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Many individuals infected with hepatitis C virus (HCV) fail to respond to therapy,
resulting in the development of chronic infection and increased risk for fibrosis, cirrhosis,
and hepatocellular carcinoma. The current standard of care consists of pegylated
interferon and ribavirin (RBV), a nucleoside analog. While RBV improves treatment
outcome, and will likely be an important component of therapy with next-generation viral
inhibitors, RBV’s mechanism is controversial. Most of RBV’s proposed mechanisms

require RBV import into cells. Therefore, we examined whether host-based RBV
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resistance develops through reduced cellular uptake, analogous to chemotherapy
resistance in some cancers. We examined the effect of host-based RBV resistance on a
model RNA virus, poliovirus, HCV replication in cultured hepatoma liver cells, and
whether RBV resistance develops in HCV patients. When liver cells permissive for
poliovirus or HCV replication were exposed to RBV, resistance developed through
reduced activity of the ENT1 nucleoside transporter, and antiviral efficacy was reduced.
Importantly, RBV uptake significantly declined in HCV peripheral blood mononuclear
cells (PBMCs) following four weeks of therapy. Furthermore, maintenance of RBV
uptake correlated with rapid treatment response. Our results uncovered a novel form of
antiviral drug resistance, suggesting that host-based RBV resistance develops in HCV
patients undergoing therapy and that maintenance of RBV uptake may contribute to rapid

viral clearance.

vil



TABLE OF CONTENTS

PRIOR PUBLICATIONS ... Xii
TABLE OF FIGURES.........oo e Xiii
LIST OF ABBREVIATIONS ... Xiv
CHAPTER ONE INtroduCtion .........cccoirieiiiiiiciseseeseseeee e 1
HEPAtitis € VITUS...ccuieeiieiieeiieiieeie ettt ettt ettt ettt siaeebeassaeeseesaneens 1
Discovery of Hepatitis C VIrUS ......cccevveieiie e 1

o] [0 (=TT T0] [0 Y20 SSSRSS 1

=7 T0] [0 | SSSRS 2
PatNOGENESIS ...vvevveeiecteeie ettt reenaeeneenres 3
TTEALMENL ...ttt ettt 6
Current Treatment and ClassifiCations............ccoceoeiiireinininesseeees 6
Viral and HOSE FACIOIS ........cviiiiiiiiiieeiee s 7
New and Experimental Treatment Options..........c.ccocvvevviieieeie s 9
RIDAVITIN 1ttt st aees 11

[ 113 (0] 2SS 11
Mechanism Of ACTION. ..o 11
TherapeutiC ROIE.........cviiieecc e 13
NUCIE0S1de traNSPOTLETS. ...ccvvieeiiieeiiieeiieeeiee et e et e eree e eeeeeeesseeessaeeessseeenns 15
Cellular and TherapeutiC ROIES ..........ccocviiiiieieiieseee e 15
Poliovirus and HCV Resistance Studies..........ccccoevveieviieeiiieeiiiecieecee e 16
PrIOr WOTK ..o 16

viil



CHAPTER TWO Methodology .......ccoviieiieiiiieieeie e 18

CRILINES .ottt ettt et e ne e teeaeeneenre s 18
Generation of RBV® Cell Lines and RBV Resistance Assay ..............cco....... 18
HUN 7.5 VIDITY ASSAYS .....cuveieiiiiiiiiiiieiieieiee e 19
VITUS ottt et et et e et et e s e R e teene e Re e teeneenneeeenneenren 19
POlIOVITUS INFECTIONS ....vviciiecieee e 20
HCV (JFH-1) INFECLIONS. ..o 20
FOCUS FOIMING ASSAY ....vvveiiieiieieiiesie sttt 21
UPEBKE ASSAYS ...ttt bbb 22
INNIDITOT ASSAYS ...t 22
TrANSTECTIONS. ...ttt sae e nnes 23
Real-time RT-PCR .....c.ooii et 24
IMMUNOBIOt ANGIYSIS. ..o e 25
PR ANAIYSIS ...t 26
Subjects and PBMC PrOCESSING ......ccverrieiieeieriieniieiesieesieeie e see e sse e 26
RBV Uptake in PBIMCS .......coiiiiiiieieeee e 27
StatiStiCAl ANAIYSIS .....c.eiiiiiiee e 27

CHAPTER THREE Reduced Ribavirin Antiviral Efficacy via Nucleoside

Transporter-Mediated Drug ReSISTANCE ...........cooviiiieieiee e, 29
INErOAUCTION . ...ttt et e e e ere e e e e e e eaveeesabeeenes 29
RESUILS ...ttt ettt et ennees 32

X



RBV Uptake and Poliovirus Growth in Different Cell Lines............ccccoev... 32
Generation and Characterization of New RBV® Cell Lines .........c..ccocvvuen... 34
The Role of Nucleoside Transporters in RBV Uptake and Resistance ......... 36
The Effect of Nucleoside Transporter Inhibition on RBV Uptake in RBV® and

RBV CIIS......oouoveveiiieicsseiseesise st 39
Quantification of ENT1 Expression in RBV® and RBV® Cells..................... 40

The Effect of Nucleoside Transporter Activity on RBV-mediated Viral

Growth INNIDITION.......coeie e 42
Nucleoside Uptake Compensation Mechanism in RBV® Huh-7 Cells........... 43
DISCUSSION ....eeiiiiieciiie ettt ettt e ettt e et e et eeesaaeeetaeeeteeesaseeesaseeesaseeesaseeenns 45

CHAPTER FOUR Host-based Ribavirin Resistance Influences Hepatitis C

Virus Treatment RESPONSE........cciviiieieeie ettt steeste et ste et e ae e e sre e 51
INErOAUCTION . ...ttt e s e e saee e snbee e 51
RESUILS ... e e e serae e 54

Generation of RBV® Huh 7.5 cells with reduced RBV uptake....................... 54
HCV replication in RBV® and RBV® Huh 7.5 CellS ..........coeviuerriersreeeene. 56
RBV toxicity in RBV® and RBVR HUh 7.5 CellS .........oveeveeeereerereeeeeeeeeeeeres 59
RBV uptake in PBMCs from healthy donors and HCV patients.................. 60
DISCUSSION ...ttt ettt e et e et e e saeeeeaeeeaaeeesaeeessaeesssaeessseeessseeessseannns 63

CHAPTER FIVE SUMMATY ..ottt 64
Conclusions and Recommendations .............cc..ccooevuveeeeiiiiieececiieeeeecieee e 64
EPIIOZUE ..ttt et 71



APPENDIX A CELL LINE DATA ..o 76

APPENDIX B LINEAR RANGE OF [*H]-RBV UPTAKE IN PBMCS........ 77
APPENDIX C PATIENT DATA ...t 78
BIBLIOGRARPY ..o s 79

x1



PRIOR PUBLICATIONS

Ibarra, K.D., Jain, M.K., Pfeiffer, J.K. 2010. Host-based ribavirin resistance influences
hepatitis C virus treatment response. J Virol (Submitted)

Ibarra, K. D. and J. K. Pfeiffer (2009). "Reduced ribavirin antiviral efficacy via
nucleoside transporter-mediated drug resistance." J Virol 83(9): 4538-4547.

xii



TABLE OF FIGURES

Figure 1. Disease progression in HCV infection. .........c.ccocevvienienenieninncnienene 5
Figure 2. Patient virological response to Peg-IFN/RBV therapy. ......c..cccccevuenene 7

Figure 3. Typical two-phase profile of plasma HCV RNA decline in patients

following the onset of interferon therapy...........ooceeevvevieeiiienieeciieieceeeeeeeeee. 13
Figure 4. Flow chart for mapping RBV resistance to cell line or replicon........... 17
Figure 5. RBV uptake and poliovirus growth in several cell lines. ...................... 33

Figure 6. Generation of RBV® cell lines and the effect of RBV resistance on
POLIOVITUS GrOWLH. ..eviiiiiieiiieiie et et s 35

Figure 7. The effect of nucleoside transporter over-expression on RBV uptake.. 37
Figure 8. Inhibition of endogenous RBV uptake in Huh-7 and HeLa cells.......... 38

Figure 9. Nucleoside transporter RNA and protein levels in RBV® and RBV®
CRILS. ettt e e e e et e e s ta e e e ba e e areeerbaeenaaeanns 41

Figure 10. Effect of equilibrative nucleoside transporter inhibition on RBV-

mediated viral growth inhibition............ccocciieiiiiiiiicc e 42
Figure 11. Hypoxanthine uptake in RBV® and RBVX cells. ........coooovvevvrerrrnnnnn. 44
Figure 12. Characterization of RBV® Huh 7.5 cellS. ........cocovvevrrrrerereeesiene. 55
Figure 13. The impact of RBV resistance on HCV replication in vitro. .............. 58
Figure 14. Cellular viability and PKR expression studies. .........ccccceevereeneriiennens 59

Figure 15. RBV uptake in PBMCs from healthy donors (a — ¢), and HCV patients
(= D) e e 62

Figure 16. Ribavirin, multiple pathways to an antiviral state.............ccccceeuveeneen. 73

xiil



4E-BP
ADA
ALT
AML
AMPK
Ara-C
ASM
CDC
CNT2
CNT3
CPM
DMEM
elF2
elF4E
ENT1
ENT2
ETR
EVR
FBS
FDA
FFU
GAPDH
GTP
Guo
HCC
HCV
HRP
HSC
HIV
IFN
IFN-a
IMP
IMPDH
IRF3
IRF7
IRF9
ISDR
ISG

IU

m'G cap

LIST OF ABBREVIATIONS

4E-binding protein

Adenosine deaminase

Alanine aminotransferase

Acute myeloid leukemia
AMP-activated protein kinase

Cytosine arabinoside

American Society for Microbiology
Centers for disease control and prevention
Concentrative nucleoside transporter 2
Concentrative nucleoside transporter 3
Counts per minute

Dulbecco’s modified Eagle medium
Eukaryotic translation initiation factor 2
Eukaryotic translation initiation factor 4E
Equilibrative nucleoside transporter 1
Equilibrative nucleoside transporter 2
End-of-treatment response

Early virological response

Fetal bovine serum

Food and Drug Administration

Focal forming units
Glyceraldehyde-3-phosphate dehydrogenase
Guanosine triphosphate

Guanosine

Hepatocellular carcinoma

Hepatitis C virus

Horseradish peroxidase conjugated
Hepatitic stellate cell

Human immunodeficiency virus
Interferon

Interferon alpha

Inosine monophosphate

Inosine monophosphate dehydrogenase
Interferon-regulatory factor 3
Interferon-regulatory factor 7
Interferon-regulatory factor 9
Interferon-a sensitivity-determining region
Interferon-stimulated genes
International units

Mock

7-methyl Guanosine cap

X1V



MOI
NANBH
NBS1
NBMPR
Non-RR
NR
PBMC
PBS
PCR
Peg-IFN
PFA
PFU
PKR
PRPP
RBV
RBV®
RBV?®
RdRp
RIG-I
RMP
RR
RSV

RT

RTP
RVR

SD

SDS
SDS-PAGE
SNP
SOC
STAT-C
SVR
TGE-B

Multiplicity of infection

Non-A, non-B hepatitis

Nijmegen breakage syndrome 1
Nitrobenzylmercaptopurine riboside
Non-Rapid response

Non-response (or Non-responder)
Peripheral blood mononuclear cell
Phosphate-buffered saline
Polymerase chain reaction
Pegylated interferon
Paraformaldehyde

Plaque forming units
Double-stranded RNA-activated protein kinase
Phosphoribosyl pyrophosphate
Ribavirin

Ribavirin resistant

Ribavirin sensitive

RNA-dependent RNA polymerase
Retinoic acid inducible gene
Ribavirin monophosphate

Rapid response (or rapid responder)
Respiratory syncytial virus

Reverse transcriptase

Ribavirin triphosphate

Rapid virological response

Standard deviation

Sodium dodecyl sulfate

SDS polyacrylamide gel electrophoresis
Single nucleotide polymorphism
Standard of care

Specifically targeted antiviral therapy
Sustained virological response
Transforming growth factor-3

XV



CHAPTER ONE
Introduction

HEPATITIS C VIRUS

Discovery of Hepatitis C Virus

Hepatitis C virus (HCV) infection was initially believed to be transfusion-
associated [1]. During the mid 1970s available diagnostics determined that 90% of
transfusion-associated hepatitis patients were surprisingly type A and B negative, coining
the name “non- A, non-B hepatitis” (NANBH) [2, 3] . Subsequent studies of community
acquired NANBH by the CDC, in conjunction with national surveillance data,
demonstrated NANBH transmission via routes other than blood transfusion. Further
research provided evidence for a blood-borne agent which was readily transmissible to
chimpanzees and believed to be a small enveloped virus [2]. The causative agent was not
discovered until 1989 when Choo et al. successfully isolated a cDNA clone from a

patient diagnosed with NANBH and designated the virus as hepatitis C virus [4].

Epidemiology

HCV is a bloodborne pathogen primarily transmitted through exposure to
infected blood. Isolation and identification of HCV led to the development of serological
assays and the implementation of sensitive blood screening methods. By 1992 the risk
for transfusion-associated HCV decreased to 0.001% per unit transfected [3]. With the
safety of the blood supply secured, vertical transmission became the leading cause of

infection among children. Of pediatric HCV infections, 65% can be attributed to mother-



to-child transmission [5]. While the risk for infant transmission from HCV mono-infected
mothers ranges from 4 — 6%, the presence of HIV co-infection greatly increases the
likelihood of transmission to 15 — 22%. Within the adult population, sexual transmission
of HCV occurs infrequently. However, high-risk behaviors such as multiple sexual
partners and practices that increase the likelihood of blood exposure can increase the risk
of transmission [5, 6]. Intravenous drug use now accounts for the majority of new
infections in the U.S. Finally, occupational health workers represent an additional at risk
group due to the inherent nature of their work which requires direct patient contact and
the potential for needlestick injuries. Consequently, numerous studies have cited sharps
related injuries as the principal means of exposure [7]. In response, the Needlestick
Safety and Prevention Act was signed in to law in 2000. This resulted in OSHA
provisions to the Bloodborne Pathogens Standard and required employers to implement

changes to improve workplace safety.

Biology

HCYV is an enveloped, positive-sense, single-stranded RNA virus classified under
the Flaviviradae family. The genome is approximately 9.6 kb in length and encodes one
large polyprotein which is processed into ten structural and non-structural proteins by
host and viral proteases [8]. Replication, as with other RNA viruses, is error prone. The
viral RNA-dependent RNA polymerase (RdRp) lacks proof-reading capacity. This
feature, combined with high virion production rates of 10" - 10'* daily, produces a

highly versatile, dynamic and complex population of viruses referred to as a quasispecies



[6, 9]. There are currently six major genotypes, each sharing approximately 70%
sequence homology and further divided into subtypes (i.e. la, 1b, 2a and so forth).

Within the U.S. and Europe genotype 1 is the predominant form [10].

