Florida State University Libraries

Electronic Theses, Treatises and Dissertations The Graduate School

2013

|dentification of Host Factors Required for
Hepatitis C Virus Infection Using Stem
Cell-Derived Hepatocytes

Xianfang Wu

Follow this and additional works at tR&U Digital Library For more information, please contébtir@fsu.edu


http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu

FLORIDA STATE UNIVERSITY

COLLEGE OF ARTS AND SCIENCES

IDENTIFICATION OF HOST FACTORS REQUIRED FOR HEPATITIS C VIU

INFECTION USING STEM CELL-DERIVED HEPATOCYTES

By

XIANFANG WU

A Dissertation submitted to the
Department of Biological Science
in partial fulfilment of the
requirements for the degree of
Doctor of Philosophy

Degree Awarded:
Fall Semester, 2013



Xianfang Wu defended this dissertation on November 4, 2013.

The members of the supervisory committee were:

Hengli Tang

Professor Directing Dissertation

Teng Ma

University Representative

David M. Gilbert

Committee Member

Thomas C. S. Keller

Committee Member

Fanxiu Zhu

Committee Member

The Graduate School has verified and approved the above-named committee mantbers,
certifies that the dissertation has been approved in accordance with university reqairement



ACKNOWLEDGEMENTS

The dissertation could not have been written without the support and friendship found a
Florida State University and elsewhere. | could not have come this favuwithe guidance of
my committee members, help from friends, and support from my family avdfeay

| would like to express my deepest gratitude to my advisor, Dr. Hengli Tang, for his
excellent guidance, patience, caring, and providing me with an excellentphgn®d$or doing
research. As a mentor, his infectious enthusiasm and unlimited zedvémvehe major driving
forces through my graduate studies. | would also like to thank Dr. Teng Ma, Dr. Blavid
Gilbert, Dr. Thomas C. S. Keller, and Dr. Fanxiu Zhu for guiding my research duringgshe pa
several years. They all provided precious criticism and suggestions for mycheasavell as
support for my studies. Special thanks should also be given to Dr. Betty J.\yGhffnieer

excellent advice.

| would like to thank all former and current members in Tang laboratory. In particul
Dr. Jason M. Robotham and Emily Lee, it is to them that | also owe npeskegratitude, for
their wonderful collaboration and teamwork. | also would like to express my thabBks Anita
Nag, Dr. Rachael Kenworthy, Dr. Zhe Liu and Stephen Frausto for helping fareilrmgavith
all the techniques; Dr. Feng Yang, Dr. Henry Grise, Dr. Jianshe Lang, Hongying Dengy Christ
Hammack, Sarah Ogden, and Marc Thernelus for their collaboration on some @ogtheir
support as scientists and friends.

Besides, | would like to thank Korey Wilson and Dana Battaglia in Gilabdratory for
their help with stem cells culture and differentiation and suggestiamy farojects; Dr. Qiming
Liang and Dr. Bishi Fu in Zhu laboratory for their encouragement and support; and Ms Judy
Bowers for her advice and help.

| would like to thank Dr. Brian Washburn, Cheryl Pye, and Kristina Poduch in the
Molecular Cloning Facility for their help with cloning, primer designing and gRT-PCR



experiments; Dr. Stephen Miller for assistance with microarray analigsith Didier for

assistance with immunofluorescence analysis and flow cytometry.

| am also grateful to Dr. Charlie Rice, Dr. Guangxiang Luo, Dr. Takaji WdRiteBrett
Lindenbach, Dr. Stephen Dalton, Dr. Mansun Law, Dr. Kai Lin, Dr. Brian Chadwick, BmyiTi
Wang, Dr. Teryl K. Frey, Dr. Brian Chait, and Dr. Robin Reed for their generosity in supplying

important reagents.

Finally, I would like to thanks my family, my wife and her family. | coulelver have
succeeded in graduate school without their support.



TABLE OF CONTENTS

IS A N = 1] =P Vil

LIST OF FIQUIES ...ttt e e e e e e e e e e e e et e et et eeat b b e e e e e e e eeeeaaeeeeeennnnees viii

Y 011 = Vo A RRTR PP Xili

1. INTRODUCTION: HEPATITIS C VIRUS AND ITS IN VITRO CELL CULTURE

0 I 0 PP 1
[ [GAV A T =] o o]0 o[PS PTR PR 1
In vitro Model Systems for HCV RESEAICNES .........uuuuiiiiiiiiie e 5

2. PRODUCTIVE HEPATITIS C VIRUS INFECTION OF STEM CELL-DERIVED

| N 1 O I PP 14
1o o 18 ox 1o o TR 14
1YY Voo TR UPPPUPPPR 15
R B SUIS et e e e e e e e e e e ettt a e a e e e e aaaeeeaeenranes 20
[ o U7 o] PP 34

3. CELLULAR CHANGES ASSOCIATED WITH THE TRANSITION FROM

NONPERMISSIVE TO PERMISSIVE CELLS FOR HEPATITIS C VIRUS INFECTION........ 39
oo 18 ox 1o o U 39
1YY 1 Voo OSSP PUPPPUPTTR 40
R B SUIS et e e e e e e e e e e e et et bbb e e e e e e aaeeeeeeearares 43
[ o U7 o] o 1T 60

4, HEPATITIS C VIRUS LIFE CYCLE ...ttt e et e e e e ennas 62
HECV PAITICIES ... e e e e e e et e e e et e b tb b e e e e e e e e e e eaeeeeeeeennne 62
[ (O I (= Yo [T 62

5. CELL DEATH-INDUCING DFFA-LIKE EFFECTOR B (CIDEB) IS REQUIRED FOR

HEPATITIS C VIRUS ENTRY INTO HEPATOCYTES ...t 72
1o To 18 ox 1o o T 72
1LY Voo TSP PUPPPUPPTR 74
R B SUIS oo e e e e e et e et et et bbb e e e e e e e e aaaeeeeeearares 77
D o U 7] o o 1S UUPPPPPPRPPRTPPP 100



6. POSSIBLE ROLE OF LIPID DROPLETS IN VIRAL ENTRY ....cooiiiiiiiiiii e 105

oo [¥ox 1o o PRSP PPUPPTPPRT 105
1Y/ Voo TSR 107
R B SUIIS e e e e e et et e ettt a e e e e e aaeeeeeeearrres 108
D o U 7] o o 1S UUPPPPPPUPPPRTPPP 113
@ 11N [ O I [ PN 115
REFERENGCES ...ttt et e e et e et e e e e et e e e et e e e et e e e et e e e eta e e e eaneeeennns 117
BIOGRAPHICAL SKETCH ..ottt e e e e e e et e e e et e e e ea e e e aaneeeeanns 140

Vi



LIST OF TABLES

Table 2.1. Antibodies for detections of stem cell and hepatocyte markers, HCV antigens........... 16
Table 2.2. gqRT-PCR primers for stem cell and hepatocyte markers ...........ccccoeeeiiiiiiiiiiiiiiiccinnenn. 20
Table 3.1. gRT-PCR primers for HCV COfaCtOrS ..........uciiiiiiiiiiiii e 42
Table 5.1. shRNA targeting sequences for CIDEA and CIDEB .............cccooiiiiiiiiiiiiccvceiiee e 75

Table 6.1. List of Viruses used for studying the functions of lipid droplet during virus
1 (=T o 1o ] o PSSR 107

Vil



LIST OF FIGURES

Figure 1.1. Genetic organization and polyprotein processing of HCV...........ooooiiiiiiiiiiiiinieee e, 2
Figure 1.2. Organization and structure of subgenomic HCV RNA Replicons.............ccoeevvvvviinnnnes 6
Figure 1.3. Generation of HCV pseudoparticleS (HCVPP)...couwuuuuurmmiiiiieeeeee et 7
Figure 1.4. Organization and structure of full-length HCV genomes............cccccceiiiiiiiiiiiiiiiiniiinn, 8
Figure 1.5. Schematic of IPS-1 and derivative reporter CONSLIUCES ............ccuuvvriiiiiiiiiiiiiiieeeeeeeeeeenn 9
Figure 2.1. Hepatic differentiation from human embryonic stems cells (hnESCS) ........cccccoeeeeeeen. 21
Figure 2.2. Expression of other hepatic markers during differentiation..............ccccevvviiiiiiiicennnn. 22
Figure 2.3. DHHs display hepatiC fUNCHONS ..........ooiiiiiiiiiie e eeeeeeees 22
Figure 2.4. Detection of HCV proteins in DHHSs infected with JFH-1 based HCVcc .................. 23
Figure 2.5. Infection of Huh-7.5 and DHHs as measured by the HCV-dependent fluorescence
FEIOCALIZALION BSSAY .. e eeeeiiieiiie ettt e oo e e et e ettt e ettt s e e e e e e e e e e e e e eeeeesttbsbaaa e e e e e e eeeeeeeeeeeeeernnnnns 24
Figure 2.6. HCV inhibitors abolished infection in DHHS ............ouuiiiiii e 25
Figure 2.7. Comparison of HCVcc infection levels in DHHs and PHHS ..., 25
Figure 2.8. Infection of DHHs derived from an iPSC liN€ ...........ooviiiiii 26
Figure 2.9. Continuous replication of HCVCC iN DHHS ..o 27
Figure 2.10. HCVcc-infected DHHs produce infectious viral particles ............ccccvviiiiiiiinnneeee. 28
Figure 2.11. Infection of DHHs by patient serum-derived HCV (HCVSEr) ........uuvviiiiiiiiiieeeennenee. 29
Figure 2.12. HCVser preferentially infected DHHs over Huh-7.5 cellS..........ccoooiiiiiiiiiiiiiiiiinnnnns 30
Figure 2.13. HCVser-infected DHHs support infectious virus particles production..................... 31

