it is not known whether occult HCV infection occurs for the entire
life, like other persistent viruses, such as HBV (Michalak et al., 1994) and Epstein-Barr
virus (EBV) (Babcock et al., 1  8). It has been suggested that a major clinical
consequence of occult infectic are the public health implications in that patients, without
clinical markers of infection, may carry a risk to the community with respect to blood
donation and organ transplantation (Pham et al., 2004; Feld and Liang, 2005).

The presence of residual virus that has the ability to replicate may lead to HCV

reactivation after apparent suc  sful antiviral treatment. The rates of HCV recurrence,
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occurrence (i.e., plasma, PBMC and liver) and preferably serial samples (Michalak et al.,

2007).

1.5.6. Extrahepatic on-Lymf itic System Manifestations

Studies have shown an association of HCV with several diseases of organs other n the
liver and the lymphatic (immune) system (which will be reviewed in Section 1.6.1).
Membranoproliferative glomerulonephritis (MGN) has been associated with chronic
HCYV infection (Johnson et al., 1993; Davda et al., 1993). Although factors leading to the
development of HCV-related MGN are unclear, deposition of immune complexes
containing HCV antigens, immunoglobulin (Ig)G or IgM class antibodies to those
antigens in the renal glomeruli are most likely the pa ogenic factor (Johnson et al.,
1993). It has also been suggested that B cell activation and antibody production, which
will be discussed in Section 1.6.1., are a possible mechanism of the development « this
pathology (Johnson et al., 1993). ...e notion that HCV may have a role in the
development of MGN is supported by the fact that interferon alpha (IFN-a)-based
antiviral therapy leading to a reduction of HCV RNA load in patients has also been
shown to result in histologi  improvement of renal pathology (Yamabe et al., 1995).
Vasculitis, a potentially fatal disease characterized by the inflammatory destruction of
blood vessels, veins and or arteries (McMurray and Elbourne, 1997), has been found in
some cases to be associated with HCV infection (Marcellin et al., 1993). HCV-related
vasculitic lesions have been observed in such places as the skin, muscle, lungs and
intestine. The mechanism of development of HCV-related vasculitis is likely the same as

MGN. Treatment of HCV-related vasculitis with immuosuppressive agents, such as
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in all recovered patients as chr | »nses have been observed in both patients who have
spontaneously resolved hepatitis as well as those who have achieved an SVR after
IFN/RBYV therapy (Klade et al., 2009).

Regulatory T cells (Tre ;) are known to maintain self-tolerance and control
deleterious immune respor s (Sakaguchi et al., 2006). The role of Tregs in the immune
response to HCV infection remains unclear. In vitro, co-culture of HCV-specific CD8" T
cells with CD4"CD25" Tregs led to decreased IFN-y production (Sugimoto et al., 2003).
It has been observed that removal of CD4"CD25" Tregs from peripheral blood resulted in
rescued HCV-specific CD4" and CD8" T cell proliferation and IFN-y production
(Cabrera et al., 2004). However, in the chimpanzee model, there appeared to be no
difference in the quantities of Tregs in the liver and circulation in animals that had

chronic hepatitis as compared to those that resolved hepatitis (Manigold et al., 2006).

1.8. HCV ESCAlI FROM ANTIVIRAL IMMUNE RESPONSES

1.8.1. Interference thtl Innate Immune Response

As mentioned earlier, there is a strong innate activation due to recognition of HCV

dov e-stranded RNA that lear to the stimulation of the interferon pathway resulting in
the induction of ISG. Asv |, propagation of subgenomic replicons and full-length HCV
clones have been shown to 2 inhibited in the presence of IFN-a in vitro (Frese et al.,
2001; Lindenbach et al., 2005). However, early induction of IFN-a in the chimpanzee
model of hepatitis C does not predict viral clearance (Thimme et al., 2001). This
observation has led to studies of  ability of HCV proteins to directly or indirectly

interfere with the interferon induction cascade. As outlined in Section 1.7.1., IRF-3 is part
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1.9.2.2. Pseudoparticle System

The HCV pseudoparticle ~ CVpp) system is a cell culture system employing retroviral
and lentiviral core particles expressing HCV E1 and ™" glycoproteins This system can be
used to study infectivity and the early stages of viral infection (Bartosch et al., 2003b).
Due to ‘kaging of the particle with a green fluorescence protein (GFP) marker gene,
this system has been employed to show that primary hepatocytes and hepato-carcinoma
cells were infected in vitrc  1d that this infection required the presence of El and E2
proteins, and was neutralized by anti-E2 monoclonal antibodies (mAb) (Bartosch et al.,
2003a; Owsianka et al., 2005). In addition, HCVpp have been employed to investigate
putative HCV co-receptors, such as LDLR (Bartosch et al., 2003b), CD81 (Cormier et al.,
2004; Owsianka et al., 2006), SRB1 (Voisset et al., 2005), claudin-1 (Evans et al., 2007)
and occludin (Ploss et al., 2009). In addition, the HCVpp system is a tool to indentify
factors which may enhance infectivity such as addition of apolipoprotein C1 to target

cells (Meunier et al., 2005).