Pathogenesis

Worldwide approximately 170 million people are infected with HCV, with
roughly 3 — 4 million new infections occurring each year [11]. Within the U.S. an
estimated 3.2 million suffer from chronic infection [12]. As a result of complications
from disease progression, HCV has become the leading cause of liver transplants in the
U.S. and an increasing cause of cancer related death.

HCV is a hepatotropic virus and replicates primarily within hepatocytes. Due to
the noncytopathic nature of HCV, each hepatocyte may give rise to vast quantities of
virions over its lifetime. The unique regenerative ability of the liver provides a continual
reservoir for replication. Although infection is noncytopathic, it does result in chronic
liver inflammation (hepatitis) and induction of immune mediated liver damage [11].
Given the largely asymptomatic nature of acute infection, tracking disease progression in
newly infected individuals can be difficult. However, several studies have provided some
insight. Following transmission roughly 20% of individuals acutely resolve the infection
(Fig. 1) [11]. In studies conducted with transfusion patients, approximately 70 — 80% of
acute infections were asymptomatic [13]. Interestingly, there is evidence to suggest that
those who experience symptoms during the acute phase have a greater chance for
spontaneous HCV clearance [13, 14]. As a result, some have recommended an § - 12

week waiting period, should spontaneous recovery occur, to avoid potentially
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unnecessary treatment. Symptoms can include jaundice, malaise, weakness, nausea,
anorexia, abdominal pain or elevated serum alanine aminotransferase levels (ALT) [12,
13]. Unfortunately, clearance of HCV does not confer immunity and failure to acutely
resolve the infection results in the development of chronicity [15]. The transition from
acute to chronic infection is not definitive and diagnosis depends on several factors,
including clinical presentation. Seroconversion within a six month time is generally an
accepted method of diagnosis [14]. However, physicians rarely know when their patient’s
infection began, other than cases such as needlestick injuries or clinical surveillance
trials. Individuals who test positive for HCV RNA via reverse-transcriptase PCR anyalsis
(RT-PCR), or real time RT-PCR analysis, and negative for anti-HCV antibodies likely
represent those who were recently infected [6]. Humoral immune responses are typically
delayed and detection of HCV specific antibodies may take between 8 — 12 weeks.

For the 80% of genotype 1 patients who are unable to acutely resolve their
infections, disease progression results in liver damage. Repeated cycles of low level
damage triggers inflammatory and fibrogenic repair processes, which can eventually lead
to the development of fibrosis and cirrhosis. Following the establishment of cirrhosis,
hepatocellular carcinoma (HCC) develops in approximately 1 — 4 % of patients annually
(Fig. 1). The mortality rate of HCC is extremely high, with a survival rate of less than
11% over five years. Regrettably, treatment options are limited. The most effective

include surgical resection or liver transplantation [11, 16, 17].
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Figure 1. Disease progression in HCV infection.

Following transmission roughly 80% of genotype 1 infections result in chronic infection. Current
combination Peg-IFN therapy provides a sustained virological response (SVR) in 40 — 50% of
patients. Over the period of 20 — 30 years approximately 10 — 20% of chronically infected
patients will develop cirrhosis. Once the disease has progressed to the point of cirrhosis,
hepatocellular carcinoma occurs at annual rate of 1 —4% and has a survival rate of less than 11%
after 5 years. The development of decompensated cirrhosis is equally detrimental, with 5 year
survival rates of less than 50%.



TREATMENT

Current Treatment and Classifications

Since 2001 the current standard of care (SOC) for genotype 1 infection has
consisted of a combination of pegylated interferon (Peg-IFN) and ribavirin (RBV) [18].
Treatment duration can range from 24 — 48 weeks, depending on viral genotype.
Infections of genotype 2 and 3 are typically more responsive to therapy (70 — 80%
effective) and may require only 24 weeks. Genotype 1 infections, which are more
difficult to treat, require a full 48 weeks and produce response rates of only 40 — 50%.

Patient treatment response is based on viral RNA levels, and the ultimate goal is
to achieve a sustained virological response (SVR; defined as undetectable HCV RNA for
at least 24 weeks post-therapy) [6]. On-treatment monitoring of HCV RNA generally
occurs at weeks 4, 12, 24, 48 and 72 (Fig. 2). Patients who attain a rapid virological
response (RVR; undetectable HCV RNA by week 4) are more likely to achieve SVR [19,
20]. Lack of an early virological response (EVR; > 2 log decline in HCV RNA by week
12) is generally an indicator of those who will not respond to therapy [6]. Additional
classifications include breakthrough, relapse and non-response (NR). Patients who
transiently achieve undetectable HCV RNA while on therapy are classified under
breakthrough. Relapsers remain HCV negative throughout the duration of treatment, but
then rebound at some point after therapy. Relapses are typically seen within the first 12
weeks following end-of-treatment response (ETR; HCV RNA negative 24 - 48 weeks

post-therapy). Although rare, relapse can occur after prolonged periods, such as 24 weeks



beyond ETR. Finally, those classified as NR fail to exhibit a minimum of a 2 log decline

in viral RNA, or the complete clearance of RNA after 24 weeks of therapy.

- Rapid Virological Response

Early Virological Response
== Non-Response
—4— BreakLhrough

—a- Relapse

—.—
UndetecM

HCV RNA (logqg 1U/ml)
[ne T N ST Y Y (4, T - R |

=20 2 4812 16 20 24 28 32 36 140 44 4852.............. 72
Weeks Post Therapy

Figure 2. Patient virological response to Peg-IFN/RBV therapy.

Treatment response is based on viral RNA levels (IU/ml). Rapid virological response
(RVR) is defined by the absence of detectable HCV RNA 4 weeks post-treatment.
Early virological response (EVR) is defined as a decrease of 2 logs or greater by week
12. Non-responders are unable to obtain undetectable RNA levels by week 24, or fail
to exhibit decreases of at least 2 logs or greater by week 12. Transiently undetectable
levels of HCV RNA during treatment is considered breakthrough; whereas patients
who remain HCV RNA negative while on treatment but become HCV RNA positive at
some point after are considered relapsers.

Viral and Host Factors

Several viral factors are associated with treatment response. As mentioned
previously, genotype 1 infections respond less favorably to therapy. Baseline viral load is
an additional predictor of SVR. Patients with lower baseline viral RNA (< 60,000 —
80,000 1U/ml) typically fare better than those with high baseline levels [6, 21]. Some
studies have additionally suggested that a correlation exists within a small segment of the
carboxy-terminal of the NS5A protein of HCV, the IFN-a sensitivity-determining region

(ISDR), and SVR. However, the results of those studies are inconclusive. For example,



some have reported an increased number of ISDR mutations in patients who attained
SVR, while others found few, if any, mutations within the same region [22].

In regards to host factors, gender, age, race, specific alleles of the IL-28B gene,
liver disease, obesity, co-morbidities such as HIV-coinfection, and baseline expression of
IFN-stimulated genes have all been found to impact treatment response. Positive
predictors of SVR include female gender, younger age, and the absence of fibrosis or
cirrhosis [6]. African-Americans have historically responded poorly to therapy and recent
studies indicate allelic variation within the IL-28B gene may be responsible. Initially
reported by Ge et al., a polymorphism near the IL-28B gene strongly correlated with SVR
across all populations examined [23]. In addition, the C/C allele occurred at a
substantially greater frequency in those of European ancestry and associated with SVR.
Although African-Americans had an overall low C allele frequency, those who were
genotype C/C also experienced significantly higher rates of SVR, as opposed to African-
Americans who were either C/T or T/T. This suggests that individual genetics, rather than
race, is a better predictor of treatment response. Two additional genome-wide association
studies found similar associations for IL-28B regions within Japanese and Australian
populations [24, 25]. Obesity and HIV co-infection are also negatively linked with
disease prognosis. HIV/HCV infected individuals have lower rates of spontaneous
clearance, increased disease progression, a twofold greater chance of developing
cirrhosis, greater occurrences of RBV-induced anemia and lower overall SVR rates [6,
26]. Lastly, baseline levels of interferon-stimulated genes (ISGs) may additionally affect
patient response to therapy. Several groups have shown that various ISGs are upregulated

in non-responders (NRs) [27-29]. Researchers speculate that increased ISG expression
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prior to therapy may represent an already maximally induced immune system. In
accordance, gene expression profiling of ISGs in patients receiving treatment show
similar expression levels in both NRs and rapid responders (RR, or those who achieve
RVR). However, normalization of ISG expression to pre-treatment levels produced a
greater fold change in ISGs for RRs, as opposed to non-RRs. This may explain why
heightened ISG expression prior to therapy may not be advantageous; as there is little

room for improvement once IFN is given.

New and Experimental Treatment Options

Despite extensive efforts to alter the current drug regimen, the SOC has remained
unchanged for nearly ten years. Both RBV and IFN are known to have side effects and
RBYV in particular is known to induce hemolytic anemia [6]. Consequently, substantial
attempts have been made to replace RBV with a prodrug that produces fewer side effects
and specifically targets the liver. Unfortunately, these attempts have been unsuccessful.
Phase III trials with the RBV prodrug teribavirin, formerly known as viramidine,
produced significantly fewer cases of RBV-induced anemia and significantly lower SVR
rates [30]. Several specifically targeted antiviral therapy (STAT-C) candidates have
demonstrated promising results and may be used in combination with IFN and RBV
based therapies. For example, telaprevir, an HCV NS3/4A protease inhibitor, in
combination with IFN/RBV therapy resulted in increased SVR rates in PROVE 2 and 3
trials when compared to standard IFN/RBV therapy or IFN/telaprevir combination
therapy [31]. Triple combination treatment with boceprevir, another protease inhibitor,

also demonstrated increased efficacy over standard IFN/RBV combination [32].



Unfortunately, resistant HCV variants were identified in patients for both telaprevir and
boceprevir, suggesting that targeting the virus directly may result in increased selection
of resistant mutants [33]. Whether this becomes problematic in patients receiving triple

combination therapy remains to be determined.

10



RIBAVIRIN

History

Synthesized in 1972, RBV was initially found to have broad antiviral activity
against several DNA and RNA viruses [34, 35]. Its clinical history began in 1986 when
the FDA officially approved RBV for use in the treatment of pediatric respiratory
syncytial virus (RSV) infections [36]. RBV was also investigated as a potential
therapeutic for other viral infections, including Lassa fever, influenza, herpes and
measles. Surprisingly, investigations into RBV’s use for HCV infections did not occur
until the 1990s when a pilot study by Reichard et al. reported reductions in serum ALT
levels following RBV treatment of HCV patients [37]. Research into RBV’s use for
hepatitis patients continued throughout the 1990s and eventually, in 1998, it was

approved by the FDA for use in combination treatment with IFN-o [38].

Mechanism of Action

Despite significant effort to understand the mechanism for which RBV acts
against HCV, the precise answer remains elusive. Several theories have been proposed
and include: host enzyme inosine monophosphate dehydrogenase (IMPDH) inhibition,
viral RdRp inhibition, mutagenesis, immunomodulation, and enhanced ISG induction
[39, 40]. Following entry RBV is phosphorylated by various host kinases. Ribavirin
monophosphate (RMP) is an excellent mimic of inosine monophosphate (IMP), the
natural substrate of IMPDH. IMPDH is responsible for host de novo guanosine

triphosphate (GTP) synthesis [41]. Binding of RBV to the substrate pocket of IMPDH

11



results in enzyme inhibition, and a subsequent reduction in host GTP pools. Therefore,
viral replication can be inhibited due to a lack of available nucleotides. Some have
additionally proposed that incorporation of ribavirin triphosphate (RTP) may directly
inhibit viral replication [42-44]. Incorporation of RTP by the viral RdRp may block chain
elongation, or result in the formation of stalled elongation complexes, which results in
replication termination [39, 43]. Others have suggested that RBV acts a RNA virus
mutagen. RTP incorporation into the viral genome can increase mutation rates [42, 44-
46]. Since RNA viruses have high error frequencies, increased mutation rates can induce
viral error catastrophe [47]. RBV exposure induced an increased number of transition
mutations (C — U or G — A) within the poliovirus genome, used as a model RNA virus.
Moreover, increased rates of transition mutations have been found within HCV patients
[46, 48]. It has been further proposed that RBV acts indirectly against HCV by shifting
the immune response from a humoral Ty2 response to a cell mediated Tyl response [49,
50]. The most recently proposed anti-HCV mechanism of action, by Feld et al., suggests
that RBV enhances ISG induction when used in combination with IFN [28]. The authors
examined hepatic gene expression in HCV patients prior to and during therapy. The
addition of RBV to IFN enhanced expression of the IFNa receptor, IFN-regulatory factor
7 (IRF7) and IFN-regulatory factor 9 (IRF9). Therefore, RBV may act by increasing cell
responsiveness to IFN and enhancing endogenous ISG production. Additionally, RBV
treatment down-regulated hepatic stellate cell (HSC) activation, which may reduce
hepatic fibrogenesis and increase apoptosis. In a recently published study, RBV therapy
improved the kinetics of early responses to IFN therapy, but this result was only seen in

patients who had an “adequate, but not overwhelming, response to interferon” [51].
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Therapeutic Role

Prior to the addition of RBYV, IFN-a monotherapy typically produced poor

response rates ranging from 16 — 20% in HCV genotype 1 patients [21]. Following

inclusion of RBV, SVR rates were doubled to roughly 38% [52]. Further advances were

made with the advent of pegylated interferon (Peg-IFN) which increased the half-life of

interferon through covalent attachment of a polyethyleneglycol molecule [21].

Exactly how RBV synergistically works with IFN remains to be determined.