Figure 2.14. Suppression of CyPA expression by shRNA in WAQ9 cells and day 21 DHHs ...... 32

Figure 2.15. DHH-CyPA® were resistant to wildtype HCV infection.............ccccoevveveveveeeneenen. 33

viii



Figure 2.16. DHHs with PI4KIII® were resistant to HCV infection ............c.cccceeeveveveveveevenenn. 33
Figure 2.17. miR-122 promoter drives EGFP expression only in cell lines of liver origin........... 36

Figure 2.18. Increased infection efficiency of DHHs cultured in three-dimensional scaffolds ....37

Figure 3.1. List of growth factors in media used in the various stages of differentiation ............. 43
Figure 3.2. Time course of DHH infection by detection of NS3 ... 44
Figure 3.3. Time course of DHH infection by luciferase actiVity ..........ccccoeeiiiiiiiiiiiiiiiiiiieeeeeenn 44
Figure 3.4. Hepatic maturation was not required for HCV infection of day10 cells..................... 45
Figure 3.5. A diagram indicating the transition of DHHs to HCV permissiveness....................... 45
Figure 3.6. Expression of HCV receptor on both non-permissive and permissive cells ............... 46
Figure 3.7. RT-PCR analysis of receptor expression during the hepatic differentiation................ 47
Figure 3.8. Entry of HCVpp into non-permissive and permissive CellS ..........cccceeevvieiiiiiiiiiiiiiennnnns 47

Figure 3.9. RT-PCR analysis of HCV cofactors expression during the hepatic differentiation
PIrOCESS .. tiiieit e ettt ettt ettt e et e e et e e et e et e a e et e e et e h e et et e e e e et e E e et e et et ea e e ee e e eaa e eenan s 48

Figure 3.10. Quantitative RT-PCR analysis of the expression for cofactors (PSTPIP2, FBL2, and

GBF1) during the hepatic differentiation PrOCESS........uuuuuuuiiiiiiee et eeeeeeeeees 49
Figure 3.11. Expression for cofactors (PI4KIIDDX3, and CyPA) during the hepatic

(ol (=T =T a1 =V i o] g I o] oo =TT PP 49
Figure 3.12. Induction of MICrORNA MIR-122 @XPreSSION .........uiiiiieeieeeiiieieeiiiiiiiiiase e e 50
Figure 3.13. Analysis of upregulated genes in permissive CellS.............uuiiiiiiiiiiiiiiieeceiiis 51
Figure 3.14. Analysis of downregulated genes in permissive CellS ..........cccceeeviiiiiniiiiiiiiiiiiiiiiiiinns 52
Figure 3.15. Expression levels of HCV receptors and LDL-reCceptor........cceeveeeiiiiiieieeiiiiiiiinn. 52
Figure 3.16. Quantitative RT-PCR analysis of EGFR and EPhAZ...........ooiiiiiiiiiis 53
Figure 3.17. Quantitative RT-PCR analysis of IFITM1 and IFI30............ccoooriiiiiiiiii e 54
Figure 3.18. Venn analysis of anti-HCV faClOrS...........uuuuuiiiiiiiiieee e 54



Figure 3.19. Expression levels of candidate anti-HCV gENES ...........covviiiiiiiiiiiiiiiiiiiciii 55
Figure 3.20. Expression levels of candidate HCV restriction factors...........ccccccoevviiiiiiiiiiciiinnnnee, 56
Figure 3.21. Expression levels of candidate pro-HCV kinases and COPI coat complex.............. 57

Figure 3.22. Expression levels of candidate pro-HCV factors from TNF/LT signaling pathway
and trafficking PAtNWAY .........oooiiiiii et e e e e e e e e e e e e eeeeneeees 58

Figure 2.23. Expression levels of other candidate pro-HCV factors-1...........coouvvviiiiiiniinineninneenne. 59
Figure 3.24. Expression levels of other candidate pro-HCV factors-2.............vveiiiiiiiieeeeiiineeee, 59
Figure 4.1. Life cycle of HEPALIIS € VIIUS........uuuuueiiiieiee ettt e e 63

Figure 5.1. Schematic representations of CIDEN proteins, along with DNA fragmentation factor
I3 1 SO UPPPPPPPRPPPUPRRRN 73

Figure 5.2. Induction of CIDEB during hepatic differentiation...................oveiiiiininiieeiiinns 77
Figure 5.3. Hepatic functions of DHH/Ctrl and DHH/CIDERcelIS............cocevevveeeererereeene. 78
Figure 5.4. Knockdown of CIDEB in DHHs suppressed infection by HCV.............ccooevvviiiiiinnn. 78
Figure 5.5. CIDEB knockdown inhibits HCVcc infection of Huh-7.5cells ............ccccoiiiiiiiiinnnns 79
Figure 5.6. Inhibition of HCVcc infection by siRNA and shRNA against CIDEB....................... 80
Figure 5.7. Time course of HCV infection in control, CID®Band CLDNX® cells................ 81

Figure 5.8. Core expression from RNA delivered by infection or transfection in control and
CIDEB P CEIIS ... vttt sttt bbbt 82

Figure 5.9. Intracellular replication kinetics of transfected HCV RNA in control and CIDEB
(03 ]| PP UUPPPPPTTUPPPTPPPN 82

Figure 5.10. CIDEB is not required for replication of HCV replicons.............ccccooviiiiiiiiiiiininnnnn. 83
Figure 5.11. Knockdown of CIDEB does not affect attachment of HCV particles....................... 84

Figure 5.12. Expression of two HCV receptors and one attachment factor in Ctrl and“€IDEB
(03 ]| PP UPPPPPTTUPPPTPPRN 84

Figure 5.13. HCVpp and VSV-Gpp infection of CIDEBCeIS..............cooovveeeeeeieieeeeeeeeens 85

Figure 5.14. Virus production in control and CIDERellS ............ccceeeeereeeeceeeeeeen e, 86



Figure 5.15. The fusion spots of DiD labeled HCVcc increased over time............cccoevvvvvvvvnnnnnnnnn. 87

Figure 5.16. Colocalization of the DiD fusion signals with Rab5 and Rab7..................cccooii 87
Figure 5.17. DiD HCYV fusion signal is sensitive to pH perturbation and HCV attachment and

ENTIY INNIDITOTS .t s s e e e e e e e e e e et eeee sttt e e e e e e e aeeeeaaeeeaeennnrns 88
Figure 5.18. HCV fusion was inhibited in CIDEBbut not in CyPAP cells.........ccccveeevnee. 89

Figure 5.19. CIDEB is required for efficient infection of Huh-7.5 cells by DENV ...................... 90
Figure 5.20. DENYV (strain Thailand/16681) fusion was inhibited by CIDEB knockdown.......... 91
Figure 5.21. Efficient infection of the CIDEB cells by a GFP-tagged VSV .........cccoevvveevnne. 92
Figure 5.22. CIDEB coats the surface of the lipid dropletS ... 93
Figure 5.23. Association of CIDEB with glyCOPIoteINS .........uuueiiiiiiiiiie e 94
Figure 5.24. Subcellular localization of early endosome markers and CIDEB in uninfected Huh-
ST o= | TP TPPPPPPPPPP 95
Figure 5.25. Subcellular localization of early endosome markers and CIDEB in HCV/DENV
INFECIEA HUN-7.5 CEIIS ... e e e e 96
Figure 5.26. Subcellular localization of early endosome markers and CIDEB in VSV-infected
HUR=T7.5 CRIIS ettt e et e e et e e e e e e e e e e e e e e e e aaaaas 96
Figure 5.27. CIDEB protein level was reduced in HCV-infected Huh-7.5 cells...........c.cccc......... 97
Figure 5.28. Replication- and assembly-defective genomes failed to down-regulate CIDEB ...... 98
Figure 5.29. DENV infection could not down-regulate CIDEB................ccccciiiiiiiiiiiiiiiieeeeeeeeeeen 99
Figure 5.30. Knockout of CIDEB in HUN-7.5 CelIS ........oiiiiiiii e 99
Figure 5.31. Knockout of CIDEB inhibits infection of Huh-7.5 cells by HCV and DENV, but not
RV YU PUPPPPPTRR 100
Figure 5.32. Time course of HCV infection in control, and CINEBnd CIDEE® cells.......103