1.9.2.3. The HCVcc System

The JFH-1 strain of HCV was isolated from a 32 year old Japanese male with fulminant
hepatitis. It is a genotype . strain of virus which replicates efficiently and supports
secretion of infectious viral | ticles in cell culture, known as (HCVcc), after transfection
of full-length JFH-1 RNA into a human hepatoma (Huh)7.5 cell line, without requiring
cell culture adaptive mutations (Zhong et al., 2005; Lindenbach et al., 2005; Wakita et al.,
2005). The major improv¢ ent of this strain over the previously described HCV replicon

system is that the JFH-1 viral clo1 is able to support virus assembly and the secretion of
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intracytoplasmic NSSA protein and the appearance of HCV variants in infected T cells.
Also, neutralization of infection will be assessed using anti-E2 mAb, blocking with anti-
CD81 mAb, and treatment of the target cells with IFN-o. 2b. We also will compare
biophysical properties, i.e.. 10yant density and sedimentation velocity, of the virus
produced by in vitro infected cells with those of virions occurring in the plasma or
released by patients’ PBMC and used as inocula. Finally, an attempt will be made to
visualize HCV virions circ ~ ting in patients with persistent asymptomatic HCV infection
as well as those secreted by de novo infected T cells using immunoelectron microscopy.
The establishment of a system for in vitro infection of normal, non-tumorous human
cells with molecularly unmodified, wild-type HCV, will be of significant importance for
studies of the complete cycle of  ~V replication, identification of factors determining
host’s susceptibility to HCV, particularly molecules serving as HCV receptors, and for
investigations on possible . o thic consequences of wild-type HCV infection. Such a
system will also be applicab for p clinical testing of the potential suitability of novel

agents against HCV.
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Figure. 2.1. Phenotypic characteri i >flymphoid cells before and after infection

with HCV. Monocyte-depleted lym s from donor A/M were untreated (Naive
untreated), treated with PHA for 4§ ay 0) or cultured for 14 days after PHA
treatment (Naive day 14). In additi s recovered following 11 passages with
HCV N07/M inoculum were exam nfected 14 days p.i.). Cells were incubated
with fluorescein isothiocyanate (FI’ )3 or with phycoerythrin (PE)-anti-CD4
or —anti-CD8 mAb, or with an appro. ¢ anoglobulin isotype control, and analysed

by flow cytometry. Gates were set « is pe controls. Percentages indicate positive

cells.



















Figure. 2.3. Detection of HCV NS5A  d .. proteins in in vitro-infected T cells. A/M

T cells after passages 3, 11 and 14 ¢ £~V [07/M inoculum were lysed, then proteins

were separated at 30 pg per lane an ith (a) anti-NS5A or (b) anti-E2 (ALP98)
mAb. The 56 kDa NS5A and 70 ki :in bands are marked on the right and
molecular mass markers on the left. /M ' not exposed to HCV, but cultured as

infected T cells, and naive Huh-7 ¢ 5 were used as negative controls. In (c), T cells
after direct infection with HCV N23/M ino¢ "um were double-stained with anti-E2
(AP33) and anti-tubulin mAbs and anal by confocal microscopy. Huh-7 cells
transfected with the HCV AB12-A_. _repl n served as a positive control.









Figure. 2.4. Inhibition of HCV in  ion in T cells with anti-CD81 mAb. A/M T-cells
pre-treated with anti-CD81 mAb at 1 : 20 or 1 : 100 were exposed to HCV-positive
N23/M plasma (see Methods) and, ter  days culture, were examined for HCV RNA.
T cells pre-treated with an approp € isotype control (ISO) at 1 : 20 served as controls.
For (a), other controls were as desc ¢ 1 the legend to Fig. 2.2 (b) Plot presentation of

densitometric values obtained for (a).