RBYV alone does not impact serum HCV RNA levels to a large degree, but does reduce

serum ALT levels [37, 53-55]. Several groups have demonstrated a correlation between

higher RBV serum levels and successful
treatment outcome [56-61]. In accordance,
receiving less than 80% of the suggested RBV
dosage resulted in a 20% drop in SVR [20].
Historically, RBV has had a more prominent
role in the prevention of breakthrough and
relapse, thus increasing the overall SVR rate
[52, 62, 63]. More recent studies have
suggested  synergistic  activity  through
augmentation of IFN responses [28, 51]. As

RBYV has been theorized, and observed in some
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clinical studies, to have a more pronounced effect on the second phase of viral decline
(Fig. 3), increasing IFN responsiveness would appear to be consistent with the kinetics

of viral decline [39, 51, 64].
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NUCLEOSIDE TRANSPORTERS

Cellular and Therapeutic Roles

Nucleoside transporters are involved in the cellular import of natural and
synthetic nucleosides and mediate uptake of the guanosine analog RBV [39]. ENTI is
the primary RBV transporter, however, CNT2, CNT3 and ENT2 may also transport RBV
in various cell types [65-68]. Nucleoside transporters are divided into two categories, the
equilibrative nucleoside transporters ENT1 — 4, which mediate facilitated bidirectional
diffusion of nucleosides, and the concentrative nucleoside transporters CNT1 — 3 which
are capable of transport of against a concentration gradient [69]. Each differs in their
tissue distribution and substrate preference. ENT1 is ubiquitously expressed and known
to have broad substrate selectively, transporting both purine and pyrimidine nucleosides.
Likewise, CNT3 also exhibits broad substrate selectivity, although its tissue distribution
is limited. In spite of the large volume of research, much remains to be elucidated in
regards to regulation. Expression can vary depending on host deoxynucleotide levels, cell
cycle, differentiation state, nutrient availability and under hypoxic conditions [69, 70].
Due to their ability to transport synthetic nucleosides, nucleoside transporters hold

considerable clinical significance.
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POLIOVIRUS AND HCV RESISTANCE STUDIES

Prior Work

Previous efforts to understand host-based mechanisms of RBV resistance
originated from studies using the model RNA virus poliovirus, known to be sensitive to
high concentrations of RBV [45]. In work published by Pfeiffer and Kirkegaard in 2003
a poliovirus mutant was generated which exhibited RBV resistance [71]. Analysis of the
mutant determined that resistance had arisen from a single mutation, G64S, within the
coding region of the viral RdRp. The resulting effect was an increase in replication
fidelity, which the authors hypothesized contributed to reduced nucleotide analog
incorporation and resistance. In an effort to extend these studies, several RBV resistant
(RBV®) HCV replicon-containing cell lines were generated via passage in increasing
concentrations of RBV [72]. At the time research was greatly limited due to the absence
of an infectious cell culture system and relied upon HCV subgenomic replicon systems
which allowed for HCV replication, but failed to produce infectious particles [73]. RBV®
replicons were tested to determine whether resistance was replicon or cell derived (Fig.
4). Whereas some low level resistance was found to be replicon derived, the majority was
cell derived [72]. Analysis of RBV® cells which had been cured of the replicon by
treatment with IFN-o suggested resistance had occurred through reduced RBV import.
These results laid the foundation for the current focus of this project, which attempts to
understand host-based mechanisms of RBV resistance in relation to HCV treatment

responsce.
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Figure 4. Flow chart for mapping RBV resistance to cell line
or replicon.

The left branch depicts RBV-resistant cell lines cured of
replicon RNA by passage in IFN-a in the absence of G418.
Cured cells were then transfected with wild-type replicon RNA,
and the resulting G418-resistant cells were pooled and tested for
resistance to RBV. The right branch depicts total RNA harvested
from RBV-resistant cell lines and transfected into fresh Huh-7
cells. After selection in G418, individual colonies were picked,
expanded, and tested for resistance to RBV.

Reprinted with permission from ASM: Pfeiffer JK, Kirkegaard K (2005).
Journal of virology 79: 2346-2355.
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CHAPTER TWO
Methodology

Cell Lines

All cell lines were maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) or calf serum, and 100 U of penicillin-
streptomycin/ml. The Cured 4 cell line has been previously described [72]. Briefly, RBV®
replicon-containing Huh-7 cells were generated by repeated passage in RBV, and the
cells were cured of the replicon by interferon treatment. Huh 7.5 (human hepatoma) cells
have also been previously described and were kindly provided by C. Rice [74]. Similar to
the Cured 4 cell line, Huh 7.5 cells were also made from replicon-containing Huh-7
(human hepatoma) cells which had been cured of the replicon through high dose IFN
treatment. The T551 mutation within the retinoic acid inducible gene (RIG-I) of Huh 7.5
cells results in a loss of signaling to interferon-regulatory factor 3 (IRF3) thereby
allowing increased viral permissivity [75]. Additional cell lines include: 293 (human
embryonic kidney), HeLa (human cervical carcinoma), HepG2 (human liver, a kind gift
from M. Gale), PHSCHS (human primary liver cells, a kind gift from M. Gale), MCF7

(human breast adenocarcinoma).

Generation of RBV" Cell Lines and RBV Resistance Assay

RBV® cell lines were generated as previously described [76]. Briefly, cells were
initially passaged in media containing 100 uM RBYV for approximately four weeks. The
concentration of RBV was subsequently increased in two-week intervals until a

concentration of 400 uM was achieved. Following approximately 2-4 weeks in media
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containing 400 pM RBYV, the level of RBV resistance was determined as previously
described [76], by splitting cells every 1-3 days for 10 days and staining with crystal

violet to visualize cellular viability.

Huh 7.5 Viability Assays

Viability and resistance was measured using a crystal violet assay previously
described [72] in conjunction with viable cell counts following three-day exposure to
increasing concentrations of RBV. For the crystal violet assay, cells were passaged at the
indicated drug concentrations, split every 1-3 days for 7-10 days, and then visualized via
crystal violet staining. Similar methods were employed for crystal violet viability assays
using RBV and Guanosine (Guo) and included equimolar concentrations (0, 100, or 400
uM) of RBV and Guo, or Guo alone. For three-day viability assays, subconfluent cells
were treated in duplicate with increasing concentrations of RBV, or RBV and Guo.
Viable cell numbers were determined on day three using trypan blue exclusion and

normalized as a percent of the 0 uM plates.

Virus

Mahoney serotype 1 poliovirus was generated as previously described from a
single plaque following transfection of the viral cDNA clone [77]. High titer stocks were
also generated as previously described [78]. HCV stocks were generated using infectious
JFH-1 (genotype 2a) [79] from a synthetic clone kindly provided by M. Gale (to be
described elsewhere). Supernatants from serially infected Huh 7.5 cells were

concentrated using Centricon Plus-70 filters (Milipore) according to the manufacturer’s
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recommendation. Briefly, membranes were pre-rinsed with phosphate-buffered saline
(PBS; Fisher) to remove trace glycerol. The viral supernatants were then spun at up to
3,500 x g for approximately 20 — 25 minutes, flow through discarded, inverted and given
a shorter spin at no more than 1,000 x g for 2 — 5 minutes. This process was repeated
several times until all of the supernatant had been collected, after which aliquots were

made and stored at -80°C until needed.

Poliovirus Infections

All plaque assays were performed at 37°C. For the Cured 4, Huh-7, Hela,
HepG2 and PHSCHS8 cells, virus was added at 70-100 plaque forming units
(PFU)/monolayer in 60 mm tissue culture plates. The MCF7 cells were infected with 10-
fold more virus (700 pfu/plate) due to decreased permissivity. Following a 30-minute
incubation period, virus was aspirated and an agar overlay, with or without 400 uM RBV
(Sigma), was added. After 48 hours incubation, the cells were stained with crystal violet

to visualize plaques.

HCV (JFH-1) Infections

In figure 13a and 13b experiments, cells were pretreated for two hours with 0 puM
RBV, 15 uM RBV, 50 uM RBV, 100 uM RBV, 100 pM Guo, or 100 uM RBV and 100
UM Guo, infected at an multiplicity of infection (MOI) of 0.05, and given fresh drug-
containing media after infection. After 72 hours, viral titers from cell supernatants were
determined using a focus forming assay, described below [80]. For serial passage

infections in figure 13c¢ and 13d, cells were infected at an MOI of 0.1 for three days,
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expanded, and on day six, the supernatant was harvested for titering and to begin a new
infection in freshly plated cells (passage 2) and so forth. Infections continued through

completion of six passages, representing 36 days of viral culture.

Focus Forming Assay

Huh 7.5 cells were seeded on 48-well plates 24 hours in advance to allow for
subconfluent conditions the day of infection. On the following day serial dilutions were
prepared from supernatants which were previously collected from viral infections. The
cells were rinsed with PBS and incubated at 37°C with 100 pL undiluted, or serially
diluted, viral sample for approximately one hour. Each condition was performed in
triplicate. Following incubation, each well was rinsed twice with PBS to remove any non-
bound virus and given fresh, complete, DMEM and allowed to proceed for 48 hours. At
the end of the infection period each well was rinsed twice with PBS and fixed with 4%
paraformaldehyde (PFA). The plates were then either permeabilized with 0.2% Triton-X
or stored at 4°C until the rest of the assay could be completed. Following
permeabilization blocking was conducted with 10% FBS for at least 10 minutes. Primary
probing was performed using human antiserum specific to HCV and capable of detecting
HCV genotypes 1 and 2, kindly provide by M. Gale [81]. Secondary binding was
conducted using donkey anti-human horseradish peroxidase conjugated (HRP) IgG
(Jackson ImmunoResearch). Infected cells were then visualized using the Vector VIP
peroxidase substrate kit (Vector Laboratories) according to the manufacturer’s

recommendations and quantified by visual microscopy counts. Focal forming units
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(FFU)/mL were determined with the following formula FFU x dilution factor x (1000 ul /

100 pl innoculum) = FFU/mL.

Uptake Assays

Cells were plated the day prior to the assay on 35 mm tissue culture plates to
generate roughly 50-80% confluency on the day of the experiment. For the [’H]-RBV
uptake assays, cells were treated with 100 pl media containing 5 uM RBV, 1% of which
was [‘H]-labeled to serve as a tracer ([°’H]-RBV, Moravek, Brea, Calif). Following a 30
minute incubation period at 37°C, the cells were washed twice with ice-cold PBS to
terminate uptake. The cells were then trypsinized and collected via centrifugation. Cell
pellets were resuspended in 100 pl cold lysis buffer [10 mM Tris at pH 8, 10 mM NaCl,
1.5 mM MgCI2 and 0.1 % NP40]. Cell debris was removed by centrifugation and 40 pl
of the supernatant was quantified by scintillation counting. Cell number was determined
by trypan blue counting trypsinized cells from an additional plate. Uptake values were
determined by multiplying the counts per minute (CPM)/cell by 2.5 to account for the
amount of lysate counted in the scintillator. The hypoxanthine uptake assays were
performed in the same manner, except that the incubation period was reduced to five
minutes to minimize the amount of [’H]-hypoxanthine (Moravek, Brea, Calif)

metabolized and exported out of the cell.

Inhibitor Assays
For uptake assays involving the inhibitor nitrobenzylmercaptopurine riboside

(NBMPR, Sigma), cells were pretreated at the appropriate concentration for 15 minutes.
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For those involving phloridzin (Sigma), 15 minutes of pretreatment was not required and
therefore the pretreatment incubation period was shortened to five minutes. Following
inhibitor pretreatment, uptake assays were preformed as described above, with the

exception that the incubation period was reduced to five minutes.

Transfections

Transfections were performed using 2 pg of plasmid DNA [pcDNA 3.1, pENTI,
pCNT1, pCNT2, pCNT3 (kindly provided by K. Giacomini, UCSF) or pLacZ], and
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s recommendations.
Briefly, cells were prepared 24 hours in advance to allow for subconfluency the day of
transfection. The following day solutions of lipofectamine and DMEM was prepared and
combined with a prepared solution containing DMEM and 2 pg of the appropriate
plasmid DNA. The lipofectamine/DNA mixture was then allowed to sit at room
temperature for 20 minutes. Following the 20 minute incubation the cells were washed
with DMEM and then incubated with the previously prepared liopfectamine/DNA
solutions at 37°C. Then the transfection media was removed and replaced with fresh,
complete, DMEM. Twenty-four hours later the uptake assay was performed as described
above. pLacZ-transfected cells were stained as previously described [82] with X-gal at 24
hours post-transfection to monitor transfection efficiency, which ranged from 40-90%,

based on the number of blue cells observed under the microscope.

23



Real-time RT-PCR

Total RNA was isolated from RBV® and RBV® Huh-7 and Huh 7.5 cells as
previously described [83]. Briefly, 1 x 107 cells were collected and resuspended in cell
lysis buffer, and placed on ice for five minutes. Following centrifugation, sodium dodecyl
sulfate (SDS) buffer was added and samples were vortexed, followed by incubating the
samples with proteinase K. Nucleic acids were phenol/chloroform/isoamyl alcohol
extracted, treated with a DNase solution, and subjected to an additional
phenol/chloroform/isoamyl alcohol extraction. The relative levels of ENT1, CNT3, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH - as an internal control) RNA were
assessed using one-step RT PCR and the comparative (AACt) method [84]. Reactions
were performed in an ABI 7500 sequence detection system (Applied Biosystems) and
analyzed using ABI Sequence Detection 1.3 software. Reaction mixtures were plated in
triplicate, each in a total of 25 pl, and consisted of 50 ng of whole cell RNA from RBV®
and RBV® Huh-7 cells, SYBR GREEN PCR master mix (Applied Biosystems), 1.25 pM
primer, RNasin (40 U/ul) and SuperScript Il reverse transcriptase (200 U/pl). Reactions
were performed according to the manufacturer’s suggestions (Applied Biosystems).
Cycling conditions were as follows: 1 cycle of 30 minutes at 42°C and 10 minutes at
95°C, then 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. The ENT1 and
GAPDH primers have been previously reported [85, 86]. The CNT3 primer was designed
using Primer3 v. 0.4.0 [87]. The forward and reverse CNT3 primer sequences are
ACCTGATGGCCAAATACGAAC and GAGCTCCAGATCACCCACTTC,
respectively. Each primer was validated according to standard protocol [84] and the

products were additionally verified by agarose gel electrophoresis. Analysis and methods
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used to determine fold change ( ) using the comparative (AACt) method have been

previously described [84].

Immunoblot Analysis

Approximately 5 x 10° Huh-7 and RBV® Huh-7 or Huh 7.5 cells were collected
via trypsinization and centriGuotion, followed by three washes with ice-cold PBS. Cell
pellets were resuspended in a lysis buffer (10 mM Tris, 150 mM NaCl, 0.02% NaN3, 1%
Na-deoxycholate, 1% Triton-X 100, 0.1% SDS) containing 10 ul/mL each of protease
inhibitor cocktail (Sigma) and phosphatase inhibitor (Calbiochem). Lysates were
centrifuged and supernatants were removed and transferred to fresh tubes for protein
concentration determination using the Bio-rad protein assay. Then, 20 ug of protein was
separated by 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to a nitrocellulose membrane. Following primary (rabbit polyclonal Ig ENT1, Abgent)
and secondary (donkey anti-rabbit [gG-HRP, Jackson Immunoresearch for Huh-7 or
donkey anti-rabbit IgG-HRP, Jackson Immunoresearch for Huh 7.5 cells) antibody
probing, blots were developed using ECL Plus chemiluminescence reagent (Amersham)
according to the manufacturer’s recommendations. For analysis of GAPDH, blots were
probed with goat anti-human GAPDH (V-18, Santa Cruz) diluted in 5% bovine serum
albumin (BSA, Fisher) in PBS-T/0.15 M NaCl, and donkey anti-goat IgG-HRP (Santa

Cruz).
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PKR Analysis
Subconfluent cells were treated with media (mock), 100 uM of RBV, or 100
U/ml of human IFN-a (PBL Interferon Source) for 24 hours. After incubation the cells

were collected and prepared for immunoblot analysis as described above.