Figure 6.1. PF429242 reduced the lipid droplet formation..............ooooviiiiiiiiiiiiii e 108
Figure 6.2. Triacsin-C reduced the lipid droplet formation .............ooovuiiiiiiiiine s 109
Figure 6.3. Effects of PF429242 and Triacsin-C on proliferation of Huh-7.5 cells .................... 109

Xi



Figure 6.4. Inhibition of HCV infection by PF429242 and Triacsin-C...........ccccvviviiiiiiiiiinneneenn. 110

Figure 6.5. No inhibition of HCV RNA replication by PF429242 and Triacsin-C..................... 111
Figure 6.6. No inhibition of HCV RNA replication by PF429242 and Triacsin-C

((SLeTo1doT o o] 7=V o] o) RSP PPUPUPRRTRRPN 111
Figure 6.6. Inhibition of DENV infection by PF429242 and TriacsSin-C .............ccevviviiivninnnnnnn. 112

Figure 6.7. No inhibition of VSV infection by PF429242 and Triacsin-C in Huh-7.5 cells........ 113

Xil



ABSTRACT

Hepatitis C virus (HCV) has emerged as a major cause of human livesejisath ~3%
of the world population persistently infected with and more than one million cases of
infection reported annually. In most cases, HCV escapes the immune systesstablishes a
chronic infection. In the long term, these chronic carriers are at high risk dbpiexg life-

threatening liver disease, including cirrhosis and hepatocellular carcinoma.

Primary human hepatocytes isolated from patient biopsies represent the most
physiologically relevant cell culture model for hepatitis C virus (HCV) imd@ctbut these
primary cells are not readily accessible, display individual variability,amedargely refractory
to genetic manipulation. Hepatocyte-like cells differentiated from plumpatieem cells provide
an attractive alternative as they not only overcome these shortcomingsilals@gprovide an
unlimited source of noncancerous cells for both research and cell therapyeDsspromise,
the permissiveness to HCV infection of differentiated human hepatocytedilee(DHHS) has
not been explored. Wtherefore developed a novel infection model based on DHHs derived
from human embryonic (hESCs) and induced pluripotent stem cells (iPSCs). DHHstee e
chemically defined media under feeder-free conditions were subjecte@d¢tianfby both HCV
derived in cell culture (HCVcc) and patient-derived virus (HCVser). Pluripotent c@ééisnand
definitive endoderm were not permissive for HCV infection whereas hepaticnpiargeells
were persistently infected and secreted infectious particles intareulhedium. RNA
interference directed toward essential cellular cofactors, such as &yPRI4K, in stem cells
resulted in HCV-resistant hepatocyte-like cells after differentiation.

Interestingly, we also identified a defined transition during the hepatiereiiffiation
process when the cells become permissive for HCV infection. Pernmess/¢o infection was
correlated with induction of the liver-specific microRNA-122 and modulation lbflae factors

that affect HCV replication. Further studies using microarray analysisnef @gression profile
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between non-permissive and permissive cells revealed activation of othévepymaviral

factors and downregulation of antiviral factors.

We then focused on CIDEB, a liver specific gene, whose expression was uprcegulate
during the transition stage. Knocking-down CIDEB by shRNA in hESCs had little effeibe
differentiation of the modified cells toward functional hepatocytes, butianblbit the infection
of DHHs by HCVcc. Similar inhibition of HCV infection was also observdeew CIDEB was
knocked down in Huh-7.5 cells, by the same shRNA and a commercial siRNA. Suliseque
detailed studies showed that CIDEB is not required for the steps includingpeaititle
attachment, HCVpp entry, RNA translation and replication, virion assembly areticecbut
involved in the fusion step when viral envelope proteins fuse with endosomdraresmand
release the viral RNA into cytosol. CIDEB was also found to be required tastiorh of Huh-

7.5 cells by dengue virus (DENV), through a similar mechanism by facilitatieignbrane
fusion. Surprisingly, upon HCV and DENV particles entry, early endosome markers (Rab5 and
EEAL) could be induced to re-distribute to the surface of lipid droplets, caaitad with
CIDEB, further supporting the importance of CIDEB during membrane fusion process. HCV,
but not DENV infection could downregulate CIDEB expression in infected chlsugh a
posttranscriptional manner. Finally, knockout of CIDEB also effectively proteaibd7tb cells

from being infected by both HCV and DENV.

Taken together, the ability to infect cultured cells directly with HCsied HCV patient
serum, to study defined stages of viral permissiveness, and to produce dgmatd#lied cells
with desired phenotypes all have broad significance for host pathogen interatmreell
therapy. Meanwhile, our study also identified a liver-specific HCV erdfgctor that facilitates
membrane fusion with a new mechanism and contributes to HCVOs hepatic. t2IpiEB and

its interaction with HCV may serve as targets for future anti-HCV therapy.
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CHAPTER ONE

INTRODUCTION: HEPATITIS C VIRUS AND ITS IN VITRO

CELL CULTURE MODELS

Hepatitis C virus (HCV) has emerged as a major cause of human livesejisath ~3%
of the world population persistently infected and more than one million neag chsnfection
reported annually(184, 238). In most cases, HCV escapes the immune systenaldisthesta
chronic infection. In the long term, these chronic carriers are at high risk dbpiexg life-
threatening liver disease, including cirrhosis and hepatocellular carcinoma(118).

HCV Genome

Genome Organization

HCV is an enveloped virus that belongs to the Hepacivirus genus in the Ftaaviri
family(37). It has a single-stranded, positive-sense RNA genome with a length of about 9.6 kb.
Its genome contains two highly structured nontranslated regions (NTRs) that 8arkealong
open reading frame (ORF)Fig 1.1). Upon translation, the polyprotein is proteolytically
processed by cellular peptidases and viral proteases into at leaset®ndiiral proteins (C, E1,

E2, p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B)(91). Studies with subgenomic HCV RNAs
demonstrated that the NS3 to NS5B proteins, in association with intacettembranes and
cellular proteins, are essential and sufficient for HCV RNA replication in cells(23, 130).

The 50 NTR has 341 nucleotides, which is the most conserved region among different
HCV isolates and contains an internal ribosomal entry site (IRES) thetsemtial for cap-
independent translation of the viral RNA(164, 217). The 50 NTR is composed of four highly

structured domains numbered | to IV, and Domain | and Il are both essential for Bli¢aAtren



(28, 61). Recently, an abundant liver-specific microRNA (miRNA), miR-122, was found to bind
to the HCV 50ONTR and enhance viral RNA replication (105).
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Figure 1.1. Genetic organization and polyprotein processing of HCV (152). The 9.6-kb positive-
strand RNA genome is schematically depicted at the top, with RNA segostdacture in the

50- and 30- NTR, as well as NS5B stem-loop 3 cis-acting replication ¢&Ba8h8). Amino-

acid numbers are shown above each protein. Solid diamonds denote cleavayfettsetd4CV
polyprotein precursor by the signal peptide peptidase. The open diamond indicatesGQurther
terminal processing of the core protein by signal peptide peptidase. Arrowderdez/ages by

the HCV NS2b3 and NS3b4A proteases. Bottom shows the topology of HCV protéins wit
respect to akER membrane.

The 30 NTR is composed of a short variable region, a polypyrimidine (U/UC) tthct, wi
an average length of 80 nucleotides, and an almost invariant 98 nucleotides bigtaywed 30
terminal Xtail (111, 209). The conserved elements in the 3ONTR, including the poly (U) tract,
are essential for replication in cell culture andivo (112). A recent studyshowed that the poly
(U) motif and its replication intermediates also function as stimkdadf innate immunity,

recognized by retinoic acid-inducible gene 1(RIG-I) (187).



The structural proteins and the p7 polypeptide are processed by the endoplasmic
reticulum (ER) signal peptidase whereas the non-structural proteins are pidogda® viral
proteases, the NS2b3 protease and the NS3D4A serine protease (152).

Structure and Function of the Viral Proteins

Core. The first structural protein encoded by the HCV ORF is the core protein which
forms the viral nucleocapsid. It has three domains: (1) N terminal hydrophilicrddmaa binds
to RNA and occupies three possible nuclear localization signals; (2) Gi&rihnidrophobic
domain that is involved in association with endoplasmic reticulum (ER) maegyré3) signal
peptide for E1 protein, which locates between the core and E1 sequencegetsdia nascent
polypeptide to the ER membrane for translocation of E1 ectodomain into the ER (A@).
Cleavage of the signal by signal peptidases yields an immature 191-amliffasgaore protein.
Further C-terminal processing by signal peptide peptidasdsyiiee mature 21 kDa core protein
with 173-179 aa (140).