Figure. 2.5. Effect of IFN-a treatment on detection of HCV RNA in in vitro-infected T
cells. A/M T cells were exposed to HC . .... M inoculum in the absence (HCV-UT) or
presence of indicated concentrations of [FN-a in triplicate and cultured for 14 days. RNA
was analysed for HCV RNA positi  (a) d negative (b) strands by RT-PCR/NAH

assays. Specificity and contamination s were as described in the legend to Fig. 2.2.






Figure. 2.6. Expression of HCV RNA in affinity-purified T lymphocytes infected with
HCYV either in vitro or in vivo. Affinity-purified T cells from donor A/M pre-treated with
PHA were exposed to HCV N07/M or HCV NO&/M inoculum and cultured (see
Methods). In parallel, purified T cells: m, ient NO9/F (CHC) were cultured under
similar conditions. RNA wasanaly 1 t CV RNA positive (a) and negative (b)
strands. RNA from affinity-purified T« s of donor A/M, which were not exposed to
the virus but cultured similarly, was inclu  as a negative control (H). Contamination
and specificity controls and quantitative s  dards were as described in the legend to Fig.

2.2.




Figure. 2.7. Isopycnic banding of HCV RNA in the supernatant obtained after eight
consecutive passages of HCV Nt M inoculum in T cells. An aliquot of the concentrated
supernatant pool from pas. 8 (  Methods) and plasma from patient C26/F (CHC)
and a healthy A/M donorv  :¢ uged through 1.1-1.6 g CsCl/mL gradients; 750 pL
fractions were collected. HCV RNA was examined by RT-PCR/NAH. Depicted are
HCV RNA levels (vge) in-  :tio from the passage 8 supernatant (@) and plasma of a
chronic HCV carrier (O), and the CsCl density values (A; g/mL). An arbitrary scale from
— (absence) to +++ (several doz _ ticles per microscopic grid) was used to estimate
the number of HCV virion (VP) and core (CP) particles encountered in individual

fractions by electron microscopy. NT, Not tested.






2.4.6. Buoyant Density of HCY RNA-Reactive Particles Released by In

Vitro Infected T Cells.
To recognize properties of HCV particles produced by T cells, culture supernatant
obtained after passage 8 was subjected to isopycnic centrifugation. The fractions
collected were examined for HCV RNA by RT-PCR/NAH and virus particles by electron
microscopy. As shown in Figure 2.7, the main peak of HCV RNA reactivity was
identified at buoyant densit ; 1.16 - 1.19 g/mL (fractions 5 to 7; peak 1). There was also
a peak at 1.26 - 1.32 g/mL. _ actions 9 to 11; peak 2) and some minor increase in HCV
RNA positivity at other de1 ties. The greatest HCV copy numbers estimated were 1.4 x
10° vge/mL for fraction 6 a1ty 1.18 g/mL) of peak 1 and 0.75 x 10° vge/mL for
fraction 9 (density 1.26 g/n 1 of peak 2. Analysis of the fractions from C26/F plasma
also showed HCV RNA peaks of distinct buoyant density (Fig. 2.7), confirming that the
gradient was capable of separating a heterogenous population of HCV particles. Similar
analysis of the supernatant from non-infected but cultured A/M T cells did not reveal
viral signals (not shown).
2.4.7. Ultrastructural Features of HCV Particles Produced by T Cells.
The vast majority of HCV cles detected by electron microscopy after direct
ultracentrifugation of T cell culture supernatants were nonenveloped cores (Fig. 2.8A i-
iii). Their diameters ranged betv y and 50 nm (mean 36.5 nm). These particles
could be precipitated with anti CV core mAb (Fig. 2.8A, iv-vii), but not with an isotype

control mAb (not shown). |  tions collected after a CsCl gradient showed the presence
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Figure. 2.8. Ultrastructural identification of HCV virion and core particles in culture
supernatants obtained after serial passage of HCV in T cells. (a) HCV core particles
recovered after direct centrifugation of ~  1tants after passages 5, 9 and 11 of HCV
NO7/M inoculum. (i—iii) Examples HC e particles after passages 5 and 11. (iv—
vi) Nucleocapsid particles from pass: 9 cted by immunoelectron microscopy using
anti-core mAb. Note visible spikes by extended antibody molecules. (vii)
Aggregates of HCV core particles  nunc  cipitated with anti-core antibody. Bars, 50
nm. (b) HCV virion-like particles detected in fraction 6 (density, 1.18 g/mL) after CsCl
gradient fractionation of the culture s & 1t from passage 8 (i—iii) and C26/F plasma
(iv-vi). Bars, 100 nm. (c) Detection of HCV virions produced by in vitro-infected T cells
by immunoelectron microscopy with anti-HCV E2 (AP33) mAb. (i-iv) Single HCV
virions decorated with colloidal gold pa :les in C32/M plasma (i-ii) and in the T-cell
supernatant pooled after passages 10 and 13 "HCV NO07/M (iii-iv). (v—vi) Examples of
the medium-size (v) and large (vi) CV virions. The same culture
supernatant pool exposed to the is Abs =d as a negative control (vii).