Subjects and PBMC processing

Blood from eight healthy donors and 16 genotype 1 HCV-infected patients was
collected and processed for peripheral blood mononuclear cell (PBMC) isolation by
Ficoll centrifugation. Isolated PBMCs were stored in a standard freezing mix containing
15% FBS and stored in liquid nitrogen following preliminary freezing at -80°C in an
isopropanol bath. All patients received 800-1200 mg/day RBV (per body weight) in
combination with pegylated-IFN-alpha 2a (Pegasys® ; F. Hoffman-La Roche;Nutley, NJ)
at a dose of 180 mcg subcutaneously for 48 weeks. Blood was collected prior to the onset
of treatment and at 14 and 28 days post-treatment. Serum HCV RNA levels on day 28
were used to determine rapid treatment response. Rapid response was defined as having
undetectable HCV-RNA in branch DNA analysis (bDNA; < 615 RNA Units [U/mL) or
PCR analysis (< 50 IU/mL). Signed consent was obtained from all HCV-infected patients
and healthy donors, and all research was pre-approved by the UT Southwestern IRB.
HCYV patients were included if they were receiving HCV treatment and were willing to
provide consent (UT Southwestern IRB protocols #102005-009 to M. Jain, and #082007-
080 to J. Pfeiffer). Further patient information is available in table 2. For healthy donors,
the only exclusion criteria were based on general health and willingness to participate and
provide consent (UT Southwestern IRB protocol #082006-081 to J. Pfeiffer).
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RBYV Uptake in PBMCs

The [’H]-RBV uptake assay described above was modified for use in PBMCs.
Frozen PBMCs from healthy donors were quickly thawed, resuspended in RPMI media
(Thermo Scientific) and incubated for a 6-hour recovery period at 37°C prior to the assay.
Viable cell numbers were determined post-recovery using trypan blue exclusion. To
determine the linear range of the assay PBMCs were resuspended in DMEM, in
duplicate, at various concentrations (Total PBMC/mL medium). Each was then treated
with 5 pM RBV (1% of which was [*H]-labeled) for 15 minutes, and CPM in lysates
were quantified in a scintillation counter. The amount of RBV uptake linearly correlated
with the number of cells used in the assay in the range of 1 x 10° to 1.2 x 10° cells and is
shown in appendix B (GraphPad Prism 5.03, linear regression analysis). The control
sample consisted of healthy donor PBMCs frozen into aliquots to allow normalization for
experiments performed on different days. Normalized values were obtained by
calculating the average CPM/cell of each sample to a percent of the average CPM/cell of
the control sample (HCV PBMC Avg. CPM/cell divided by Healthy Donor Control
PBMC Avg. CPM/cell). The control CPM/cell was set to 100%. The absolute CPM/cell
for the control sample ranged from 2.50 x 10 to 9.97 x 10™* (Avg., 5.34 x 10*, SD, 1.67

x 10,

Statistical Analysis
Statistical significance for studies presented in chapter four was determined using
independent two-sample Student’s t test. Statistical significance was assigned to p values

less than 0.05. In the following chapter for host-based RBV resistance in HCV patients,
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statistical significance was determined as follows: for RBV® and RBV® Huh 7.5
experiments, excluding real time RT-PCR analysis, significance was determined using
independent two-sample Student’s t test. In assays using PBMCs, the Student’s t test was
two-tailed and either paired (for comparison within a donor) or unpaired (for comparison

between donors).
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CHAPTER THREE
Reduced Ribavirin Antiviral Efficacy via Nucleoside Transporter-Mediated Drug
Resistance

INTRODUCTION

Approximately 170 million people are infected with hepatitis C virus (HCV),
with the majority developing chronic infection [88]. With no vaccine currently available,
the only approved treatment consists of a combination of interferon-a, (IFN-a) and
ribavirin (RBV), a Guanosine nucleoside analog. IFN-a monotherapy has limited success,
with only 16-20% of genotype 1 infected patients achieving a sustained virological
response (SVR). However, the addition of RBV doubled response rates to 35-40%.
Current treatment regimens including pegylated interferon and RBV achieve SVR rates
of 54-56% in genotype 1 infected patients, while SVR rates of 70-80% are achieved in
genotype 2/3 infected patients. Patient response is divided into three categories: SVR, end
of treatment response (ETR) and relapse, and non-response (NR). Little is known about
factors that influence treatment response, although various host and viral factors have
been implicated. For instance, genotype 1 infections are more difficult to treat than other
genotypes. Additionally, male gender, African-American race, advanced age, fibrosis,
obesity, HIV co-infection, and low RBV serum concentrations have been negatively
correlated with treatment success [21, 56-60].

Although RBV clearly plays a role in HCV treatment response, the antiviral
mechanism remains controversial. There are many proposed mechanisms of action for
RBYV [39, 42-44]. First, RBV directly inhibits the viral RNA-dependent RNA polymerase

through incorporation of RBV triphosphate (RTP). Incorporation of RTP inhibits chain
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elongation and cause termination. Second, RBV inhibits the activity of inosine
monophosphate dehydrogenase (IMPDH) [41, 89, 90], the host enzyme responsible for
de novo synthesis of GTP. The monophosphorylated form of RBV, RMP, binds to the
substrate pocket of IMPDH, thereby inhibiting the enzyme and reducing host nucleotide
pools, which are required for viral replication. Third, RBV is a viral mutagen [9, 45, 46].
For poliovirus, incorporation of RTP into the viral RNA causes transition mutations [45].
Fourth, RBV shifts the immune response to a beneficial Tyl cell mediated response [49,
50].Fifth, RBV enhances ISG induction when used in combination with IFN [28].

Factors that influence treatment response are not completely understood. Unlike
HIV, there have been no clear HCV drug resistance mutations identified which can
account for treatment failure [22, 91-95]. Therefore, HCV treatment response may be
influenced more by host factors than by viral factors. Our previous work sought to
determine whether RBV-resistant (RBV®) HCV replicon-containing cells could be
generated [76]. Whereas some low-level resistance occurred through mutations in the
replicon, the majority of resistance occurred through changes in the cell line. These
RBV® cells demonstrated a RBV uptake defect.

RBYV is imported into cells through host nucleoside transporters, which are
divided into two categories, equilibrative and concentrative [66, 69]. The equilibrative
nucleoside transporters include ENT1, ENT2, ENT3 and ENT4, which are carrier
proteins that mediate facilitated bi-directional diffusion of nucleosides across the cell
membrane. The concentrative transporters CNT1, CNT2 and CNT3 are able to transport
nucleosides against a concentration gradient by coupling transport to the inwardly

directed sodium gradient. The transporters differ in tissue distribution and preference of
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substrate. ENT1 is generally considered ubiquitous and has broad substrate selectivity.
Although ENT2 and CNT3 are also broadly selective, ENT2 is predominantly expressed
in skeletal muscle, while CNT3 is largely found in the mammary gland, pancreas, bone
marrow, and trachea [69, 96, 97]. In addition to importing natural nucleosides, both the
concentrative and equilibrative transporters are capable of importing synthetic
nucleosides [65, 98-102]. Therefore, nucleoside transporters are important clinically,
since many nucleoside analogs are currently in use for the treatment of cancer and viral
infections. Although the anti-HCV mechanism of RBV is controversial, at least four of
the five proposed mechanisms require RBV import into the cell. We have therefore
focused our efforts toward examining RBV uptake and the effect of uptake on antiviral
efficacy.

In this study we sought to understand RBV uptake and cell-based mechanisms of
RBV resistance. We were able to generate RBV® cells in all cell lines tested, and we
demonstrated that resistance is likely achieved by reduced ENT1-mediated uptake. We
found that, in the presence of RBV, RBV® cells facilitate increased growth of poliovirus,
a model RNA virus with known sensitivity to RBV, compared to RBV-sensitive (RBV®)
cells. Additionally, by inhibiting equilibrative transport, the RBV® phenotype was
mimicked in RBV® cells, for both RBV uptake and poliovirus growth. Our results suggest
that the level of RBV uptake may affect HCV treatment response, either through natural

equilibrative transport variance in patients or through acquired resistance.
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RESULTS

RBYV Uptake and Poliovirus Growth in Different Cell Lines

To assess whether the amount of RBV uptake could impact viral replication, we
measured RBV uptake in a variety of cell lines and measured the growth of a model RNA
virus, poliovirus. Various cell lines were tested, including several liver cell lines (Huh-7,
HepG2, and PH5CHS) and a Huh-7-based cell line previously shown to have reduced
RBV uptake (Cured 4)[76] . As expected, the RBV® Cured 4 cells took up significantly
less RBV than all cell lines tested (Fig. 5A, p < 0.005). Although the amount of RBV
uptake varied between the remaining cell lines, Huh-7 cells took up significantly less than
HeLa, HepG2, PH5CHS, and MCF7 cells (p < 0.01). We then determined whether
differences in RBV uptake correlated with poliovirus growth efficiency in the presence of
RBV. We chose poliovirus as a model RNA virus because RBV’s antiviral mechanism
for poliovirus, error catastrophe, has been established [45]. Since the mutagenic effects
of RBV are cumulative and require several rounds of viral replication, an infection
carried out over several days allows differences in viral growth to be observed [72] [71]
[46] [45]. Therefore, we performed plaque assays in each of the cell lines in the absence
or presence of 400 uM RBV. Although the addition of RBV greatly inhibited viral
growth in the majority of cell lines (Fig. 5 B), those with lower RBV uptake levels
generally displayed enhanced viral growth, as measured by plaque size. The addition of
RBYV to the Cured 4 cell line had little effect on viral plaque size. Likewise, although a
reduction in viral growth was observed in Huh-7 cells upon addition of RBV, the

antiviral efficacy of the drug was reduced compared with cells having higher levels of
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uptake. These results suggest the possibility that low drug uptake facilitated enhanced

viral growth in the presence of RBV.
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Figure 5. RBV uptake and poliovirus growth in several cell lines.

RBYV uptake and poliovirus growth in several cell lines. (A) [3H]-RBV uptake assay.
Cells were incubated in media containing 5 pM [3H]-labeled RBV at 37°C. After 30
minutes, cells were chilled, washed, harvested, and the level of [3H]-RBV uptake
was determined by scintillation counting. The data were normalized to account for
cell number, and are reported as counts per minute (CPM) per cell. The average
values and SD from at least three independent experiments performed in duplicate are
shown. The difference between Cured 4 values and all other values was statistically
significant (p < 0.005, Student’s t test). Huh-7 cells took up significantly less than
HeLa, HepG2, PH5CHS, and MCF7 cells (p < 0.01). (B) Poliovirus plaque assays.
Cells were infected with poliovirus and agar overlays, containing 0 uM or 400 uM
RBYV, were added. Following 48 hours the overlays were removed and cells were
stained with crystal violet to visualize plaques.

Reprinted with permission from ASM: Ibarra KD, Pfeiffer JK (2009). Journal of virology 83: 4538-
4547,



Generation and Characterization of New RBV® Cell Lines

The RBV® Cured 4 cell line generated previously had initially contained the
HCYV replicon, which was cured by interferon treatment [72]. Consequently, it is possible
that cellular resistance could have arisen due to virally induced changes in the cells. For
this reason, we generated new RBV® versions of three cell lines, Huh-7, 293, and HeLa.
RBYV is toxic to a variety of cell lines at high pM concentrations [72, 103]. Therefore, we
generated RBV® cell lines by passage in increasing doses of RBV as previously described
(Fig. 6A) [72]. Once the cells were able to withstand high concentrations of RBV, they
were tested for resistance alongside the parental RBV® cell lines. Both the RBV® and
RBV® cells were passaged for 10 days in media containing 0 pM, 100 pM, or 400 pM
RBV. As shown in Figure 2B, each of the RBV® cell lines survived treatment with either
high or low dose RBV, whereas their RBV® counterparts could not. Importantly, all of the
RBV® cells demonstrated significantly reduced RBV uptake (Fig. 6C, p < 0.01).

Our previous results suggested that reduced RBV uptake promotes increased
viral growth [72]. Therefore, we performed poliovirus plaque assays to determine
whether the new RBVR® cell lines demonstrate increased permissivity for viral growth in
the presence of RBV. Whereas RBV treatment severely limited viral growth in RBV®
HeLa cells, it had little effect on viral growth in RBV® HeLa cells (Fig. 6D). Poliovirus
grown in RBV® Huh-7 cells also displayed increased plaque size in the presence of RBV,
although the viral growth difference between RBV® and RBV® Huh-7 cells was less than
the viral growth difference observed in HeLa cells. The minimal increase in plaque size

in the RBV® Huh-7 cells in the presence of RBV could be due to the reduced uptake in
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these cells (Fig. 5), or other host factors that enhance viral growth. Overall, these results
indicate that a small reduction in RBV uptake (~50% reduction in HeLa cells, Fig. 6C)

can have a major impact on poliovirus growth (Fig. 6D, HeLa cells).
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Figure 6. Generation of RBVF cell lines and the effect of RBV resistance on
poliovirus growth.

(A) Generation of RBV® cell lines. Huh-7, HeLa, and 293 cells were passed for 1-4
weeks in media containing 100 uM RBYV. The dosage of RBV was increased by 100 uM
every two weeks until a concentration of 400 uM was achieved. Following 2-4 weeks in
400 uM RBYV, the cells were assessed for RBV resistance and RBV uptake. (B) RBV
resistance assay. The RBV® and RBV® parental cells were passed for 10 days in media
containing 0 uM, 100 uM or 400 uM RBV. The cells were then stained with crystal
violet to visualize cellular viability. (C) [*'H]-RBV uptake. Cells were incubated in media
containing [*H]-RBV for 30 min. at 37°C and the level of [°’H]-RBV uptake determined
by scintillation counting of cell lysates. The average values and SD from 6 independent
experiments are shown. The difference in uptake between RBV® and RBV® cell lines was
statistically significant (p < 0.01, Student’s t test). (D) Plaque assays for RBV® and RBV®
parental cells. Cells were infected with poliovirus and agar overlays, containing 0 uM or
400 uM RBV, were added. Following 48 hours the overlays were removed and cells were
stained with crystal violet to visualize plaques.

Renrinted with permission from ASM: Ibarra KD. Pfeiffer JK (2009). Journal of viroloav 83: 4538-4547.
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The Role of Nucleoside Transporters in RBV Uptake and Resistance

RBYV is transported into cells via nucleoside transporters. ENT1 is thought to be
the primary RBV transporter [66], although ENT2 and CNT2 may also transport RBV in
human liver [104]. However, most previous studies measured RBV uptake in
erythrocytes, and it is well known that nucleoside transporter expression varies in
different tissues. To determine which transporters are capable of importing RBV into
liver cell lines, we transfected Huh-7 cells with several nucleoside transporter expression
plasmids to determine which could increase RBV uptake. As shown in Figure 7A,
transfection of ENT1 and CNT3 expression plasmids increased RBV uptake. We next
determined whether over-expression of ENT1 or CNT3 could rescue the RBV uptake
defect in RBV"® cells (Fig. 7B). Transfection of ENT1 or CNT3 expression plasmids
increased the level of RBV uptake in all RBV® cell lines tested, as well as in the majority
of RBV® cell lines. Although the level of uptake increased ~3 fold in RBV® Huh-7 cells,
nucleoside transporter over-expression was not able to fully restore the uptake defect
(Fig. 7C). While we cannot definitively rule out a role for ENT2, CNT1, and CNT2 in
RBYV transport based on this experiment, in later inhibition experiments, we confirm the

role of ENT1 in RBV uptake (Fig. 8).
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Figure 7. The effect of nucleoside transporter over-expression on RBV uptake.