Envelope glycoproteins The envelope proteins E1 and E2 are glycosylated and form a
non-covalent complex (46). They are essential components of the HCV virion anfbvitae
entry and fusion step in the viral life cycle. E1 is 33-35 kDa and E2 is aituhkida. HCV
glycoprotein maturation and folding is a complex process that involves the ERrartepe
machinery and depends on disulphide bond formation and glycosylation (152). Both E1 and E2
are highly glycosylated, with 5-11 glycosylation sites in each protein(71). Thengariwane
domains of both proteins, located at their C-termini, are involved in the heteradition (163)
and have ER retention properties (39). E2 plays a critical role in virus emrybgténitiating
viral attachment through interaction with cell surface receptors clusteiffefentiation 81
(CD81) (172) and scavenger receptor class B type | (SR-BI) (189). Recently, a highly positively
charged hypervariable region 1 (HVR1) was identified inds2ne of the major antibody
neutralization epitopes (55). E1 is thought to be involved in virus-membrane fusion (57).

p7. p7 is a 63aa polypeptide and has two transmembrane segments connected by a short
cytoplasmic loop. The N terminus and C terminus are orientated towards tlenER (32).A
recent study demonstrated that p7 could self-assembly into a large chammaexc that
selectively conducts cations (168), suggesting that it belongs to the viroporiy falthough



not required for RNA replicationin vitro(130), p7 is critical for capsid assembly and
envelopment (202).

NS2.NS2 is a 250aa transmembrane protein that is indispensable for RNAtreplica
vitro. Together with NS3, NS2 is a zinc-dependent protease that cIBESZ2EIS3 junction
during polyprotein processing. And the catalytic activity of the NS2-3 proteadegas the C-
terminal half of NS2 and the N-terminal one third of NS3 (131). Recently, sthdiwe shown
that NS2 also plays a central organizing role in HCV particle assemitigiriging together viral
structural and nonstructural proteins (135, 170).

NS34A complex NS3 is a multifunctional protein, with a serine protease located in the
N-terminal one-third and an RNA helicase/NTPase located in the C-tertwiodhirds of the
protein (53, 109). The NS4A polypeptide functions as a cofactor for the NS3 sereespr(i3).

This protease complex cleaves junctions at NS3/4A, NS4A/4B, NS4B/5A and /BER5A
Interestingly, recent studies have shown that the NS3-4A serine proteasesciand thereby
inactivates two crucial adaptor proteins in innate immune sensing, naniRkgdomain-
containing adapter-inducing interferbn¢TRIF) (123) and IFN- promoter stimulator (IPS)-1
(144). These findings have major implications for the pathogenesis and persistedCad/
infection.

NS4B.NS4B is a 27-kDa endoplasmic reticuluER) membrane-associated protein with
four predicted transmembrane segments in its central part (133). The widely knotionfufc
NS4B is to induce the formation of the membranous web, which is the spew@fnbrane
alternation that functions as a scaffold for the HCV replication con(@g). In addition, NS4B
has been reported to possess some enzymatic activities that hydrolyzen@TRTP and
catalyze the synthesis of ATP and AMP from two ADP molecules (213).sigmeicance of
these enzymatic activities in the HCV life cycle is unclear.

NS5A.NS5A is a phosphoprotein that can be found in two distinct phosphorylated forms:
a basal phosphorylated and hyperphosphorylated state, designated according to their apparent
molecular weight p56 and p58, respectively (210). The Phosphorylation status isy directl
indirectly modulated by NS3, NS4A, NS4B and NS5B (161). However, cellular kinases and
mechanistic details regulating NS5A phosphorylation are poorly understood. According to one
model, the two distinct phosphorylated forms of NS5A serve as a switcledretRNA
replication and virion assembly (51). In that model, hyperphosphorylation of NS5A reduces
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interaction with the human vesicle-associated membrane protein-ass@ec@tEn A (hWAP-A),
which is a vesicle sorting protein and has been implicated in directirfigrthation of functional
replication complex (67). Recently, NS5A phosphorylation was found to regulate the mmoduct
of infectious virus, by affecting the interaction between NS5A and core (211NSS4 is
believed to lack intrinsic enzymatic activity, the main function of N®ddy be to coordinate
interactions among viral and host proteins. To date, most studies of NS5Allbaveated
functions of this protein in resisting the immune response by interactingawdhtherefore
inhibiting the protein kinase RPKR) (65, 66). NS5A has also been shown to interact with
components of numerous cellular signaling pathways. More recently, NS5A was shown
interact with U/G-rich RNA and to bind to the 30 ends of both the positive- gaivaestrand
RNAs, implying that NS5A may also play a role in the switch between RBlAslation and
replication during viral life cycle (94).

NS5B. HCV replication proceeds by the synthesis of a complementary negative-strand
RNA using genome as a template and the subsequent synthesis of gendmesgtognd RNA.
The key enzyme responsible for both of these steps is the NS5B RNA depend&nt RN
polymerase (RdRp). NS5B is a low fidelity RdRp, leading to the quasispeciestehatia of
HCV, which is also the major reason for the rapid accumulation of immupenss-escaping
mutations or drug-resistance mutations. As a typical RdRp, NS5B protein cohtaiciadsical
fingers, palm and thumb subdomains, with extensive interactions betweengis fand thumb
subdomains (122). Membrane association of NS5B is medicated by the C-t@haaaksidues,
which are dispensable for polymerase activity but indispensable for RNAatmh in cells
(150, 191).

In vitro Model Systems for HCV Researches

The development of HCV-permissive cell culture models was a steppnosess. The
establishment of subgenomic replicons that autonomously replicate in culturad hepatoma
cells was a first major breakthrough (203). Another important achievementevgsrieration of
infectious retroviral pseudotypes displaying functional HCV glycoproteins for the studgV
entry. Finally, the identification of a novel HCV isolate, termed JFH1, gppdélve way for the



production of infectious virions to investigate all steps of the viral d¢ijele. Recently,
remarkable advances were also made with regard to studying HCV infectiom mahary cell

cultures.
HCV Subgenomic Replicon System

The prototype Replicon is a bicistronic RNA of genotype 1b (Conl isolate) encoding a
neomycin resistance gene under the control of the HCV IRES, followed by a sec@&oRE
encephalomyocarditis virus (EMCV) that controls expression of the genes for NEB-NS
(subgenomic RNA) (130). Upon transfection of synthetic RNAs derived from such a cbnstruc
into the human hepatoma cell line Huh-7 and G418 selection, cell linesrsogthigh amounts
of self-replicating HCV RNAs could be obtained. Continuously passaged under veelecti
pressure, these Replicon cell lines can maintain the subgenomic viral RNA for years.

Since their initial development, the Replicons have been further modifiedctimbe
more suitable for the exploration of the mechanism of HCV RNA replicatrah tagh-
throughput screening for antiviral drugs against viral replication, by being insertedepdrter
genes, such as luciferases (129), secreted alkaline phosphatase (234) and rtupretsas
(151). Currently, Replicons for several other genotypes (1b and 2a) are also availabl&5The G
Replicon was developed in our laboratory by inserting green fluorescent protein (GFfeint
C-terminal of NS5A, followed by flow cytometry sorting of GFP containing c€ilg 1.2)

1. Replicon
HCV EMCV

5 'RESW'RES | nNs3  [4a]|ns4B| Ns5A | NssB -3

2. Replicon-GFP-NS5A

IRES IRES
5 IneoRF— Ns3  [4a|ns4B| NssA [GFP[5A] NS5B -3

Figure 1.2. Organization and structure of subgenomic HCV RNA Replicons. 1. Structure of
bicistronic selectable Replicon. EMCV-IRES: the IRES of encephalomyocavititis, ne&:
neomycin resistance gene; 2. Structure of a reporter Replicon with GFP cayliegseinserted

into NS5A.



Retroviral Pseudoparticles (HCVpp) System

In the absence of an efficient cell culture system encompassingntihe lée cycle of
HCV, surrogate models were developed that are useful to study the entry prdwessost
successful one was the establishment of retroviral pseudotypes bearing wuhnetdv
glycoproteins (HCVpp) (13).

This system is based on the co-transfectioBK-293T cells with expression vectors
encoding HCV E1 and E2, the gag-pol proteins of human immunodeficiency virus (HIV) and a
retroviral genome encoding a reporter gene (Fig 1.3). Importantly, the attachment anaf recept
interaction of these pseudoparticles is controlled by the functional HCV Htein complex
incorporated into the envelope of these particles. Recently, they were usedassfully isolate
two new HCV receptors, CLDN1 (52) and OCLN (173). Studies have also demonstratée that
entry of HCVpp could be neutralized by antibodies directly targeting E1, E2 (92),idnsena
from infected patients (13), further supporting their capability of closely rkingahe entry of

authentic viral particles.

Plasmid 1 (HIV.Gag-Pol

HCV
Plasmid 2 LE1[E2 |
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Figure 1.3. Generation of HCV pseudoparticles (HCVpp). Cotransfection of 293T human
embryo kidney cells with plasmids allowing expression of (1). Unmodified HCWEZEL
glycoproteins, (2) retroviral core proteins, and (3) a packaging-competent Firefly Isei{&ra

Luc) expression construct leads to secretion into the supernatant of pseudgpaedcing HCV
envelope instead of the retroviral envelope protein on their surface. CMV, cylomaga
promoter;" , retroviral packaging sequence.