Bars, 100 nm. Preparations were co ed with 1 % PTA.
















documented conclusively atv  particles with physical and structural properties of
complete HCV virions were rel ied by in vitro-infected T cells.

Over ,ourresults frome iltiparametric analysis demonstrated that ~ itogen-
induced normal human T cells can support the complete cycle of HCV replication and
produce infectious virions. This suggests that they are equipped not only with
appropriate molecules capable of recognition and uptake of HCV, but also with the
machinery to multiply the virus. This system should be of value for studies on
recognition of cytopathic mechanisms of HCV infection, investigation of host factors
determining susceptibility and the efficiency of virus replication, and for testing antiviral

agents against wild-type HCV pr. | gating in the natural host-cell milieu.
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Figure. 3.1. Phenotypic characterization of cultured lymphocytes after exposure to
HCV. Lymphoid cells from the same healthy donor were either exposed to medium
alone ( no plasma), (NP), 3 normal ht n plasma (NHP 1-3) or HCV inocula (CHC 1-3).
Cells collected throughout the culture peric  at the time points indicated (d.p.i.) were
stained with anti-CD3 Alexa-488, anti-CD4—PerCP and anti-CD8-APC mAbs (Section
3.3.1.), or with appropriate immunoglobulin isotype controls, and analysed by flow
cytometry. (A) Graphical representation of flow cytometry data showing phenotype of T
cells for each infection condition tested. CD4" T cells (solid black bars) and CD8§" T
cells (hatched bars) displayed as percentage of total CD3" T cells at 4 different time
points throughout the culture period. (i.c., 1,4, 7 and 10 d.p.i.). The detection of HCV
RNA positive strand was shown for 1, 7 and 10 d.p.i. For HCV RNA positive strand
detection, ++ indicates >1000 vge/ | total RNA, + indicates between 50 and 1000
vge/pg total RNA, and +/-indicates <501 :/pg total RNA. For negative strand detection,
+ indicates detection of the strand while — indicates no detection. Grey boxes indicate
cultures in which the CD4" to CD8" ratio was altered when compared to cultures exposed
to NP or NHP, n.a.- Not applicable, n.t.- not tested. (B) Determination of T cell
phenotype in cell cultures exposed or not to HCV and cultured for 10 days post-exposure.
Using forward versus side scatter, lymphocytes (gate R1) were separated from cellular
debris. Lymphocytes were then sub ~1ted on Alexa-488 positive CD3 T cells (gate R2)
for enumeration of CD4* and CD8" T cells by detecting APC positive CD8" T cells
found in the upp: left (UL) quadrant and PerCP-positive CD4" T cells in the lower right
(LR) quadrant. Quadrant markers were set using cells exposed to the appropriate isotype

controls. Numbers in the UL and LR quadrants indicate percentages of positive cells.




































Figure. 3.5. Expression levels of N-y, TNF-a and IL-2 mRNA in T lymphocytes
exposed to HCV-positive or normal human plasma. Lymphoid cells from the same
healthy donor were treated with PHA for  1r and exposed either to normal human
plasma (n=3; NHP-1to 3) or 3 dif =znt """/ inocula (CHC-1 to 3). DNase-treated
RNAwas transcribed and amplified yr -time PCR using cytokine specific primers.
IFN-y, TNF-a and IL-2 expression was evaluated at 2 days prior to infection (-2) and at
0, 1,7 and 10 d.p.i. Specificity of nplifications was confirmed by a melting curve
analysis. Recombinant actin gene . v amplified in parallel and used as a
loading control. Cytokine mRNA expression was normalized against actin.

Contamination controls included water an ified instead of cDNA.



















In summary, the results of this study provide further evidence that HCV infection may
exert direct effects on the behaviour and function of T cells and raises the possibility that

HCV may not need to be actively replicating in these cells to cause such effects.
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Examinations were carried out in  JEM 1200 EX microscope (JEOL Ltd., Tokyo,
Japan).