(A) RBV® Huh-7 cells were transfected with nucleoside transporter expression plasmids
or a vector control plasmid, and the [*’H]-RBV uptake assay was performed at 24 hours
post-transfection. The average values and SD from three independent experiments are
shown. The difference in uptake between vector and ENT1 or CNT3 transfected cells
was statistically significant for all cell lines (p < 0.03, Student’s t test). (B) RBV® and
RBVS Huh-7, 293 and HeLa cells were transfected with the vector control, ENT1, or
CNT3 transporter expression plasmids, and the [’H]-RBV uptake assay was performed
at 24 hours post-transfection. The average values and SD from at least three independent
experiments are shown. The difference in uptake between vector and ENT1 or CNT3
transfected cells was statistically significant for all cell lines (p < 0.03, Student’s t test).
(C) Huh-7 uptake data from panel B graphed on an appropriate scale to highlight uptake
differences. The average values and SD from at least three independent experiments are
shown.

Reprinted with permission from ASM: Ibarra KD, Pfeiffer JK (2009). Journal of virology 83: 4538-4547.
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Figure 8. Inhibition of endogenous RBV uptake in Huh-7 and HelL a cells.

(A,B) ['H]-RBV uptake in the presence of NBMPR. Huh-7 cells (A) or HeLa cells (B)
were pretreated for 15 min. with 15 uM NBMPR to inhibit ENT1 transport, 100 uM
NBMPR to inhibit ENT1 and ENT2 transport, or media lacking NBMPR. Following
inhibitor treatment, the level of [’H]-RBV uptake was determined over a 5 min. incubation
period. The difference in uptake between NBMPR-treated and untreated cells was
statistically significant for both Huh-7 and HeLa cells (p < 0.04, Student’s t test). (C, D)
[’H]-RBV uptake in the presence of phloridzin. Huh-7 cells (C) or HeLa cells (D) were
pretreated for 5 min. with 1 mM phloridzin, to inhibit concentrative nucleoside transport, or
media lacking phloridzin. Following inhibitor treatment, the level of [*H]-RBV uptake was
determined over a 5 min. incubation period. The average values and SD from two
experiments performed in duplicate are shown. The difference in uptake between
phloridzin-treated and untreated cells was not statistically significant (p > 0.3, Student’s t
test). (E) To ensure that phloridzin inhibits concentrative transport, Huh-7 cells were
transfected with the vector control or CNT3 transporter expression plasmid, and the [*H]-
RBYV uptake assay was performed at 24 hours post-transfection in the presence or absence
of 1 mM phloridzin. The average values and SD from two independent experiments,
performed in duplicate, are shown. The difference in uptake between phloridzin-treated and
untreated CNT3-transfected cells was statistically significant (p = 0.001, Student’s t test).

Reprinted with permission from ASM: Ibarra KD, Pfeiffer JK (2009). Journal of virology 83: 4538-4547.

38



The Effect of Nucleoside Transporter Inhibition on RBV Uptake in RBV® and RBV®
Cells

If the RBV® cells have some modification that alters nucleoside transporter
expression or activity, then the RBV® phenotype should be mimicked by inhibition of
endogenous transporters in RBV® cells. Therefore, we performed RBV uptake assays in
RBV® and RBV® Huh-7 cells and HeLa cells in the presence of nucleoside transport
inhibitors. Nitrobenzylmercaptopurine riboside (NBMPR) is an inosine analog commonly
used as an equilibrative nucleoside transport inhibitor. ENT1 and ENT2-mediated
transport can be differentiated based on the level of NBMPR sensitivity. ENT1 is
NBMPR-sensitive and is inhibited within the nanomolar range, while ENT2 is insensitive
to nanomolar concentrations of NBMPR, with inhibition requiring concentrations within
the high micromolar range [69, 105]. The RBV uptake assay was performed in RBV®
and RBV® Huh-7 or HeLa cells in the presence or absence of NBMPR. For both Huh-7
and HeLa cells, NBMPR treatment reduced RBV uptake in RBV® cells by 3-fold, to an
amount comparable to the uptake of RBV® cells (Fig. 8A, 8B). Since treatment with 15
uM NBMPR was not sufficient to completely inhibit ENT1 uptake, we repeated the
experiment using a higher dose, 100 pM NBMPR, which would completely block ENT1-
mediated transport and likely ENT2-mediated transport as well. As anticipated, treatment
of RBV® Huh-7 or HeLa cells with 100 pM NBMPR reduced RBV uptake to match the
low uptake of RBV® cells (Fig. 8A, 8B). Although ENT3 or ENT4 are equilibrative
transporters, they are not likely to be relevant for RBV uptake because ENT3 is localized

in intracellular compartments, and ENT4 is a monoamine/organic cation transporter [70].
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Because over-expression of CNT3 could also restore RBV uptake in RBV® cells,
we performed the inhibition assay using the drug phloridzin, which is a broad
concentrative transport inhibitor [106-108]. We observed no significant difference in the
level of uptake in either the RBV® or RBV® Huh-7 or HeLa cells in the presence of
phloridzin (Fig. 8C, 8D). In order to confirm the drug concentration used was sufficient
to inhibit concentrative transport, Huh-7 cells were transfected with CNT3, and then
subjected to the RBV uptake assay in the presence of phloridzin. We observed a dramatic
decrease in the level of RBV uptake in the CNT3 transfected cells (Fig. 8E), indicating
that phloridzin was indeed capable of inhibiting concentrative transport. Taken together,
these results suggest that endogenous uptake of RBV in Huh-7 and HeLla cells is
primarily equilibrative, with the majority of uptake mediated by ENT1. Despite the fact
that ENT1 overexpression could not completely restore RBV uptake in RBV® Huh-7
cells to the amount of uptake observed in RBV® Huh-7 cells, the robust NBMPR
inhibition of RBV uptake in RBV® Huh-7 cells (Fig. 8A) indicates that ENT1 is the likely
RBV transporter in these cells. Additionally, our results indicate that for Huh-7 and HeLa
cells, uptake is not mediated via concentrative transporters, since decreased uptake was

not observed upon inhibition of concentrative transport.

Quantification of ENT1 Expression in RBV® and RBVF Cells

In some cases of acquired resistance to nucleoside analog drugs, a decrease in the
level of nucleoside transporter RNA has been reported [109-111]. Therefore, we
compared ENT1 and CNT3 RNA levels in RBV® and RBV® Huh-7 cells using real-time

RT-PCR. CNT3 RNA was undetectable in Huh-7 cells by real-time RT-PCR analysis
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(data not shown). We found a slight variation in ENT1 RNA levels between RBV® and
RBV® Huh-7 cells, with a 0.2-fold reduction in ENT1 RNA in the RBV® cell line (Fig.
9A). Although this small reduction in ENT1 RNA levels was statistically significant (p <
0.01), ENT1 protein levels were equivalent in RBV® and RBV® cells (Fig. 9B).
Therefore, ENT1 RNA and protein levels do not correlate with RBV uptake or resistance,
suggesting that altered ENT1 localization or activity may contribute to resistance. These
results highlight the importance of assessing the activity of nucleoside transporters, rather

than RNA or protein levels.
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Figure 9. Nucleoside transporter RNA and protein levels in RBVR and RBV® cells.

(A) Total RNA was isolated from RBV® and RBV® Huh-7 cells and the relative levels of
ENTI1, CNT3, and GAPDH RNA were assessed with one-step real time RT-PCR using the
comparative method (internal control not shown). CNT3 RNA was not detectable (data not
shown). The average values and SD from three experiments performed in triplicate are
shown. The difference in ENT1 RNA levels in RBV® and RBV® cells was statistically
significant (p < 0.01, Student’s t test). (B) Immunoblot analysis of ENT1 protein levels in
RBV® and RBV® Huh-7 cells. Lysates were prepared and equivalent amounts of total
protein were loaded. A representative immunoblot, probed with anti-human ENT1
antibody, is shown. The two bands may represent unglycosylated ENT1 (~45 kD) and
glycosylated ENT1 (~55 kD).

Reprinted with permission from ASM: Ibarra KD, Pfeiffer JK (2009). Journal of virology 83: 4538-4547.
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The Effect of Nucleoside Transporter Activity on RBV-mediated Viral Growth
Inhibition

Our results indicated that the level of RBV uptake affects poliovirus growth (Fig.
5 and 6D), and inhibition of equilibrative transport reduced RBV uptake in RBV® cells
(Fig. 8A, 4B). Thus, we sought to determine whether the antiviral efficacy of RBV could
be reduced in RBV® cells through equilibrative transport inhibition. Poliovirus plaque
assays were performed in the absence or presence of RBV, and in the absence or presence
of NBMPR. As anticipated, the inhibition of equilibrative transport facilitated robust viral
growth, despite the presence of RBV (Fig. 10). We also performed the poliovirus plaque
assays with the concentrative inhibitor phloridzin. We observed no difference in viral
plaque size in the presence of phloridzin and RBV (data not shown). These results, in
conjunction with our other data, indicate that endogenous ENT1 is responsible for RBV

uptake in Huh-7 and HeLa cells, and that ENT1-mediated RBV uptake facilitates RBV’s

0 1M REBY 400 M RBY

Figure 10. Effect of equilibrative nucleoside transporter inhibition on RBV-
mediated viral growth inhibition.

HeLa cells were infected with poliovirus and an agar overlay containing 0 uM or
400 uM RBV and 0 uM or 100 pM NBMPR was added. After 48 hours the overlay
was removed and cells were stained with crystal violet to visualize plaques.

Reprinted with permission from ASM: Ibarra KD, Pfeiffer JK (2009). Journal of virology 83: 4538-4547.
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antiviral effect in these cells.

Nucleoside Uptake Compensation Mechanism in RBV? Huh-7 Cells

Whereas ENT1 clearly plays a pivotal function in the uptake of RBV in Huh-7
and HelLa cells, we could not dismiss the possibility that ENT2 contributed to RBV
uptake (Fig. 8A, 8B). The simplest method of differentiating ENT1- and ENT2-mediated
uptake, other than NBMPR sensitivity, is through nucleobase transport. While ENT2 has
the capacity to transport both nucleosides and nucleobases, ENT1 cannot transport
nucleobases [112-115]. Therefore, we monitored the uptake of [*H]-hypoxanthine, a
nucleobase. In contrast to the low level of RBV uptake in RBV® Huh-7 cells, the level of
hypoxanthine uptake in RBV® Huh-7 cells was increased by almost three-fold compared
with RBV® Huh-7 cells (Fig. 11 A, p < 0.01). Although not initially expected, these data
provide evidence for a possible cellular compensation mechanism for reduced ENT1-
mediated uptake. A deficiency in a broad transporter such as ENT1 would be expected to
confer a cellular growth defect. Perhaps to compensate for the reduction in available
nucleosides imported by ENTI, the activity of ENT2, another broad nucleoside
transporter, increased. Interestingly, the level of hypoxanthine uptake was equivalent in
RBV® and RBV® HeLa cells (Fig. 11 B), suggesting that the ENT2-mediated

compensation mechanism may be unique to Huh-7 cells.
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Figure 11. Hypoxanthine uptake in RBV® and RBV" cells.

(A) RBV® and RBV® Huh-7 cells or (B) RBV® and RBV® HeLa cells were incubated in
media containing 5 pM [*H]-labeled hypoxanthine for 5 min. at 37°C and the level of [*H]-
hypoxanthine uptake was determined by scintillation counting. The average values and SD
from at least two experiments performed in duplicate are shown. The difference in
hypoxanthine uptake between RBV® and RBV® cells was statistically significant for Huh-7
cells (p < 0.01, Student’s t test), but not for HeLa cells (p = 0.68).

Reprinted with permission from ASM: Ibarra KD, Pfeiffer JK (2009). Journal of virology 83: 4538-4547.
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DISCUSSION

Only limited success has been achieved in treating those infected with hepatitis C
virus. Whereas much effort has been targeted towards understanding the mechanism of
interferon and potential interferon resistance, relatively little effort has been directed
towards understanding RBV. RBV has been shown to play an important role in treatment
response [21] and higher RBV serum concentrations correlate with improved treatment
outcome [57, 58]. However, we still do not understand how RBV works synergistically
with interferon to improve SVR rates, or whether resistance to RBV develops in patients.

Our goal in this study was to gain a better understanding of potential RBV
resistance mechanisms using a cell culture system. We began by examining the levels of
RBYV uptake among several cell lines and found it to vary. We next ascertained whether
RBYV uptake level influenced antiviral efficacy by performing poliovirus plaque assays. It
is known that poliovirus is sensitive to RBV at high concentrations, such as 400 pM.
Additionally, the antiviral mechanism of RBV, increasing the error rate to the point of
error catastrophe [45], is well established for poliovirus. We observed an inverse
relationship, where decreased RBV uptake facilitated increased viral growth in the
presence of RBV (Fig. 5B). Importantly, a high dose of RBV was used in this study, and
is required to observe effects on poliovirus growth [72] [71] [46] [45]. Although the
concentration of RBV in plasma is significantly lower (~10 pM), RBV may accumulate
to higher concentrations in the liver [116].

Since the focus our work was to understand potential host-mediated RBV

resistance, we generated new RBV® cell lines using cells that had not previously
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contained the HCV replicon [72]. Resistance was achieved in all three cell lines and the
RBV® phenotype was stable, with cells maintaining their resistance despite months of
culture in media lacking RBV (data not shown). When tested for RBV uptake, all RBV®
cell lines demonstrated significantly reduced uptake compared to their RBV® counterparts
(Fig. 6C). Upon performing poliovirus plaque assays in these new RBV® cell lines, we
found that RBYV resistance also facilitated increased poliovirus growth in the presence of
RBV (Fig. 6D). These results indicate that a reduction in RBV uptake can promote
increased poliovirus growth.

As RBV is imported by nucleoside transporters, we assessed the contribution of
several nucleoside transporters to RBV resistance in our cell lines. After surveying
several transporters, over-expression of ENTI1 and CNT3 increased RBV uptake.
Although ENTI is widely accepted as the primary RBV transporter, there have been
additional reports suggesting other transporters can import RBV [65, 67, 68] [104];
indeed, our findings confirm CNT3-mediated RBV uptake. Additionally, we determined
whether over-expression of ENT1 or CNT3 could restore the uptake defect in RBV®
cells. We found that in the majority of RBV® cells, over-expression of ENT1 or CNT3
could restore RBV uptake (Fig. 7B). While transfection of ENT1 and CNT3 significantly
increased uptake in RBV® Huh-7, 293, and HeLa cells, it could completely restore the
uptake defect in only RBV® 293 and HeLa cells. The fact that uptake could not be
completely restored in RBV® Huh-7 cells (Fig. 7C) suggests other factors could interfere
with RBV uptake in RBV® Huh-7 cells, perhaps by limiting nucleoside transporter
activity or localization. However, RBV uptake could be completely restored in ENT1 or

CNT3-transfected RBV® Huh-7.5 cells, a liver cell line derived from Huh-7 cells (data
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not shown, to be described elsewhere). These results indicate that multiple pathways can
lead to RBV resistance, even in transformed cells of the same lineage, such as Huh-7 and
Huh-7.5. We hypothesize that ENT1 protein is mislocalized in RBV® Huh-7 cells. There
is evidence that localization of ENT1 and other transporters can change from the plasma
membrane to intracellular membrane compartments in response to various stimuli,
including adaptation to two-dimensional tissue culture [104] (see below). Similarly,
expression and activity of transporters can change in response to transformation [117].
Therefore, although our results with Huh-7 cells may or may not apply to liver cells in
vivo, they provide a foundation for future studies on the role of nucleoside transporters in
host-based RBV resistance and antiviral efficacy.