Cell Culture Infectious HCV Particles (HCVcc) System

In 2005, three groups reported that the complete wild-type JFH1 genome or chimeras
consisting of the JFH1 replicase genes NS3-NS5B and core to NS2 regiotesradtiae HCV
genomes replicated efficiently in Huh-7 cells and produced infectious priogieny both in
tissue culture and in chimpanzees (128, 221, 240). The JFH1 genome was cloned from a
Japanese patient with fulminant hepatitis (106). The particles produced bysysems were
designed cell culture-derived HCV (HCVcc). For the first time, each stdpedfiCV life cycle
can be studied with these systems including viral entry, translation, RNidatepi, and also
the late events like virion assembly, maturation, and release.

Although the underlying mechanism remains unknown, these systems are restricted
specific isolates (mainly the JFH1, 2a) and severely limit comparsthtiies of all HCV
genotypes. This restraint was subsequently overcome by combining the JFH1 wstilate
heterologous strains of all other major HCV genotypes, in which the replicasgngrand
nontranslated regions are derived from the highly efficient JFH1 strain. aBistildies
describing the generation of chimeric genomes of genotype 3a (75), 4a (190), 5a (99) and finall
all major seven genotypes (76) have been reported and these chimeric genongowerto
be highly useful to study entry, neutralization, and virus assembly of all &&osm HCV
genotypes. Highest virus titers could be achieved with a J6-JFH1 (2a-2a) ctesgpaated Jcl
that allows the production of virus particles of about 10 times higher thiaftdd-type JFH1
(Fig 1.4) (171).

1. JFH-1 genome 3
5= ClE1TE2]rP7INS2] NS3 J4A[NS4B] NSS5A | NS5B |-

2. J6/JFH-1 (Jc1) genome
S— ClE1]E2[r7INS2] NS3 [4a[NS4B] NS5A | NS5B =3

J('SCF JF;-|-1
3. Jc1-GLuc2A genome
5-[CTE1 1 E2 [P7TEEEZANS2] NS3  JanINsaB] NS5A [ NS5B |3

Figure 1.4. Organization and structure of full-length HCV genomes. 1. SchematicrdiaQra
wild-type JFH-1 genome and chimeric J6/JFH-1 genome (2); 3. The Jcl/Gluc2A reporter
construct, including a GLuc-FMDV 2A insertion between p7 and NS2. Infectionsofdporter

virus can result in secretion Glaussia princephuiciferase into supernatant.



Permissive Host @lls

Huh-7 cells and its descendant clonebICV replicates primarily in human hepatocytes,
which plays a critical role in HCV replication. The most permissivklice for efficient RNA
replicationin vitro is the human hepatoma cell line Huh-7 and its clonal descendants.lWctual
during the Replicon selection process, only a few cells which sustainesleeplication fitness
were picked up and expanded to create the most HCV-permissive cell lines.

When these HCV Replicons were treated with either #bf- other HCV replication
inhibitors for a period of time, the resulting Huh-7-descendant cell clones meeldenger
containing replicating HCV RNA and often became more permissive for viratagph and
infection. And that is how the currently widely used Huh-7.5 and Huh-7-Lunet wells
estdlished (24, 60). Meanwhile, numerous other studies have described various alternative
human liver-derived permissive cells, including Huh-6 (227), HepG2-Gbi&t122 (157),
HepaRG (158) and LH86 cells (241).

Huh-7 cells-based reportersinstead of construction of reporter viruses, host cells can
also be modified for rapid and sensitive scoring of HCV infection eventsrépoeter assay is
based on reporters expressing fluorescent proteins (GFP or RFP with nucleacatamskignal
(RFP-NLS)) fused in-frame to the truncated IFNpromoter stimulator protein 1 (IPS-1) via a
recognition sequence of the viral NS3/4A serine protease (102). Upon HCV infention a
cleavage by NS3/4A, the GFP is redistributed all over the cells andsRiFéhslocated from

cytosol into nucleus.

508

CARD PRO 462 VTM
NLS

RFP-NLS-IPS G B

Figure 1.5. Schematic of IPS-1 and derivative reporter constructs. The HCV NBRbase
cleaves IPS-1 at C508 (arrow). The C-terminal transmembrane domain (TM) difedtddRhe
outer membrane of mitochondria. EGFP-IPS encodes EGFP fused to residues 462PS40 of
RFPNLS-IPS encodes RFP and an SWMDOS fused to residues 462D540 of IPS-1.



Primary human hepatocytes (PHHSs). PHHs represent the most physiologically-
relevant target cells for HCV infectian vitro. Several studies reported infection of cultured
PHHs using HCVser (HCV particles derived from patient serum) and also ¢lo@1- and
LDL receptor [DLR)-dependent entry of these particles (121, 147, 148). Using a novel
culturing method for PHH, one study demonstrated complete infectious cyclé\ofirHthose
primary cells (175). Interestingly, they also showed that the primary culture-derived HCV
(HCVpc) had a lower average buoyant density and higher specific infectivityideticai of the
number of infectious particles normalized to the total number of physicalparicles). Using
in vitro human adult liver slices, a very recent study also detnated a productive infection of
PHHs by HCVser (1b) and HCVcc (JFH1), further supporting the usefulness of PH&ls as
physiologically relevant cell line for HCV (116).

PHH cultivation was also further improved by the addition of non-parenchynddrfee
cells to hepatocytes in micropatterned co-cultures (MPCC) (174). PHH in this syisigayed
hepatic functions for several weeks, and were susceptible to infection byH@{cc and
HCVser. Together with the above NS3/4A protease cleavage-based fluorescert s3sbem,

this system for the first time permits visualizing HCV infection events in primary culture

Infectious HCV Particles

Currently, the source of infectious HCV particles that can be used iniomfesttidies in
cell culture is relatively limited. The discovery of a genotype 2a genoRtd-1) that could
replicate in cell culture without adaptive mutations led to the productionfedtious HCVcc
particles, now ubiquitously used in cell-culture experiments. These JFH-1Dbhased,valong
with additional chimeras and a genotype la virus (236) that could also producepavtien
adaptive mutations were introduced into their gergmeeatly advanced the cell culture model
beyond the subgenomic Replicon stage and allowed studies of the fullydie af HCV.
Nevertheless, HCVser may differ from HCVcc in important aspects sughogant density and
virion-associated serum products that are only presewtvo. HCVser infectionin vitro has
been inefficient, and a recent study with the human liver progenitor ceHépaRG sugested
that both immature and mature hepatocyte features were required fornéefindection and
replication of HCVser.



Limitations of Current Models

The development of the above cell culture models for HCV replication ardianfdad
been regarded as a major driving force behind the rapid growth in HCV research. The
subgenomic Replicon and HCVcc systems not only enable detailed studies dlifelCytle,
but also serve as valuable screening tools for candidate drugs.

Subclonal difference.These two generations of culture models are based on a hepatoma
cell line Huh-7 and its subclonal derivatives. And for most of these cwyrravailable, highly
permissive cell lines it remains elusive why they are so amenablBI@V replication and
infection. According to one study, in case of Huh-7.5 cells, a defect imntiade antiviral
defense signaling pathway caused by a point mutation in RIG-1 gene has beeatedph the
phenotype of high permissiveness of these cells (204). However, this tight comrbketiveen
HCV-permissiveness and RIG-| status was not confirmed by others (21, 43), suggesting the
complications in understanding the molecular mechanisms that govern differenti
permissiveness of these cells. Very recently, another study has shownuthdt ¢¢lls are
actually a highly heterogeneous population of cells with distinct profilegeme methylation
(36), raising the possibility that there might be significant differencemngrkiCV-permissive
subclones of Huh-7 cells established by different laboratories. This ddéeraay also explain

conflicting results regarding host proteins that regulate HCV infection in the literature.

Disordered primary characteristics. Replication of HCVin vivo occurs mainly in
highly differentiated, nondividing hepatocytes. However, as an immortal celbfiegithelial-
like tumorigenic cells, dividing Huh-7 and its derivatives do not express maokersture
hepatocytes and therefore may not fully recapitulate the characteaissiosiated with normal
primary hepatocytes vivo. Interestingly, when being cultured in the presence of dimethyl
sulfoxide (DMSO), Huh-7 cells become more differentiated, expressing indréasels of
hepatocyte-specific markers, and growth arrested (186). These more hepatidHdtwes
were still highly permissive for and could support long-term persistent HC\ttimre
representing a more physiologically relevant system compared tDM&®-treated Huh-7 cells.