4.4, RESULTS

4.4.1. HCV Genome Expr: .ion in T Cells ..xposed to Plasma from

Individuals with Clinically Apparent SVR
Using the previously established system allowing for de novo infection and propagation
of wild-type HCV in vitro e Section 2), infectivity of residual HCV occurring in
plasma of individuals with clinically apparent SVR was tested. Pre-stimulated lymphoid
cells exposed to plasma from 8 individuals and then cultured under alternate stimulation
became reactive for HCV RNA positive strand in 7 of the cases (Fig. 4.1). HCV RNA
negative strand, indicative of active virus replication, was evident in 3 of the 7 (42.8%)
cell cultures that were positive for the virus positive strand. The HCV loads were

estimated to be between 1 x 10° =5 x 10*-~~/107 cells.

4.4.2. HCV NSSA'@ »tein in In Vitro Infected T Cells.

To determine whetherexp  ion of HCV RNA in in vitro infected T cells was
accompanied by synthesis of viral protein, cells exposed to 44/F and 48/F plasma were
examined for HCV NSS5A protein by confocal microscopy. As illustrated in Figure 4.2A,
HCV NSS5SA occurred predominantly as granular intracytoplasmic deposits and at the
plasma membrane of the positive cells. Percentages of NS5A reactive cells enumerated
under a confocal microscope were between 0.78% and 1.35%. A flow cytometric
analysis gave comparable results of 1.05% to 1.52% of HCV NSS5A protein positive cells

(Fig. 4.2B).
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Figure. 4.1. Detection of HCV RNA-positive and HCV RNA-negative strands
in T cell cultures after exposure to pl: na from patients followed for up

to 60 months after apparently comple clinical « :arance of HCV. (A)

HCV RNA-positive strand and (B) HCV RNA-negative (replicative) strand.
HCV sRNA-positive and HCV sRNA— ive strands were used to conf

the specificity of the detections. Water instead of complementary DNA
amplified in direct (D/W) and nested (N/W) reactions and a mock

extraction (M) treated as test RNA we¢  included as contamination

controls. Positive samples showed the expected 244-bp amplicons. *A
hybridization signal for 48/M withar 2 e controls was overexposed

to visualize its presence. Abbrevia » HCV, hepatitis C virus; HCV sRNA,
synthetic hepatitis C virus RNA; rHCV UTR-E2, recombinant hepatitis C

virus 5’-untranslated region E2 fragment.







Figure. 4.2. Expression of HCV NS5A _  tein in cultured T cells exposed to plasma
from individuals with SVR. (A) Cultured T cells after exposure to (A,B) 43/M plasma,
(C-E) 48/F plasma, and (F) plasma from a patient with chronic hepatitis C (positive
control) were double-stained with anti-HCV NS5A and anti-tubulin mAbs and analyzed
by confocal microscopy. (G) Cultt 1T cells exposed to HCV and stained with an
isotype control antibody served as negati  control. (H) Huh-7 cells transfected with
QCV ABI12-A2FL full-length HCV replicon served as an additional positive control.
Images were captured at 60 X magnification. (B) Flow cytometric quantification of HCV
NS5A-positive T cells exposed to| isma m individuals with therapy-induced SVR.
Prestimulated cells were incubated with 44/F or 48/F plasma and cultured as described in
the Patients and Methods section. T cells1 e stained with anti-NS5A mAb or isotype
control antibody. Gates were set on the | of isotype controls. Stimulated, uninfected
T cells similarly stained with anti-NS. y served as a negative control. Huh-7 cells
transfected with HCV AB12-A2FL replicon were used as a positive control. Percentages
indicate positive cells. Abbreviations: HCV, hepatitis C virus; mAb, monoclonal

antibody; NSSA, nonstructural prc - n 5SA; SVR, sustained virological |, nse.