Whereas ENT1 is ubiquitously expressed, expression of CNT3 is normally
restricted to a few tissues, with low expression reported in the liver [118, 119]. The most
common method of determining endogenous transport activity is through uptake assays
performed in the presence of specific inhibitors. Experiments performed using NBMPR
(an ENT1 inhibitor) and phloridzin (a broad concentrative nucleoside transport inhibitor)
indicated RBV uptake occurs primarily through ENT1 (Fig. 8A, 8B). While CNT3 was
capable of increasing RBV uptake into the cells upon transfection (Fig. 7B), CNT3
expression was undetectable in non-transfected Huh-7 cells as measured by real time RT-
PCR (data not shown). These data suggest that ENT1 is the RBV transporter in the Huh-7
hepatoma cell line.

Host-based resistance to treatment with nucleoside analogs is not uncommon in
cancer patients and numerous studies linking nucleoside analog drug resistance to

decreased nucleoside transporter expression have been reported [109-111]. Accordingly,
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we quantified ENT1 RNA levels in the RBV® and RBV® Huh-7 cells, and found only
slightly reduced ENT1 expression in RBV® cells (Fig. 9). Immunoblot analysis indicated
that ENT1 protein levels are equivalent in RBV® and RBV® cells (Fig. 9B), providing
support for the idea that ENT1 activity or protein localization is altered in RBV® cells.
Perhaps some modification occurred that altered the activity of ENT1, or altered the
plasma membrane localization of ENTI, thus conferring the RBV® phenotype. While
much remains to be understood regarding regulation, localization, and activity of
nucleoside transporters, there is precedent for localization of transporters in internal cell
compartments [104, 120-123]. Altered ENT1 localization would account for the similar
ENT1 RNA and protein levels found in RBV® and RBV® cells. It is also possible that
RBYV resistance is conferred by altered RBV processing pathways, such as reduced
phosphorylation or increased degradation. There have been several cases in which
resistance correlates with either a decrease in the level of activating kinases required for
nucleoside phosphorylation, or an increase in the level of 5’ nucleotidases capable of
dephosphorylating nucleoside analogs [110, 123, 124]. However, the fact that uptake of
RBV was reduced in RBV® cell lines, that no difference was found in the export of RBV
(data not shown), and that inhibition of ENT activity mimicked the RBV® cell phenotype,
suggests that RBV resistance is due to altered ENT1 activity, and not phosphorylation,
degradation, or efflux effects.

After establishing that the level of RBV uptake affects viral growth and that
endogenous ENT1 was primarily responsible for uptake, the next step was to demonstrate
the antiviral impact of altered uptake. Our results illustrated two key points. First, by

blocking equilibrative transport, uptake in the RBV® cells mirrored that in the RBVX
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cells. Second, inhibition of RBV uptake reduced antiviral efficacy, with poliovirus
growth in the RBV® cells mirroring that in the RBV® cells in the presence of nucleoside
transport inhibitor (Fig. 10). Overall, our results indicate a role for ENT1-mediated RBV
transport in the uptake of RBV, and suggest that a reduction in ENT1 activity may play a
role in the acquisition of resistance.

The idea that host-based nucleoside uptake defects can affect antiviral efficacy
may have clinical relevance. Similar to cancer patients undergoing chemotherapy,
chronically infected hepatitis C patients undergo harsh, toxic, long-term treatments. The
standard of care for treating HCV infection includes a combination of pegylated IFN-a
and RBV for 24 to 48 weeks. Treatment with interferon alone can have side effects, but
RBYV is also a toxic drug capable of inducing hemolytic anemia. As with long-term
exposure to cytotoxic nucleoside analogs in chemotherapy, it is plausible that host-based
drug resistance could occur in response to RBV treatment. Constant exposure to RBV
toxicity could trigger reduced transporter activity. Liver cells, like many others, are
capable of de novo nucleoside synthesis. Additionally, the liver is considered the main
site of nucleoside synthesis, providing a reservoir of nucleosides for other cells in the
body which lack de novo synthesis [69]. It is likely that any disadvantage conferred by
down regulation of a broad transporter such as ENT1 would be outweighed by the
advantage of hepatocyte survival.

Our work also suggests that, for RBV® Huh-7 cells, a compensation mechanism
upregulates the activity of an alternate transporter, ENT2 (Fig. 11A). Furthermore, these
results provide additional evidence, indirectly, that ENT1 is indeed the primary RBV

nucleoside transporter in Huh-7 cells. We surmise that upregulation of an alternate
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transporter offsets the disadvantage caused by downregulation of ENTI1 activity.
Therefore, we suggest that ENT1 downregulation is primarily responsible for RBV
resistance, and that Huh-7 cells compensate for reduced nucleoside uptake by
upregulation of the ENT2 transporter. RBV® HeLa cells did not exhibit this ENT2-
mediated compensation mechanism (Fig. 11B). Interestingly, RBV® HeLa cells grow
significantly slower than RBV® Huh-7 cells (data not shown).

It is possible that nucleoside transporter activity could aid in the prediction of
treatment success. Perhaps elevated RBV uptake correlates with overall treatment
success. Higher RBV serum concentrations have been associated with SVR [57, 58].
SVR rates of up to 90% have been achieved by using extremely high doses of RBV [59],
albeit with increased toxicity. We are currently measuring RBV uptake in HCV patient
samples and determining the effect of RBV uptake level on HCV treatment response and
HCYV replication. If RBV uptake can affect treatment response, either through natural
transport differences in the population, or through acquired resistance, then tailored

treatment regimens may enhance treatment response.
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CHAPTER FOUR
Host-based Ribavirin Resistance Influences Hepatitis C Virus Treatment Response

INTRODUCTION

Current treatment for HCV infection is a combination of pegylated interferon-o
(IFN) and ribavirin (RBV), a guanosine nucleoside analog. Despite decades of ongoing
basic and clinical research, sustained virological response (SVR) is achieved in only half
of patients infected with genotype 1[22]. IFN clearly plays an important role in HCV
treatment response. Although somewhat unappreciated in the past, RBV is quickly
becoming an indispensible component of HCV treatment. The addition of RBV to IFN
therapy doubled response rates, illustrating the importance of RBV in HCV treatment
[52]. Efforts to replace RBV with taribavirin, a RBV prodrug formerly known as
viramidine, have been unsuccessful [30]. Although HCV protease and polymerase
inhibitors are promising new antivirals, RBV will continue to be a critical part of
combination therapy because eliminating RBV from telaprevir-IFN therapy significantly
reduced response rates [31, 125].

Patient treatment response is based on viral RNA levels, and the ultimate goal is
to achieve a sustained virological response (SVR; defined as undetectable HCV RNA for
at least 24 weeks post-therapy) [6]. Patients with a rapid virological response (RVR;
undetectable HCV RNA by week 4) are more likely to achieve SVR [19, 20]. Lack of an
early virological response (EVR; > 2 log decline in HCV RNA by week 12) is generally
an indicator of those who will not respond to therapy [6]. Additionally, several viral and

host factors are associated with a positive treatment response, such as low baseline viral
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loads, female gender, lack of co-morbidities such as HIV-coinfection, low initial IFN
stimulated gene (ISG) expression, and specific alleles of the IL-28B gene [6, 23, 51].

While RBV plays a crucial role in treatment, its antiviral mechanism against
HCYV is unclear, with five proposed mechanisms. First, RBV is phosphorylated by host
kinases, and RBV monophosphate can reduce host GTP pools through inhibition of
IMPDH, which is responsible for de novo GTP synthesis [41]. Therefore, viral replication
can be inhibited due to a lack of available nucleotides. Second, RBV triphosphate (RTP)
may directly inhibit the viral RNA-dependent RNA polymerase [39, 43]. Third, RTP can
be incorporated into the viral genome, which can increase mutation rates [42, 44-46].
Fourth, it has been suggested that RBV acts indirectly against HCV by shifting the
immune response from a humoral T2 response to a cell mediated Ty1 response [49, 50].
Fifth, RBV enhances ISG expression [28]. Nearly all proposed mechanisms require
import of RBV into the cell for antiviral activity. Therefore, we have focused on
understanding host-based mechanisms of RBV uptake and resistance.

Nucleoside transporters are involved in the cellular import of natural and
synthetic nucleosides and mediate RBV uptake [39]. Numerous studies have linked
nucleoside analog chemotherapy drug resistance to decreased nucleoside transporter
expression [111]. ENT1 is the primary RBV transporter, however CNT2, CNT3 and
ENT2 may also transport RBV in various cell types [65-68]. Our previous work
determined that ENT1 was the primary RBV transporter in Huh 7 liver cells. RBV-
resistant (RBV®) Huh 7 cells were generated by passage in increasing concentrations of
RBYV, and resistance was mediated by reduced RBV transport through ENT1 [126]. As a

result of decreased RBV import, RBV® Huh 7 cells supported robust poliovirus
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replication in the presence of RBV compared to RBV-sensitive (RBV®) Huh 7 cells,
suggesting that the level of RBV import impacts antiviral efficacy.

In this study, we examined whether reduced cellular import of RBV affects HCV
replication in vitro and treatment failure in HCV patients. Our results suggest that RBV
resistance promotes robust HCV replication in the presence of RBV. Moreover, PBMCs
obtained from patients exhibited declines in RBV uptake as therapy progressed,
suggesting that patients undergoing combination IFN/RBV therapy may develop
resistance to RBV. Importantly, rapid treatment response correlated with maintenance of
RBV uptake, suggesting that maintaining basal RBV uptake levels may improve

treatment efficacy.
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RESULTS

Generation of RBV® Huh 7.5 cells with reduced RBV uptake

We previously demonstrated that host-based RBV resistance can develop and
reduce RBV antiviral efficacy in a poliovirus model [126]; however, the effect on HCV
was unknown. Therefore, we generated RBV-resistant (RBV®) human hepatoma cells
(Huh 7.5), permissive for HCV replication [74], by passage in increasing concentrations
of RBV. Viability assays confirmed resistance in the RBV® cells when exposed to
concentrations of RBV that were toxic to the RBV-sensitive (RBV®) parental cells [Fig.
12A]. The RBV® cells also exhibited reduced uptake of radiolabeled RBV (*H-RBV),
suggesting that reduced RBV uptake enhances cellular survival in the presence of RBV
[Fig. 12B].

To dissect the mechanism of RBV resistance, nucleoside transporter over-
expression and inhibition studies were conducted. We previously demonstrated that the
nucleoside transporter ENT1 mediated RBV transport and resistance in Huh-7 liver cells
[126]. Although the Huh 7.5 cells used in this study were derived from Huh-7 cells,
resistance to nucleoside analogs can develop through various pathways [102]; therefore,
the mechanism of resistance was analyzed further. Over-expression of ENTI, or the
concentrative nucleoside transporter CNT3, restored RBV uptake in RBV® cells [Fig.
12C]. To examine the activity of endogenous transporters, inhibition assays were
performed. The addition of nitrobenzylmercaptopurine riboside (NBMPR), an inosine
analog known to specifically inhibit ENT1 at low concentrations [69], decreased RBV

uptake in RBV?® cells to levels observed in RBV® cells [Fig. 12D].
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Figure 12. Characterization of RBV® Huh 7.5 cells.

(a) Crystal violet viability assay. RBV® and RBV® Huh 7.5 cells were passaged for 10
days in medium containing 0 uM or 400 uM RBV and stained with crystal violet for
visualization. (b) RBV uptake assay. Cells were incubated with [*H]-labeled RBV and
uptake was quantified by scintillation counting. The average from two experiments is
shown as counts per minute (CPM) per cell (P = 0.001). (c) RBV uptake following
nucleoside transporter transfection. Cells were transfected with plasmids expressing
ENTI, CNT3, or vector. The RBV uptake assay was performed 24 hours post-transfection
(hpt). One representative experiment, out of three, is shown. Asterisks denote P < 0.01.
Inhibition of endogenous RBV uptake (d — e). (d) Cells were pretreated with the ENT
inhibitor NBMPR followed by the RBV uptake assay (P = 0.04) (e) Cells were pretreated
with phloridzin followed the RBV uptake assay. (f) Phloridzin control. Huh 7.5 cells were
transfected with the CNT3 expression plasmid or vector and at 24 hpt a RBV uptake
assay was performed in the presence of phloridzin (P = 0.01) (g) Real-time RT-PCR
analysis of ENT1 RNA levels. The average relative fold expression from three
experiments is shown. (h) ENT1 immunoblot analysis. Shown is one of two
representative experiments, with GAPDH as a loading control. S, RBV® Huh 7.5 cells; R
RBV® Huh 7.5 cells. Error bars for all panels (b — g) represent standard deviation (SD),
with significance obtained using unpaired, two-tailed, Student’s t-tests.
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No significant reduction in RBV uptake was observed with a higher concentration of
NBMPR (100 uM), which inhibits both ENT1 and ENT2. Likewise, inhibition of
concentrative transport through phloridzin treatment, an inhibitor of sodium-dependent
nucleoside transport [106, 107], did not reduce RBV uptake in cells, unless they
expressed CNT3 via transfection [Fig. 12E — F]. This was expected, because our prior
work determined that endogenous CNT3 RNA was undetectable via real-time RT-PCR
analysis, but CNT3 was capable of transport if exogenously expressed through
transfection [126]. Analysis of ENT1 protein and RNA levels revealed no significant
difference between resistant and sensitive cells [Fig. 12G — H], suggesting that reduced
ENT1 activity and/or transporter mislocalization may contribute to RBV resistance,
rather than reduced ENT1 levels. Collectively, these results indicate that RBV resistance

in Huh 7.5 cells occurs through reduced ENT1-mediated RBV uptake.