VLDL deficiency. Patient-derived HCV patrticles are thought to be tightly associated
with very-low-density lipoproteins (VLDL), which also contains apolipoprotein B (ApoB),
ApoCl and ApoE. These lipoproteins-associated HCV particles have been termed
OlipoviroparticlesO (LVP) (6). The concept of LVPs is now widely accetedugh no
association between HCV and ApoB has been repanteiiro. According to one study, recently,
Huh-7 cells were reported to be deficiemtproducing mature VLDL (98), therefore limiting
their usefulness as a model system to study the roles of VLDL in HE¢yicle, especially in
the assembly process. In contrast, another hepatoma cell line, HepG2, hsisdvaeto be able
to assemble and secrete ApoB-containing lipoproteins more efficient thandheterpart (98).
Several attempts to persistently and efficiently replicate HCV epG2 cells have not been
successful yet. Recently, ectopic expression of miR-122, which is not endogenquslkysed
by HepG2 cells, was shown to promote HCV replication in these cells (157)evdowthe
relatively lower permissiveness of HepG2 cells to HCV infection nesnaibottleneck for their
usage in HCV field.

Limited availability. PHHSs, isolated from liver biopsy, represent a natural alternative to
the above hepatoma cells as infection targetivo. The usefulness of PHHs as an infection
model has been significantly restricted by poor accessibility and high vidyiaBrocurement of
liver biopsy and freshly isolated hepatocytes is extremely difficult forntagority of HCV
laboratories and commercial supply of PHHs can be very unpredictable bedaiise low
plating efficiency. In addition to limited availability, these cellsrddnigh donor variability.
Differences in patient medical history, host genetics, dietary customewer methods of
isolation all contribute to the difficulty of obtaining reproducible results anidl ®minclusions.
For example, one study showed that PHHs culture established from patentsaeava history of
heavy alcohol use were not suitable for infection by HCVcc (175). Furthermore, énlithésd
studies using PHHSs, infections were mainly restricted to HCVcc asaduitclear whether this
model could also support infection by HCVser.

Future perspectives.After the molecular cloning of HCV genome, it took more than a
decade to establish the subgenomic Replicon system. Since then, step{mpgtepses were
achieved that finally led to the infectious system enabling studiestoélly every step of the



viral life cycle. On the other hand, since Huh-7-derived hepatoma cellniagsot accurately
recapitulate the complex vir®st interaction occurrinigp vivo and the usefulness of PHHs has
been significantly limited by poor accessibility and tiedot variability, a new physiologically-

relevant, noncancerous and renewable cell-culture system is extremely needadhdr
advance HCV researches.
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CHAPTER TWO

PRODUCTIVE HEPATITIS C VIRUS INFECTION OF STEM
CELL -DERIVED HEPATOCYTES

Introduction

Embryonic stem (ES) cells are pluripotent cells derived from the innemzesk of
blastocyst-stage embryos (169, 215). Their importance to modern biology and medicine derives
from two unique characteristics that distinguish them from all other orgaifispgem cells
identified to date. First, they can be maintained and expanded as a pure igopofat
undifferentiated cells for extended periods of time, possibly indefinitelyliare. Second, they
are pluripotent, possessing the capacity to generate every cell type in thendodycalture.
Recent results also suggest that human induced pluripotent stem cells)((R&8, 237), which
were generated by force expression of transcription factorsasu€lti4, Sox2, KLF-4, and C-

Myc, share these characteristics.

Studies conducted during the past two decades have led to the development of
appropriate culture conditions and procedures for the generation of a broad spectnaagesli
Under appropriate conditions, ES cells will differentiate and generate progesisting of
derivatives of the three embryonic germ layers: mesoderm, endoderm, and ectodeem. Thre
general approaches are usually used to initiate ES cell differenti@tinf). With the first
method, ES cells are allowed to aggregate and form three-dimensional cddonies as
embryoid bodies (EBs) (108). In the second method, ES cells are cultured directtgroal st
cells, which support the differentiation and functions of ES cells (156). fAin& protocol
involves differentiating ES cells in a monolayer on extracellular matrix proteins (160).

This emerging stem cell technology offers an exciting opportunity for a nokeluttelre
model for HCV infection, by differentiating pluripotent stem cells into huinepatocyte-like
cells HLCs) or differentiated human hepatocytes (DHHS). Increasing studies have tratedns
that thesen vitro differentiated cells can express hepatic markers and display hepatiorigsnc
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(2, 31, 86, 198, 230, 231). More importantly, DHHs were also shown to be able to repopulate
mouse liver and exhibit hepatic function after transplantation in a liveagefmouse model

(14). Finally, combination of genetic manipulation of pluripotent cells withctice hepatic
differentiation hdds great promise for generating HCV-resistant hepatocytes to be used in a
potential life-saving therapy.

Currently, several groups have already reported the differentiation of hESCs inta hepati
cells using diverse culture systems (2, 31, 86, 198, 230, 231). However, these approaches are
mainly based on culture media containing serum, complex matrices, and/or enolig@nic
fibroblasts as feeders. All these are sources of unknown factors thatoaypicate studies of
molecular mechanisms controlling the differentiation or render the resultllsg aretissues
incompatible with future clinical applications. In addition, whether the BHt&n be
productively infected by HCV has not been investigated, nor their usage intthg eéHCV-
related hepatocyte transplantation.

In this chapter, we first determined the permissiveness of DHHs toirf€xtion: DHHS
differentiated from both hESCs and iPSCs were challenged with HCVcc anddi(Cid test
whether productive and persistent infections could be achieved. Nextyestigated whether
knockdown of critical known cellular factors for HCV replication in stertsdeefore hepatic
differentiation would be able to generate hepatocytes that were refractory to HCV infection.

Methods

Growth Factors, Chemicals and Antibodies

Growth factors, chemicals and antibodies Basic FGF (b-FGF), Stem P $HS, b-
mercaptoethanol, and Geltrex were purchased from Invitrogen (Carlsbad, CA); FGF-10, FGF-4,
EGF, and HGF from PeproTech (Rocky Hill, NJ); SB 431542 and retinoic acid fromaSigm
Aldrich (St Louis, MO); Wnt-3A from Stemgent (San Diego, CA); Accutase from Irth@va
Cell Technologies (San Diego, CA); Activin-A from R&D systems (Minneapdlisl); and
Probumin from Millipore (Billerica, MA). A list of antibodies used, along wttoviders and
catalog numbers, is given in Table 2.1



Table 2.1. Antibodies for detections of stem cell and hepatocyte markers, HCV antigens

Antigen Provider Catalog Number
HCV Core,NS3,and NS5A BioFront Technologies 3D11/4F5/2H1/4F9, 2E3,7BS
Human Oct-4 Santa CruzBiotechnology sc-5279
Human CXCR4 NIH AIDS Regents Program MABI172
ALB,.FLAG Sigma Aldrich SAB3300097,F7525
SR-BI Novus Biologicals NB400-101
Claudin-1, Cytokeratin-7 Invitrogen 374900, 18-0234
CDs81 BD Pharmingen 555675
Occludin Abcam ab31721
Human o-fetoprotein DAKO ABIN370517
Human DDX-3 Dr.Robin Reed (Harvard N.A
Medical School).
EGFR,EphA2 Thermo Scientific MAS5-15284,PA1-1110
PI4KTIIo Cell Signaling Technology 4902
Cyclophilin A Biomol Enzo Life Sciences BML-SA296-0100

hESCs, iPSCs, and Primary Human Hepatocytes

Human ESC line WAQ9 (H9) and iPS line iPS.K3 cells were obtained from WiCell
Research Institute and Stephen Duncan at Medical College of Wisconsin, respectively. Stem
cells were maintained on Geltrex coated culture plates in Stemedelianm (Invitrogen, Carlsbad,
CA). Freshly isolated PHHs were purchased from Celsis In Vaéahnologies (Baltimore, MD)

and maintained according to provider's instructions.

Differentiation of hESCs and iPS.K3 into Hepatic &lls

The base defined medium (DM) consisted of DMEM/F12 containing 10% Probumin, 0.2%
I -Mercaptoethanol, 1% L-Alanyl-L-Glutamine and 2% hESC supplement. Confluent ceds we
harvested with Accutase and then plated into culture dishes (Costar; Corren§diginces)
precoated with Geltrex (1:200 dilution DMEM/F-12) in Stem Pro medium at a confluence



level of 30b40%. The next day, culture medium was changed to medium A (DM + 100 ng/m
Activin-A + 8 ng/ml b-FGF + 25 ng/ml Wnt-3A) for 24 hrs, followed by three daysediom B

(DM + 100 ng/ml Activin-A + 8 ng/ml b-FGF). To induce hepatic differentiatime, then
cultured cells in the presence of medium C (DM + 50 ng/ml FGF-10) for threeaddythen in

the presence of medium D (DM + 50 ng/ml FGF-10 +¥MLRA + 1 $M SB431542) for three
more days. The immature hepatocyte-like cells were then split and grawediom E (DM +

30 ng/ml FGF-4 + 50 ng/ml EGF + 50 ng/ml HGF) for 10 days with changes to fesibhrmE

every two to three days.