Figure. 4.3. Effect of HCV neutr: ation with anti-E2 mAb, pre-incubation of target
cells with anti-CD81 mAb, or their treatment with IFN-a on the replication of HCV in
cultured T cells. (A) HCV contained in 48 plasma was pretreated with anti-HCV E2
mADb in duplicate (ex 1 and ex 2) or an isotype immunoglobulin control mAb and then
incubated with T cells, or T cell targets we first incubated with anti-CD81 mAb or an
appropriate isotype control and then exposed to 44/F plasma (ex 1) or 48/F plasma in
duplicate (ex 1 and ex 2). (B) T cell ta - exposed to 44/F or 48/F plasma in the
presence or absence (UT) of 1000 U/mL  :ombinant human IFN-a 2b in duplicate (ex 1
and ex 2). RNA was analyzed for HCV RNA-positive and HCV RNA-negative strands
after 14 days of culture. Specificity and contamination controls were as outlined in the
legend to Fig. 4.1. Positive samp  showed the expected 244-bp amplicons.
Abbreviations: HCV, hepatitis C virus; HCV sRNA, synthetic hepatitis C virus RNA;
IFN-q, interferon alpha; mAb, monoclonal  ibody; rHCV UTR-E2, recombinant

hepatitis C virus 5-untranslatedr¢ on )f ment.






Figure. 4.4. Nucleotide sequence alignment of clones derived from HCV 5°-UTR
fragments amplified from 44/F and 48/F plasma, peripheral blood mononuclear cells, and
cultured T cells exposed to that plasma. ...e 5’-UTR amplicons derived from each
sample were cloned, and 10 randomly selected clones were sequenced bidirectionally.

As areference, the HCV genotype la  juence (GenBank accession number M67463) is
shown on the top line. Nucleotides inthe juences identical to those of the reference
are shown as dots, deletions are shown as < 7es, and differences are shown as letters.
Numbering of the nucleotides is according to the M67463 HCV genotype la sequence.
Abbreviations: 5’-UTR, 5’-untrans edt ‘on; HCV, hepatitis C virus.






derived from 48/F plasma, PBMC and cultured naive T cells exposed to 48/F plasma
revealed random single nucleotide polymorphisms. There was no indication of the

existence of lymphoid cell-specific HCV variants.

4.4.5. Physically Distinct HCV RNA-Reactive Particles Occur in Plasma

and Culture Supernatants from T Cells Exposed to That Plasma

To gain an insight into general biophysical properties of HCV RNA-reactive particles
occurring in plasma of indi* luals with SVR and those released into culture medium by T
cells exposed to these plasn  samples of plasma and supernatants from the infected T
cells were ultracentrifuged over suc se and the 8 bottom fractions collected. The
analysis of 44/F plasma showed that HCV RNA-reactive particles occurred in fractions 1,
4 and 7, corresponding to sucrose «  sities of 1.092, 1.064 and 1.027 g/mL, respectively,
with apparent HCV RNA peak ictivity in fraction 4 (Fig. 4.5A). In the culture
supernatant of T cells exposed tc plasma, HCV RNA-positive particles were found
in fractions 5-8 at de ities betw 11.024 and 1.011 g/mL with the peak RNA positivity
in fraction 5 at density of 1.024 g/n  (Fig. 4.5B). HCV RNA-reactive particles after
centrifugation of 48/F plasn ( . fraction 4 at sucrose density of 1.047 and in
fractions 6-7 at densities 1.018-1.0._ g/mL (Fig. 4.5C), while those occurring in the
culture supernatant of T cells ¢ 1o0sed to this plasma in fractions 5-8, having a su ise
density of 1.027 — 1.019 g/mL, with the HCV RNA peak reactivity in fraction 5 at

density of 1.027 g/mL (Fig. 4.5D).
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Figure. 4.5. Sedimentation velocity of HCV RNA-reactive particles in sucrose. Plasma
samples from individuals 44/F and }/F with cli cally apparent SVR and supernatants
from cultured T cells exposed to this plasma were separately layered onto 1-mL sucrose
cushions and ultracentrifuged. Eight 300-L fractions collected from the bottom of each
tube were assayed for HCV RNA-positive strands by reverse-transcription polymerase
chain reaction/nucleic acid hybrid tion and for sucrose density. (A) 44/F plasma
collected 3.5 years after SVR was achieved, (B) culture supernatant from T cells infected
with HCV contained in 44/F plasma, (C)« F plasma collected 2 years after clinical SVR
was achieved, and (D) culture sup:  atant from T cells infected with HCV contained in
48/F plasma. On the left side of each panel, the HCV RNA level is expressed in relative
density units given by hybridization s shown on the blot under each panel. On the
blots, contamination and specificity con s are marked as in the legend to Fig. 4.1.
Abbreviations: HCV, hepatitis C virus; rHCV UTR-E2, recombinant hepatitis C virus 5-

untranslated region E2 fragment; SVR, sustained virological response.