HCV replication in RBV® and RBV® Huh 7.5 cells

With the development of RBV® Huh 7.5 cells, we were in a unique position to
examine the effects of RBV on HCV replication, potential mechanisms of RBV action,
and the consequences of RBV resistance. HCV infections were performed in RBV® and
RBV® Huh 7.5 cells in the presence or absence of 100 uM RBV. RBV treatment induced
a dramatic viral titer reduction in RBV® cells [Fig. 13A]. RBV® cells displayed no titer
reduction in the presence of RBV, despite having only a two-fold RBV uptake defect;
suggesting a modest reduction in RBV uptake can have a major impact on viral
replication. Reduced cell health from RBV toxicity may have reduced viral replication in

RBV® cells. Studies have shown that guanosine supplementation can counter RBV-
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induced toxicity by restoring host GTP pools [90]. Although IMPDH inhibition cannot
completely account for RBV’s antiviral activity [40], the addition of guanosine can
reduce cellular toxicity through restoration of nucleotide pool balance [40, 90].
Therefore, infections were performed in the RBV® cells in the presence of equimolar
concentrations of RBV and guanosine. Supplementation with guanosine restored viral
titers to levels observed in the absence of RBV [Fig. 13A]. Since 100 uM RBV likely
exceeds most physiological concentrations, we wondered whether viral titers would be
reduced at lower RBV concentrations. Infections were conducted using 15 uM RBV, to
mimic achievable plasma concentrations in patients, as well as 50 uM RBV [Fig. 13B].
No titer reductions were observed at either concentration, indicating that RBV toxicity
may have inhibited HCV growth at high RBV concentrations.

We considered the possibility that a 72-hour infection period was insufficient for
RBYV antiviral effects, especially if RBV-induced mutagenesis plays a role. RBV-induced
mutagenesis requires multiple cycles of viral replication for mutations to accumulate and
lead to observable antiviral effects [45, 46, 64]. To examine RBV’s effect on HCV
following extended exposure, HCV was serially passaged in RBV® and RBV® cells in the
absence or presence of 15 or 50 uM RBV. Each six-day passage was followed by
supernatant harvest and infection of naive cells, with titer analysis after each passage. No
significant RBV-mediated titer reduction was observed in either RBV® or RBV® cells
[Fig. 13C — D]. This suggests that, at high concentrations, RBV may act indirectly

against HCV, potentially through toxicity-mediated mechanisms.
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Figure 13. The impact of RBV resistance on HCV replication in vitro.

(a) Three day HCV infections in the absence or presence of high concentrations of RBV
and guanosine. Cells were treated with 0 or 100 pM RBV and/or guanosine (Guo), and
infected with HCV for three days. Titers were determined in triplicate at the end of each
infection and results are shown in focus forming units per mL (FFU/mL) with SD. One of
three representative experiments is shown (P = 0.002; unpaired, two-tailed, Student’s t-
test). (b) Three day HCV infections in the absence or presence of low RBV
concentrations. Infections were performed as described in (a), except that 0, 15, or 50 uM
RBYV was used. Serial infections performed in the presence of 0, 15, or 50 uM RBV in
Huh7.5 cells () or RBV® Huh7.5 cells (d). To begin passage one (P1), cells were infected
at a MOI of 0.1. After cell expansion at day 3, on day 6, the supernatant from each plate
was used for viral titer analysis, and to initiate a new infection (P2). Serial infections
continued for six passages, and the experiment was performed twice. The titers results
from one representative experiment, performed in triplicate, is shown with SD.
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Figure 14. Cellular viability and PKR expression studies.

(a) Cells were passaged with the indicated concentrations of RBV and Guo for seven days.
On day seven, viable cells were visualized using crystal violet staining. Shown is one of two
representative experiments. (b) Huh 7.5 cells were passaged in various concentrations of
RBYV, or RBV and Guo at equimolar concentrations, for three days. On day three, viable cell
counts were obtained using trypan blue exclusion and normalized to a percent of the no drug
control (0 uM). Shown is the combined average from two experiments (for RBV® cells) or
one of three representative experiments (for RBV® cells). Error bars indicate SD. (c) Cells
were treated with 100 uM RBYV, 100 U/mL interferon-o. (IFN), or media alone (mock, M)
for 24 hours, and cell lysates were collected and used for immunoblot analysis. One
representative immunoblot, out of three, probed with anti-human PKR and GAPDH as an
internal control is shown.

RBV toxicity in RBV® and RBVR Huh 7.5 cells

To further investigate the effects of RBV on cell survival and toxicity, cellular
viability assays were performed in the presence of RBV and guanosine. Cells were
exposed to RBV for seven days, or for three days to mimic infection conditions used in
Figure 13 experiments, and cellular viability was determined. Guanosine enhanced

cellular viability in RBV® cells at high concentrations of RBV (400 uM) [Fig. 14A].
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Additionally, RBV induced a 50% decline in RBV® cell numbers at an estimated
concentration of 70-80 uM in the presence of guanosine, and 40-50 pM in the absence of
guanosine [Fig. 14B]. RBV" cells never reached 50% population loss, despite treatment
with 800 uM RBYV [Fig. 14B and data not shown]. The combination of RBV’s known
cytostatic effect [127] in conjunction with toxicity likely resulted in decreased cell
survival in RBV® cells. Nevertheless, toxicity could not be completely overcome with
guanosine treatment, suggesting that mechanisms other than IMPDH-induced alterations
in nucleotide pools contribute to RBV toxicity.

One potential source of toxicity is RBV-mediated induction of double-stranded
RNA-activated protein kinase (PKR). The ability of PKR to inhibit cellular proliferation
and induce apoptosis is well characterized [128, 129]. RBV has been shown to induce
PKR expression, PKR activation, and apoptosis which is thought to contribute to its
antiviral activity against HCV [130, 131]. To determine the effect of reduced RBV
uptake on PKR expression, we analyzed PKR levels in RBV® and RBV® cells following
100 uM RBYV treatment for 24 hours [Fig. 14C]. Upon RBV treatment, PKR levels
increased in RBV?® cells, but not in RBV® cells. Because PKR can induce toxicity [129],
these results suggest that RBV-mediated PKR induction may contribute to RBV’s

toxicity and HCV replication inhibition.

RBV uptake in PBMCs from healthy donors and HCV patients
Our cell culture results suggest that RBV resistance develops in many cultured
cell lines [126] and impacts antiviral efficacy; however the development of host-based

RBYV resistance has yet to be described in vivo. Therefore, we determined whether host-
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based resistance to RBV develops using PBMCs from healthy donors and HCV-infected
patients undergoing combination IFN/RBV therapy. We began by examining whether ex
Vivo exposure to a physiologically relevant concentration of RBV can reduce RBV uptake
in PBMCs from healthy donors. PBMCs were cultured in the absence or presence of 10
uM RBYV for seven days and RBV uptake was quantified. Short-term, low-concentration
RBYV exposure significantly reduced RBV uptake in PBMCs from healthy donors [Fig.
15A - C]. RBV uptake declined in PBMCs from every donor examined [Fig. 15C].
Given that HCV patients receive 24 — 48 weeks of IFN/RBV treatment, we hypothesized
that RBV uptake declines over time. We quantified RBV uptake in PBMCs isolated from
HCV genotype 1-infected patients before therapy (day 0) and after 14 and 28 days of
pegylated IFN/RBV therapy. PBMC RBV uptake was significantly reduced at days 14
and 28 compared with day 0 [Fig. 15D]. To ascertain whether host-based resistance could
play a role in treatment response, we compared RBV uptake in patients with rapid
response (RR; viral clearance by day 28) to RBV uptake in patients with slow-response
or non-response (non-RR). We chose to examine rapid treatment response since it is
highly predictive of SVR [20]. Interestingly, RRs maintained significantly higher levels
of RBV uptake compared with non-RRs [Fig. 15E — F and Table 2]. These results
suggest that RBV resistance develops in vivo and that maintenance of basal uptake levels

correlates with rapid clearance of HCV.

61



o
-2
0

P=0.01

o
[=]
s

[BH]RBY Uptake (CPM/cell)
Qo o
g ¢
[EH]RBY Uptake (CPIM/cell)
o
o
=)
¥

100

o 9
o
o
)

o

0.001 —\\_,__‘
-—-...__.-E.g
0 10

0 10
REV (1M}

% [H]RBY Uptake {CPM/cell)

RBY (M} RBY (b}

o
L
-

P =0.001

P =0.009 -- RR

—_— — Non-RR F=0.01

—
i
[

-
oh
(=]

—
h
o

—

L]

(=]

-
.
[ ]

-
(=]
[]

#

u
at
_m
|
(R

<h
[ =]

@
=]
4
[4.]
o

% [*H]RBV Uptake {D28/D0)
[w]

%6 [BH]RBY Uptake {CPH/cell)
H

[=]

[
g
% [*H]RBV Uptake {CPM/cel)
o g

9
)
w

Day Day Day Day RR Non-
14 28 (] 28 RR

Q

Figure 15. RBV uptake in PBMCs from healthy donors (a — ¢), and HCV patients (d - f).
(a) PBMCs from healthy donors were cultured in 0 uM or 10 uM RBYV for 7 days, followed by
the RBV uptake assay. Shown is the average CPM/cell (n = 8, P = 0.01, paired, two-tailed,
Student’s t-test) (b) Values from (a) graphed to visualize pre- and post-treatment values. (C)
Data from (a), normalized to 0 uM RBYV values, to highlight trends following ex vivo treatment
with 10 uM RBV, with 0 uM values set to 100%. (d) RBV uptake was quantified in HCV
patient PBMCs isolated prior to the onset of treatment (Day 0), and 14 or 28 days post-
treatment. To account for assay variability on different days, the average CPM/cell has been
normalized to RBV uptake values from an aliquoted healthy donor PBMC control sample
assayed in parallel (CPM/cell for patient sample divided by CPM/cell for the control)(n = 16
for day 0 vs. day 28, P =0.001; n = 10 for day 0 vs. day 14, P = 0.009 using paired, two-tailed
Student’s t-tests). (€) RBV uptake before and after 28 days of treatment for each HCV patient,
with treatment response indicated (rapid responder = RR, non-rapid responder = Non-RR; n
=16) (f) Day 28 RBV uptake values from (e) categorized by treatment response (n = 7 and 9
for RRs and Non-RRs, respectively; P=0.01 in unpaired, two-tailed, Student’s t-test).
Horizontal lines within each group represent the mean.
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DISCUSSION

In conclusion, our results uncovered a novel form of host-based antiviral drug
resistance as a potential predictor of HCV treatment response. The data suggest that RBV
toxicity drives the development of host-based resistance through reduced cellular uptake.
Recent studies have demonstrated that RBV activates PKR and other interferon
stimulated genes [28, 132], which are likely to contribute to RBV’s antiviral effects.
Notably, our results also suggest that patients undergoing combination pegylated
IFN/RBYV therapy develop resistance to RBV in vivo, with significantly reduced cellular
uptake over time. Despite the fact that HCV replicates in liver cells, a correlation between
RBYV uptake in PBMCs and treatment response was observed, suggesting that either liver
cells also experience RBV uptake declines, or, that altered PBMC function due to
reduced RBV uptake impacted innate or adaptive antiviral responses in the liver. Overall,
PBMC RBYV uptake could be used as a diagnostic tool to predict treatment response and

aid dosing regimens.
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CHAPTER FIVE
Summary

CONCLUSIONS AND RECOMMENDATIONS

Although the concept of host-based resistance to nucleoside analog therapy is
well documented in cancer studies, it is generally not considered in antiviral therapy
resistance. Nucleoside and deoxynucleoside analogs are routinely used in chemotherapy,
and their cytotoxicity can result in severe side effects and the development of resistance
[102, 133]. Nearly all proposed mechanisms of action for RBV require RBV import.
Therefore, there is a need to understand factors that impact cellular RBV import and the
development of host-based RBV resistance.

Chemotherapy nucleoside analog resistance can occur through numerous
mechanisms and is often associated with proteins or enzymes involved in the import,
activation or degradation of the nucleoside analog in question [102, 133]. Following
entry, nucleoside analogs are phosphorylated by host kinases, eventually resulting in
formation of the active triphosphate derivative. Catabolism of the triphosphate derivative,
or derivatives thereof, occurs via various deaminases or 5’-nucleotidases. Alterations
within this pathway can result in the development of resistance. For example, cytosine
arabinoside (Ara-C; cytarabine), which is used in the treatment of acute myeloid
leukemia (AML), is imported primarily through ENT1 [102, 134]. Studies using Ara-C
resistant cells have linked resistance to decreased ENT1 expression and protein levels,

and increased adenosine deaminase (ADA) expression [109, 135]. Similar results were
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obtained with gemcitabine therapy in pancreatic cancer patients, where ENT1 expression
correlated with clinical outcome [136].

In an effort to determine whether reduced cellular import of RBV can contribute
to HCV treatment failure we began by modeling the development of RBV resistance
using a cell culture system. RBV® cells were generated by serial passage in increasing
concentrations of RBV over several weeks. Analysis of both liver cell lines examined,
Huh 7 and Huh 7.5, suggests that RBV import occurs primarily through ENT1 and that
resistance is ENT1-mediated.

The specific mechanism by which ENT1 is altered remains to be elucidated.
RBV® and RBV® cells exhibit similar ENT1 RNA and protein levels (Fig. 9A — B and
12G - H), suggesting that changes in transport activity and/or membrane localization
may contribute to RBV resistance. ENT1 has been found in association with the
mitochondria in ENTl-expressing MDCK cells [137]. Likewise, analysis of
prolymphocyte cell populations from chronic lymphocytic leukemia patients determined
that CNT3 was mislocalized to cytoplasm [86]. Internal localization would reduce
transporter activity, while maintaining protein and RNA levels. Preliminary attempts to
identify the extent of surface ENT1 expression within RBV® and RBV® cells using
immunofluorescence or [’H]-NBMPR binding techniques have not been successful (data
not shown). Alternate techniques, such as plasma membrane isolation in conjunction with
western analysis of ENT1, may provide an additional means to determine whether
mislocalization of ENTI within RBV® cells has occurred. Alternatively, post-
translational modifications of ENT1 protein or mutations in the ENT1 sequence may

have occurred, reducing ENT1 transporter activity. Due to the integral role nucleoside
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transporters play in human fitness, and consequently strong negative selection, non-
synonymous mutations were believed to occur rarely [138, 139]. Recent evidence
suggests this may not be the case. A polymorphism within a transmembrane domain of
human CNT3 (C602R) resulted in altered sodium-binding capacity and specificity for
several nucleoside-derived drugs [140, 141]. Although the mutation was identified using
tissue derived from a patient with renal carcinoma, the allelic frequency occurred in 1%
of the Spanish population. Similarly, genetic analysis of CNT2 polymorphisms within
ethnically diverse populations located a variant with altered specificity for inosine and
uridine [142]. During the preparation of this dissertation, Morello, J. et al. published
several SNPs within the ENT1 gene (SLC29A1) [143]. One of the SNPs (rs760370A—G;
located within a non-coding region) correlated with rapid treatment response in HCV
patients, further supporting the role of ENT1-mediated RBV uptake in HCV treatment
response. Mutations in SLC29A1 could alter splicing which could affect ENT1 protein
stability, localization, and activity. Splice variants have been identified that inactivate
ENTI, or alter RBV uptake [144, 145]. Although no differences were found in ENTI
RNA or protein levels in the RBV® and RBV" cells examined here, subtle changes such
as mutations or altered splicing could have occurred in RBV® cells which may have been
masked in our ENT1 protein and RNA analysis. Sequencing ENT1 from both RBV® and
RBV?® cells may determine whether either occurred. Nevertheless, the restoration of RBV
uptake in RBV® cells following ENT1 over-expression, and the recapitulation of RBV®
uptake levels in RBV® cells during inhibition of endogenous ENTI1 transport, indicates
that RBV uptake is primarily ENT1-mediated. Alterations in ENT1 transport activity,

and/or localization, may contribute to the development of resistance in RBV® cells.
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The effect of RBV import on poliovirus and HCV replication was also
investigated. In both cases, reduced RBV uptake resulted in increased viral growth when
a high concentration of RBV was used (100 — 400 uM). It has been established that RBV
works against poliovirus through mutagenesis and that high concentrations (400 uM and
above) are required to observe this effect [46]. The mechanism of action for RBV against
HCV on the other hand, has yet to be determined. Although RBV plasma concentrations
can range from 10 — 15 pM in patients, the RTP derivative can accumulate to greater than
100 uM intracellularly after only a few hours of exposure to physiological concentrations
[39]. Moreover, pharmacokinetic analysis of HCV patients suggests that concentrations
within hepatocytes may reach as high as 250 uM [45]. RBV may exert its antiviral effects
indirectly as a result of reduced cell health since viral replication was restored in the
presence of guanosine and HCV replication was not inhibited at low concentrations of
RBV (15 and 50 puM; Fig. 13). If RBV were to primarily act through mutagenesis, viral
titers would decline in serial passage infections, even at low concentrations of RBV, as
has been observed with poliovirus [45, 46]. HCV titers were not reduced in RBV® or
RBV* cells following a total of 36 days of viral culture in the presence of 15 or 50 uM
RBYV. Overall, our results indicate that, at high concentrations, RBV may inhibit HCV
replication indirectly, potentially through cellular toxicity.