Periodic acid-Schiff Staining

The PAS staining was done on the stem cells, the day-18 DHHs, ang fissshted
PHHs using a commercial kit (Sigma-Aldrich, St. Louis, MO) per instructions.

HCVcc and HCVser Used in the Infection Experiments

All JFH-1 based HCVcc (Mut4-6, SAV, and Jcl/GLuc2A) were produced in Huh-7.5
cells The genotype 1b HCV serum was obtained from a commercial supplier (Teragenix, F
Lauderdale, FL), and the 1a serum has been previously described. All infeati@enpesformed
by incubation of virus inoculum with cells for 4-6 hrs before the cells weshed and changed
into the medium appropriate for the specific cell type and differentistage. Viral titers of
HCVcc produced from DHHs were performed with Huh-7.5-based cells and meastoedsin
forming units (FFU) per milliliter.

Immunofluorescence Analysis of Intracellular Antigens

Cells were fixedwith 4% paraformaldehyde in phosphate-buffered saline (PBS) at room
temperature for 10 min and blocked with PBST (PBS containing 10% normal goat serum, 0.1%
Triton X-100, and 1% bovine serum albumin (BSA)) at room temperature for 2 hrs. Cells were
incubated with primary antibodies at 4;jC overnight or 2 hrs at room temperature. Isalype m
or rabbit IgGs were used as negative controls. After four washes with PBSBwWiEBES.1%



BSA), FITC or TRITC-conjugated secondary antibody diluted at 1:500 was added and incubated
at room temperature for 2 hrs. Before being mounted with VECTASHIELD (H-1200, Vector
Labs), cells were washed with PBSB three times.

Albumin and HCV Core ELISA

Albumin ELISA was performed with a human Albumin ELISA kit (Bethyl Laboragrie
Montgomery, TX), and HCV core ELISA with the HCV Antigen ELISA kit (Ortho-Clalic
Diagnostics, Japan), according to manufacturer's instructions.

Generation of Lentivirus Vectors and Transduction

One day before transfection, HEK-293T cells were seeded into 60mm-disH50{2.0
cells per one dish).&8) pHIV7-puro-shRNA, 2g Gag-Pol plasmid, 2g pCMV-Rev, and g
pCMV-VSV-G were mixed with 0.5ml serum-free media. Meanwhile$l I8pofectamine”

2000 (Invitrogen, Carlsbad, CA) was suspended in another 0.5ml serum-free media. Five
minutes later, two serum-free media were mixed together and placed ateroperdture for 20

min, then were added into dishes seeded with HEK-293T cells. The traorsfectdia were
replaced with fresh media 6 hrs later and the supernatant containing Léntaatars was
collected at 48 and 72 hrs post transfection, and concentrated by centrifug&®a0&x rpm,

4;C, for 2 hrs with a Ti41 rotor in Optima? L-100 XP ultracentrifuge. Concentratedthral

vectors were then storet-80;C for use.

For transduction, the purified vectors were diluted in the medium appropriate for the
specific cell type and differentiation stage, in the presence of Poly{EEvi® Millipore,
Billerica, MA) at 46g/ml final concentration. Four hours later, the cells were washed and fresh
appropriate media were added.

|

Lentivirus-Mediated RNA Interference

Lentiviral vectors containing a shRNA directed at human CyPA has been ddscribe
previously. A shRNA directed at Pl4K#flwas constructed in a similar fashion. The shRNA



target sequence of the PI4KEIMRNA is 58AAG CTA AGC CTC GGT TAC AGA-& These
vectors were introduced into stem cells by the standard Lentiviral traimsdpecbcedure, and
stable cells harboring shRNA were selected by culture of the cellgem £ro medium

supplemented with 600 ng/ml of puromycin.

HCV -Dependent Fluorescence Relocalization Assay

Lentiviral vectors expressing EGFP-IPS (TRIP-EGFP) or REB-IPS (TRIPNLS-
RFP) were provided by Charles Rice and produced in HEK 293-T cells as describedayeve
10 DHHSs or Huh-7.5 cells, seeded on coverslips the day before, were transdixcie wectors
for 24 hrs before being exposed to HCVcc or HCVser for 6 hrs. The cells were ¢iittiub3

more days before the slides were fixed for fluorescence microscopy analysis.

SDSPAGE and Western Immunoblotting

Cell lysates were boiled for 10 min in sample buffer4EDSLoading buffers) and
loaded onto SDS-PAGE protein gels. To allow optimal separation, electrophwessidone at
12mA at beginning to let protein pass by the stacking gel, and at 130V for mgsgei.
Electrophoresed proteins were then transferred t&dbh43VDF membrane. The membrane was
blocked for 1hr at room temperature in 10% milk in PBST (phosphate buffered saline
supplemented with 0.2% tween-20).

Primary antibodies were diluted, added onto and incubated with the membiawid at
room for overnight. After being washed with PBST three times, 10min each, thbraree was
incubated with diluted second antibody. Then the membrane was washed agaB &t three
times, 10min each. Finally, the luminol substrate HRP was added ont@ithlerane, which was
then exposed to X-ray film.

Quantitative reverse-Transcriptase Coupled PCR

Total RNA was isolated from various days post-differentiation using Trizdl then
converted to first-strand cDNA with SuperScript Il (Invitrogen) with oligo-dT servin@®fRT



primer. The resulting products served as templates for PCR analysis of nodrsters cells and

differentiated hepatocytes. Primer sequences are listed below:

Table 2.2. gqRT-PCR primers for stem cell and hepatocyte markers

Genes Forward Primer Reverse Primer

AFP 5-TTTTGGGACCCGAACTTTCC 5-CTCCTGGTATCCTTTAGCAACTCT
ALB 5-GGTGTTGATTGCCTTTGCTC 5-CCCTTCATCCCGAAGTTCAT
GAPDH | 5-TCAGCCGCATCTTCTTTTG 5-CATCACGCCACAGTTTCC

Nanog |[5-TTGAAGCATCCGACTGTAAAG 5-AAGAGTAAAGGCTGGGGTAG
AAT 5&CACCGTGAAGGTGCCTATGATG | 5&GGCATTGCCCAGGTATTTCATC

ASGR1 | 5&GCTCCACGTGAAGCAGTT 5&AACTGCAGAAAGCGCCAC
CyP3A4| 5-ATGAAAGAAAGTCGCCTCG 5-TGGTGCCTTATTGGGTAA
Results

Differentiation of hESCs into Hepatocyte-Like Cells (DHHS)

We first determined whether hESCs or iPSCs could be directly differehtiate
functional hepatic cells using fully defined culture conditions, without anpnaducts or
unknown factors. A serum free protocol based on chemically defined culture wesdigsed to
differentiate the hESC line WA09 (H9) or the iPSC line (iPS.K3) into hepiagage cells that
expressed various hepatic markers at stages of differentiation. The exprafsai pluripotent
marker, Oct-4, was higher in stem cells but decreased in the definitive emdafier 4 days
differentiation, whereas the endoderm marker C-X-C chemokine receptor type 4 (CXCR4)
exhibited the reciprocal expression pattefig(2.1). The mRNA level of another pluripotent
marker, Nanog, also decreased at day 4 and became undetectable at lafag @a%s(()).

At day 10 after differentiation, the cells were positive for eithphaifetoprotein (AFP)
or cytokeratin-7 (CK-7) but not both, a pattern suggesting that they are of a compssiilan
to that of the bipotent hepatoplastsag 2.1). Started from day 8 after differentiation, AFP
expression level steadily increased in the next few days from 5% at dayo¥6r 90% at days

#+||



13-16:The intensity of AFP staining then decreased when albumin (ALB) stareptess in
approximately half of the cells towards the end of the differentiation protocol (d&ay 20).

Figure 2.1. Hepatic differentiation from human embryonic stems cells (hESQsgs@stative
images of cell morphology and protein marker expression of hESCs (day 0), definitiverendode
(day 4), hepatic progenitor cells (days 8D10), and hepatocyte-like cells (both imnmature a
mature, days 11D21). For day 10 cells, double-staining of AFP and CK-7 (middle péel, 40
showed mutually exclusive expression in the cell population.

Quantitative RT-PCR also confirmed that the ALB mRNA continuously increasathduri
differentiation Fig 2.2, (4)), as did the alpha-1 antitrypsin (AAT) mRNERig 2.2, (3)).
Expression of human hepatocyte-specific cytochrome P450 metabolizing gene, such3P450-A
was also steadily increased during the differentiation pro€eg2 .2, (3)).

Secretion of ALB into medium, an important metabolic function of mature beyas,
was evident from day 12 after differentiation and highest after 18 Bay2.8, (1)).