4.4.6. Infectivity of ”V Released By PBMC after Clinically Apparent

SVR

To assess the infectivity of HCV found in in vivo infected PBMC of individuals with
clinically apparent SVR, PBMC from 4 such patients followed for up to 5 years (Table
4.1.) were stimulated with I A and IL-2 for 72 hours and the resulting supernatants used
as inoculum to infect T cells. The data revealed that all cell cultures exposed to the
PBMC supernatants acquired -V RNA positive strand reactivity, while HCV RNA

negative strand was detected in one of the cultures (Fig. 4.6).

4.4.7. Ultrastructu Ider [fication of HCV Particles in SVR Plasma and

Culture Supernatants of De Novo Infected T Cells

HCV particles were visualized with 1ti-E2 mAb by [EM (Fig. 4.7). Figure 4.7 A-C
depicts HCV virions detec 1 in unfractionated (total) plasma obtained from 48/F patient
24 months after achieving SV = F' 1re 4.7. D-F shows HCV particles found in HCV
RNA-reactive fractions 4 (panel D) 1d 7 (panels E and F) after fractionation of 44/F
plasma collected 42 months af SVR. As shown in Figure 4.7. G-K, HCV virion
particles, either singular or aggregates, v e also detected in culture su)j  tants
collected from T cellsinv 1 ir with virus carried in 44/F plasma. Particle sizes

ranged from 50-75 nm in dian  r.
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Figure. 4.6. Detection of HCV RNA-positive and HCV RNA-negative strands in
cultured T cells exposed to culture superna 1ts derived from in vivo HCV-infected, ex
vivo stimulated peripheral blood mononuclear cells obtained from individuals with
follow-up of up to 60 months after a clinic SVR. Contamination and specificity
controls are marked as outlined intl legend to Fig. 4.1. Positive samples show the
expected 244-bp amplicons. Abbreviations: HCV, hepatitis C virus; HCV sRNA,
synthetic hepatitis C virus RNA; rHCV UTR-E2, recombinant hepatitis C virus 5-

untranslated region E2 fragment.







Figure. 4.7. Ultrastructural features of HCV RNA-reactive particles in the plasma of
individuals with clinical SVR and in the culture supernatant obtained from T cells
exposed to one of the plasma samples as visualized by immunogold staining with anti-E2
mAb. (A-C) HCV virion particles in unfractionated plasma of patient 48/F. HCV virions
in (D) fraction 4 (sucrose density, 1.( mL) and (E,F) fraction 7 (sucrose density,
1.027 g/mL) of 44/F plasma. (G-K) HCV ¢ ticles in the supernatant of cultured T cells
infected with HCV contained in 44/F plas (L) The same culture supernatant pool
shown in panels G to K exposed to the  :ype control instead of anti-E2 mAb.
Preparations were counterstained with 1% phosphotungstic acid. Bars indicate 100 nm.

Abbreviations: HCV, hepatitis C virus; mAb, monoclonal antibody.













ultracentrifugation over sucrose implying distinct biophysical properties. This further
supported the conclusion tt  the virus released originated from the de novo infection
process. In general, although the plasma virions, as confirmed by IEM, predominantly
banded at higher sucrose densities (1.047-1.064 g/mL), those released from in vitro
infected T cells tended to sed :nt at densities not exceeding 1.027 g/mL. Considering
that HCV virions in plasma of patients with CHC have been shown to be of heterc :nous
densities, particularly when associa ~ with immunoglobulins and lipids (Hijikata et al.,
1993; Kanto et al., 1994; D et al., 2006), that the majority ¢ plasma virions should or
do originate from infected hepatocytes, and that the viral particles found in culture
supernatants in the current study were of low density and were exclusively produr 1by T
cells, a possibility exists that virions assembled in hepatocytes and lymphoid cells could
be biophysically distinct di  to a )ciation with different host proteins and/or lipids
giving, in consequence, different sedimentation profiles. Studies have yet to compare the |
biochemical properties of |- -virus in CHC and in persistent low-level HCV
infection, as well as of virions produced by lymphoid cells in CHC and occult infection.
Infectivity of HCV trac sistit  during the naturally acquired occult HCV
infection has not yet been invest |. The present study, to our knowledge, is the first
attempt in this regard. However, in early studies in chimpanzees, diluted plasma from a
patient with acute post-transfusion hepatitis containing approximately 10 virions was
capable of inducing infection which was characterized by elevated serum ALT ar liver
inflammation (Feinstone et al., 1981). More recently, as few as 20 copies of HCV RNA
prepared by dilution of serum obtained during the pre-acute phase of hepatitis C of an