RBV-induced toxicity may arise through a variety of mechanisms, including
IMPDH inhibition, PKR expression and activation, eukaryotic translation initiation factor
4E (elF4E) inhibition, and others which have yet to be elucidated. Clinically, RBV can
induce hemolytic anemia from the accumulation of RTP within erythrocytes [146].

However, the ability of RBV to interfere with cellular processes is not limited to
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erythrocytes. RBV is a known cytostatic agent, at least partially through IMPDH
inhibition and reduced GTP levels [41, 90]. Indeed, when we examined cellular viability
after RBV exposure, the addition of Guanosine partially restored viability in RBV® cells
(Fig. 14). The fact that viability was not completely restored suggests RBV-induced
toxicity occurs through additional mechanisms and is not solely dependent on IMPDH
inhibition. As such, the induction of PKR expression or activation may provide an
additional means by which RBV may affect cell health. RBV treatment increased PKR
levels in RBV® cells in the absence of viral infection or IFN treatment (Fig. 12). This is
consistent with results from Liu et al., where RBV treatment increased the levels of
phosphorylated PKR and phosphorylated elF2a in primary human hepatocytes [130].
RBYV may also inhibit the activities of eIF4E [147-150]. eIF4E is a 7-methyl Guanosine
cap (m’G cap) binding protein that recruits mRNA to the ribosome and plays a crucial
role in the regulation of translation [151]. It also functions in the export of specific
mRNAS to the cytoplasm. RBV was found to bind eIF4E near the m’G cap-binding site,
which resulted in reduced translation of eIlF4E sensitive transcripts and inhibition of
elF4E mediated mRNA translocation [147, 148]. As a result, RBV gained interest as a
potential anti-cancer agent and has had some success in phase II clinical trials in AML
patients [150]. eIF4E inhibition would explain the discordant results seen with Guanosine
supplementation (Fig. 13 and 14). Contrary to cellular growth requirements, HCV
replication is cap-independent. Therefore, restoration of host nucleotide pools would be
expected to have an increased effect on viral replication, as opposed to cellular
proliferation. Guanosine supplementation would oppose RBV-mediated GTP pool

depletion, but it would not rescue elF4E mediated inhibition. It is likely that the
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combination of both IMPDH inhibition and eIF4E inhibition contribute to RBV’s
cytostatic and cytotoxic abilities (discussed further in Epilogue and Fig. 16). One means
to test this would be to determine the effect eIF4E overexpression on RBV® cells in the
presence of RBV and Guo. RBV may induce low-level toxicity or stress responses which
limit viral replication

Finally, our results indicate that host-based resistance to RBV may occur in HCV
patients undergoing combination IFN/RBV therapy. In all cases examined, RBV
exposure reduced RBV uptake in PBMCs from healthy donors (Fig. 15A — C). Declines
in RBV uptake occurred after only 7 days of culture with a low, clinically relevant
plasma concentration of RBV (10 uM). RBV uptake was also reduced in PBMCs from
patients undergoing combination IFN/RBV therapy (Fig. 15D — F), suggesting the
development of resistance is a general phenomenon and not limited to cell culture.
Perhaps most interesting, we found that PBMCs from patients who responded rapidly to
treatment (RRs) had statistically higher RBV uptake at day 28, compared with PBMCs
from patients who were slow or non-responders. These results suggest that maintenance
of basal RBV uptake levels may improve treatment response. While HCV replicates in
hepatocytes, we used PBMCs for this study due to their high viability and ease of sample
acquisition at multiple time points. In PBMCs, RBV uptake was reduced following ex
Vivo and in vivo exposure to RBV. Because treatment response correlated with RBV
uptake in PBMCs, this suggests that either RBV uptake is similarly affected in liver cells,
or, PBMC function is altered by RBV treatment, impacting innate or adaptive antiviral

responses in the liver. Further research aimed at understanding the precise mechanisms
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by which RBV can affect cellular processes is warranted and may improve our
understanding of RBV’s antiviral activity against HCV.

In conclusion, our results uncovered a novel form of host-based antiviral drug
resistance that correlates with HCV treatment response. The data suggest that RBV
toxicity drives the development of host-based resistance through reduced cellular uptake.
Notably, our results also suggest that patients undergoing combination IFN/RBV therapy
develop resistance in vivo, with significantly reduced cellular RBV uptake over time.
RBYV uptake in PBMCs could be used as a diagnostic tool to predict treatment response.
The knowledge that host-based RBV resistance may impact treatment outcome suggests
that the development of drugs specifically targeted to counter the development of

resistance may improve HCV treatment response.
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EPILOGUE

Despite the abundance of information which supports the significance of RBV
within IFN-based treatment, we still do not understand why or how RBV synergistically
improves IFN therapy within HCV patients. This is likely due to the manner by which
RBYV exerts its antiviral mechanism of action against HCV. It’s possible that RBV does
not act through a singular mechanism, or the combination of several discordant
mechanisms. Evidence suggests HCV replication is enhanced in proliferating cells [152].
Furthermore, HCV proteins can induce cellular proliferation, exhibit transformation
potential in tissue culture, and in some cases are proposed to be oncogenic. Perhaps the
accumulation of cytostatic or cytotoxic interactions induced by RBV within the cell could
cumulatively result in the production of an antiproliferative state, which can be in effect
antiviral. If so, the ability of RBV to work synergistically with IFN could be seen as an
indirect effect of RBV’s cytostatic and cytotoxic abilities.

One could imagine such a scenario and map out where and how RBV would
improve antiviral efficacy over IFN alone, accounting for many effects that have been
attributed to RBV by considering toxicity-mediated events alone. In an effort to increase
my own understanding of the results published from other groups, in addition to the
apparent discordant results of guanosine supplementation within my own experiments
(viral replication in the presence of RBV and Guo as opposed to cellular viability in the
presence of both) I devised a model which incorporates the findings of several groups
across the fields of cell biology, cancer and viral research. I propose that the synergistic

activity of RBV primarily originates from its ability to act as a cytostatic and cytotoxic
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agent, and that RBV augments the IFN response in part by restoring inhibition of
pathways which were previously manipulated by HCV. It should be noted that all of the
mechanisms discussed (Fig. 16) require RBV import.

To begin, it is well established that RBV can inhibit IMPDH, thereby depleting
host GTP pools as mentioned previously [41]; however, full consideration of this concept
has additional repercussions. GTP depletion can impact viral replication, due to a lack of
available GTP nucleotides and increased incorporation of RTP by the viral RdRp, and
host cellular processes. Depletion of host GTP pools leads to increased IMP and adenine
nucleotide pools, which negatively feedback to inhibit phosphoribosyl pyrophosphate
(PRPP) synthetase thereby reducing formation of PRPP, a common precursor in the
synthesis of both purines and pyrimdines [153, 154]. This can eventually result in ATR
and p53 activation, both capable of resulting in cell cycle arrest or apoptosis (Fig. 16)
[155, 156].

RBV additionally acts to inhibit proliferation by binding eIF4E [147, 148].
Inhibition of eIF4E inhibits cap-dependent translation, most notably for those transcripts
which are eIF4E sensitive [157]. It also prevents the selective elF4E-mediated export of
specific mRNA transcripts from the nucleus, many of which are known for their
oncogenic potential. One of those transcripts includes Nijmegen breakage syndrome 1
(NBS1). eIF4E can upregulate NBS1, an upstream activator of the Akt pathway. The Akt
pathway is known to stimulate cellular proliferation, cellular survival and inhibit
apoptosis [158]. HCV directly and indirectly activates this pathway by stimulating the
expression of transforming growth factor-p (TGF-B), demonstrating its significance [17,

159]. Activation of the Akt pathway additionally results in mTor signaling and
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Figure 16. Ribavirin, multiple pathways to an antiviral state.

Model illustrating the effects of IMPDH and elF4E inhibition on cellular proliferation. Some of
the HCV-mediated effects previously described in the literature have also been mapped to
illustrate over-lapping pathways between RBV and HCV, and IMPDH/eIF4E inhibition. All
interactions shown have been previously described from separate fields of study. The results of
those studies, in combination with those of RBV, have been mapped to provide an overall
picture of RBV-induced pathways which ultimately result in the induction of cell cycle arrest or
apoptosis.

phosphorylation of 4E-binding protein (4E-BP), which results in the release of another
elF4E-mediated inhibition mechanism (Fig. 16) [160]. This provides an additional means
by which HCV can promote cellular proliferation, and thus viral growth. By inhibiting
elF4E, RBV indirectly acts to oppose Akt activation, thereby reducing cellular

proliferation and viral replication
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PKR, a well described IFN-induced gene, functions to halt cellular proliferation
by phosphorylating eukaryotic translation initiation factor 2 (elF2a) and inhibiting
protein synthesis [129]. HCV is known to counter this blockade by directly interacting
with and inhibiting PKR [129]. Nevertheless, restoration of unphosphorylated elF2a
levels will not affect limiting host GTP levels, or replication blocks of essential host
proteins through elF4E RBV-mediated inhibition. Interestingly, PKR activation also
results in decreased cyclin D1 levels, which are known to stimulate proliferation and
survival [157]. Cyclin D1 happens to be one of the selectively regulated transcripts of
elF4E which may contribute to RBV’s ability to counter cellular proliferation.

Finally, the effects of IMPDH and elF4E inhibition can be linked through p53
(Fig. 16). Recent evidence suggests that p53 can induce the expression of PKR,
independent of viral infection or type [ IFN [161]. Furthermore, p53 is a known activator
of AMP-activated protein kinase (AMPK), a known inhibitor of mTor signalling [162].
The NS5A protein of HCV has been shown to directly bind and suppress p53 function,
once more illustrating the importance of cell proliferation blockades. By inducing host
GTP depletion, RBV can indirectly lead to p53 activation which results in downstream
activation of PKR and AMPK. This provides additional mechanisms by which RBV may
restore cell proliferation blockades, synergistically improving the outcome over IFN
alone.

In summary, by considering all of the repercussions of RBV-mediated toxicity,
one can begin to see a picture where RBV, through different mechanisms, consistently

results in cell cycle arrest or apoptosis. By initiating these events, multiple cell cycle
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blockades provide additional measures to inhibit HCV replication and growth. RBV also
functions to indirectly promote apoptosis, amplify the effects of IFN, and restore IFN-
induced blockades which were previously antagonized by HCV. Given the extensive
pathways and pleiotropic effects involved, it’s no wonder a consensus on RBV’s anti-

HCV mechanism of action has not be reached thus far.
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APPENDIX A
CELL LINE DATA

Cell Line Data
Cell Line Description

293 Human embryonic kidney
Replicon containing Huh 7 cells that were
previously cured of the replicon through IFN

Cured 4 treatment

HepG2 Human liver

Hel a Human cervial carcinoma

Huh-7 Human hepatoma
Derivative Huh 7 cell containing a mutation within
RIG-I which results in a loss of signalling to IRF3.
Previously cured of the replicon through IFN

Huh 7.5 treatment

MCEF7 Human breast adenocarcinoma

PH5CHS Human primary liver

Table 1. List of cell lines used.
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APPENDIX B
LINEAR RANGE OF [°*H]-RBV UPTAKE IN PBMCS

R?= 0.98
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Appendix B. Linear range of [°*H]-RBV uptake in PBMCs. PBMCs from a healthy donor
were resuspended at various concentrations (PBMC total/ml) and treated with [*H]-labeled
RBYV for 15 minutes. RBV uptake was quantified and is shown as the average total CPM for
each concentration. Linear regression analysis is represented by a dashed line, R = 0.98.
Error bars represent SD.
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APPENDIX C
PATIENT DATA

RBV % RBV

Patient HCV Weight RBV  Dose Uptake
ID Genotype Response Gender Race Age HIV  (kg) (mg) (mg/kg) (D28/D0)
70 la RR Male White 35 + 81.8 1200 14.67 121.98
65 la RR Male White 49 + 76.1 1200 15.77 116.67
41 la RR Male White 38 + 70.1 800* 11.41 102.86
64 la RR Male White 39 i 80.8 1200 14.85 97.91
69 la Non-RR Male White 38 + 93.9 1200 12.78 95.53
12 la RR Male White 49 i 79.7 1000 12.55 77.66
63 la RR Male Black 47 + 67.2 1000 14.88 74.52
68 1b Non-RR Male White 32 i 69 1000 14.49 71.10
51 1b Non-RR Male Black 43 + 118.7 1200 10.11 66.36
7 la Non-RR Female White 36 i 85.1 1200 14.10 66.12
66 1b Non-RR  Female Black 56 + 94 1200 12.77 65.02
45 la Non-RR  Female Black 59 + 74.6 1000 13.40 63.73
53 la Non-RR Male White 37 - 70.5 1000 14.18 63.72
61 la RR Male White 44 + 69.2 1000 14.45 54.82
58 la Non-RR  Female Black 45 + 87.6 1200 13.70 50.62
49 1b Non-RR  Female Black 54 + 79.2 1200 15.15 37.23

Table 2. Patient data. RR = rapid response. Non-RR = non-rapid response. The % RBV
Uptake (D28/D0) is the amount of RBV uptake in PBMCs isolated at day 28 post-therapy
relative to the amount of RBV uptake prior to therapy on day 0 (see Fig. 15f). The patient
marked with an asterisk was given a lower RBV dose due to inclusion in a separate study
comparing the efficacy of 800 mg RBV to 1000 -1200 mg.
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