infected chimpanzee has been demonstrated to cause HCV RNA-positive infection in the
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absence of ALT elevation (Katayama et : , 2004b). However, since the sensitivity of the
PCR assay used for detection of  1m HCV RNA in the latter study appeared to be
between 100 and 250 copies 1 yama et al., 2004b), a possibility remains that lower
doses of HCV may also transmit in :tion in this model. Our present findi s reveal that
HCV circulating in some i1 viduals with resolved hepatitis C is capable of inducing
productive infection in vitro atdc  of 20 to 50 copies. This can be interpreted as a
strong indication of potential vin infectivity in vivo. In future studies, it would be of
interest to determine the m¢ :cul echanisms as to why HCV circulating in some
individuals, but not in others, v fectious to T cells despite comparable levels of virus
present.

In summary, the current  ly provides the first experimental evidence it HCV
RNA tectable at low quantities for years after apparent complete resolution of CHC
reflects the existence of traces of biologically competent virus, which in some situations,

can retain infectivity.
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intracellular replicating virus. We investigated this question by examining if de novo
infection of lymphocytes can lead to detectable production of the HCV genome
replicative intermediate, the HCV RNA negative strand, and if protein components of the
replication complex, i.e., the HCV non-structural proteins, can be detected along with
HCV RNA. We further investigated whether secretion of enveloped virions is taking
place and examined their presence in supernatants of in vitro infected cells and by serial
passage of released virus in naive PBMC-derived T cells. We also confirmed active

replication of HCV in de novo infected cells via treatment with interferon: >ha.

Another question of high importance is whether virus infect:  of Iy >hoid ce . can
lead to pathological outcomes and modify the function of immune cells. It has be
suggested that HCV  fectic can cause B cell dysfunction, as it has been found that
close to 80% of patients with mixed cryoglobulinemia, characterized by an accumulation
of cryoglobulins, are also chronically infected with HCV (Agnello et al., 1992). The
notion of HCV-induced lymphocyte abnormalities is further supported by the finding that

classical antiviral therapy for hepatitis infection results in clinical recovery from HCV-

associated MC (Saadoun et al., 2006). Along the same lines, HCV-infec ™ lymphoid ‘
cells have been detected in HCV patients with non-Hodgkin’s lymphoma (Ferri et al.,
1997). Alterations in T cell characteristics and function in HCV-infected individ s
have also been descr ed. In peripheral blood and intrahepatic T lymphocytes in patients
with CHC, T cells have be  found to display markers of exhaustion, such as the

expression of inhibitory receptor PD-1 (Golden-Mason et al., 2007) and negative immune

regulator TIM-3 (Golden-M on ., 2009)(see Section 1.6.2). As well, T cells
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wild-type HCV in normal hun 1 cells that was established and utilized in this work is a
tool that can be employed to e: nine cytopathic mechanisms of HCV infection and can
be used to uncover factors mediating susceptibility of host cells to this virus. Finally, at a
time in which treatment m  \lities for HCV are shifting from IFN/RBV alone to
incorporate HCV-specificdr 5, ch a system will be valuable to determine whether the
virus can finally be eradicated not only from the liver but also from extrahepatic sites that

can potentially serve as a source for reinfection of hepatocytes.
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Chapter Six: Conclusions and Future Directions

Throughout these experiments, we examined how HCV infection in lymphoid cells may
contribute to viral persistence. We investigated whether cells of the lymphatic sy :m
can be infected in vitro with HCV and whether these cells have the ability to proc e
complete infectious virions. We explored whether the functions of T cells could be
altered following exposure to or infection with HCV. We further s lied the infective
potential of virus lingering at low levels after clinical resolution of hepatitis C using the
in vitro HCV infection system established in the course of these works. The findings of

these studies can be summarized a1 concluded as follows:

Study 1: The multiparametric analysis revealed that mitogen-stimulated T cells are
susceptible and supportive of the complete cycle of HCV replication including the
production of infectious virions Hle of de novo infecting virus-naive cells. The
findings conclusively shon 1tl T cells do not merely harbour adhered virus but can
support propagation of biol ly competent, infectious virus. The in vitro replication
system created is also able to support replication of wild-type virus of different
genotypes, although it is n:  as efficient, in terms of virus production, as recently
established systems applying mo :ularly adapted HCV strains and Huh-7 hepato 2
cells. This systemr -esents a tool for investigations of factors that promote virus
replication and determine susceptibility to infection, and can be employed to test the

efficacy of novel antiviral treatn modalities.
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