Finally, Periodic acid-Schiff staining, a staining method used to dptédgsaccharides
such as glycogen, revealed that over 80% of the cells at day 18 were cajpfypbegén storage
(Fig 2.3, (2)), indicating that the DHHs exhibit functional hepatic characteristics.
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Figure 2.2. Expression of other hepatic markers during differentiation. (1). Reciprocakaxpres
of pluripotent marker Nanog and liver-specific marker AFP during differentiation; (2).
Expression of CyPA3 during differentiation; (3). Expression of AAT during differentiaf®n;
Expression of ALB during differentiation. Total RNA was extracted from difféaéng cells at
different time points and then converted into cDNA, which was used asdn@iate to amplify
interested genes and GAPDH using specific primers. DO: WAQ9 stes) &¢llH: primary
human hepatocytes. Error bars represent standard deviation from replicate experiments.

Figure 2.3. DHHSs display hepatic functions. (1). Periodic acid-Schiff staig#)g;Albumin
secretion byDHHs. Culture media were collected at the indicated time points during
differentiation and subjected to albumin detection with an ELISA kit. Erros bepresent
standard deviation from replicate experiments. PHH: primary human hepatocytes
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In vitro Differentiated Hepatocytes Ae Permissive to HCVcc Infection

We then determined whether DHHs derived from above differentiation werepsibse
to infection by HCVcc. Three distinct variants of JFH-1 (GLuc, SAV, andd\Nsjitwere used
for the initial infection at day 13 and infected cells were caleett the end of the differentiation
period (day 21) for western blotting to detect HCV protein expression. The mutljipdti
infection (MOI) used was 0.5. Two of the JFH-1 genomes contained adaptiveonsitiuat
increased their infectious titers by at least 100-fold over the JFHeltypd (wt) background.
Mut4-6 has been reported previously and the serially adapted virus (SAV) was olitained
repeated passage of JFH-1 HCVcc in Huh-7.5 cells. The third HCVcc varideit/GLuc2A, a
J6/JFH chimera with a Gaussia luciferase (GLuc) reporter gene incorpdeaf@ession of
HCV proteins, core, NS3, and NS5A were readily detected by western blotting torea
HCVcc preparationsHg 2.4, (1)).

Intracellular expression of HCV antigen was also confirmed by immunofluorescent
staining after infection of day 13 cells by a fourth JFH-1 variant that eacdd AG-tagged
NS5A, with anti-FLAG antibody stainind-ig 2.4, (2)).

Figure 2.4. Detection of HCV proteins in DHHs infected with JFH-1 basedddC\t). DHHs
were inoculated with three different preparations of HCVcc at day 13difterentiation, and
cell lysates collected at day 21 for western-blot analysis. The aBtiaN&#body also recognized
a nonspecific band in the mock-infected sample; (2). Immunostaining of infeeteld"’A JFH
variant containing a FLAG tag in the NS5A protein was used to inféerdiuh-7.5 or DHHS,
and staining was done with an anti-FLAG antibaiiytH1*: a culture adapted high titer virus.
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In addition, in order to observe infection evengisingle cell, HCV NS3/4A-dependent
fluorescence relocalization (HDFR) reporter constructs (TRIP-RFP-NLS and TRIP)&@&Fé
introduced into day-10 cells through Lentiviral vectors-based transduction. Intraceifatdaion
events were monitored by fluorescence relocalization of both fluorescent p(@€éisand RFP)
upon cleavage of their mitochondria anchors by the viral NS3/4A protease. Of tethsels,
5-10% of them showed either diffuse green fluorescence or nuclear translocatred of
fluorescenceKig 2.5).

Figure 2.5. Infection of Huh-7.5 and DHHs as measured by the HCV-dependent fluorescence
relocalization assajReporter-transduced cells were infected with HCVcc for 48 hrs, and the
cells were fixed for immunofluorescence analysis 72 hrs after infectmnthE RFPNLS-IPS
expressing cells, HCV infection led to complete nuclear translocatidre ®REP; for the EGFP-

IPS cells, HCV infection led to redistribution of green fluorescence frogti@ilate cytoplasmic
pattern to a diffused pattern with nuclear enrichment.
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Previous studies have shown that infection of Huh-7.5 cells by HCVcc dependslon vi
glycoproteins and cell-surface receptors. To determine whether infection of BYHHEVcc
showed the same dependence, we performed viral infection in the presenoeutféizing E2
antibody and a small-molecule compound that inhibits the SR-B1 binding. Both agents
efficiently blocked infection, as did the replication inhibitor interfetofiFN- #) (Fig 2.6).

Figure 2.6. HCV inhibitors abolished infection in DHHs. The following inhibitorsewsecluded
in the infection experiments. IFN: interferégm80units/ml; AR3A: anti-E2 neutralizing antibody,
1pg/ml; ITX: ITX5061, an SR-BI inhibitor, 1uM.

Unlike the hepatoma cell line Huh-7.5, these vitro differentiated, nondividing
hepatocytes resemble more closely to the primary hepatocytes. A compahtow ekpression
levels in similarly infected DHHs and PHHSs (isolated from a p8tieevealed that efficiency of
infection in DHHs is comparable to that in PHH$Q(2.7).

Figure 2.7. Comparison of HCVcc infection levels in DHHs and PHHs. Primary rhuma
hepatocytes were infected for 8 days, for comparability with the DHHshwince infected at
day 13 and lysed at day 21.
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The discovery of cellular reprogramming and the ability to generate host- amek tiss
specific cell from iPSCs have the potential to transform the studywa&fiafenent, infectious
disease, and degenerative disorders (44, 48, 166). When iPSCs (iPS.K3) were didfdrentiat
hepatocytes using the same differentiation condition, the K3-derived DHidssapported
robust infection by all three derivatives of JFH-1/HCVE(2.8).

Figure 2.8. Infection of DHHs derived from an iPSC line. iPSCs-derived DHHsinegelated
with three different preparations of HCVcc at day 13 after differentiatoul, cell lysates
collected at day 16 for western-blot analysis. JFH1*: a culture adapted high titer virus.

DHHs Support Persistent Infection and Produce Infectious Particles

Previous infection experiments were performed with initial infection gt & and
analysis of viral protein expression on day 21, suggesting that the DHHs could ggopistent
infection for more than one week. To verify continuous viral replication during tleetiorh
period, we took advantage of another reporter system, GLuc reporter virus (170), by monitoring
the secretion of Gaussia luciferase into the culture medium byedf@tiHs. The infection was
done by using a procedure previously used to monitor persistent HCV infection in @lierosc
PHHs: after the initial infection for 6 hrs, the viral inoculum wasaesd and replaced with
fresh medium, a fraction of which was then collected immediately (0 hdayné4 h), and two
days (48 h) after the virus removal. At the 48 h time point, the cells wasbed again and
changed into fresh media which was then collected in a similar fashios.process was
repeated until day 21, when the DHHs became senescent and died off the plates.

A gradual increase of the luciferase activity was detected inuligre medium after
each removal, whereas the signal increase was not observed in mediumith@mmesck



infected cells or from infected cells treated with cyclosporine A JCsh inhibitor of
cyclophilins and HCV replication (Fig 2.9), indicating that the signal increaseresulted from

active and persistent viral replication.

Figure 2.9. Continuous replication of HCVcc in DHHs. Day-10 DHHs were exposed to
Jc1/GLuc?2A for 6 hrs before the inoculum was removed and the cells were @¢hangedium

E with or without cyclophilin inhibitor (CPI) CsA at $g/ml. Culture supernatants were
collected daily for measurement of luciferase activity. The culture umedvas replaced with
thorough washing every 48 h, and CsA was included every time fresh medium wasrused. E
bars represent standard deviations from triplicate experiments.

When being infected with HCV, Huh-7.5 cells could produce infectious viratcjesrtior
new round infection. We then determined whether infected DHHs could also sppgauttion
of infectious viral particles. Stem cells-derived DHHs were intecat day 11 after
differentiation, and supernatant were collected two days after infect®oshéwn in i 2.10,
HCV core antigen was detected in the supernatant of the infectethutefist in that of similarly
infected but IFN# treated cells, indicating that the detected signal was flenmovocore
production, rather than carry-over of the inoculum.

To find out whether the core-positive cell culture supernatant contained onfeetrus
particles, we used these supernatants to infect Huh-7.5 cells. Threaf@aysfection, NS3-
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positive foci could be clearly detected in the infected Huh-7.5 cellspnignating that DHHs
were capable of supporting infectious particle productiog 2.10, (2)).

Figure 2.10. HCVcc-infected DHHs produce infectious viral particles. (1). SatretiHCV

core antigen by infected DHHs. Day 13 DHHs were exposed to HCVcc for 6 fore blee
inoculum was removed, and the cells washed and changed to medium E, thehateiyne
collected as the Oh samples. The infected cells were then incdbatad additional 48 h in
medium E with or withoutEN-# (50 units/ml) before the culture supernatants were collected as
the 48h samples. (2). Re-infection of Huh-7.5 cells by HCV particles produced fraéts.OHe

48-h media from (1) were used to infect Huh-7.5 cells, which were then fix@diS®rstaining

four days after infection. The infectious titer of the HCVcc produced by Dislldeown. FFU:
focus-forming units. Error bars represent standard deviations from replicate expgrifient
p<0.01.

HCVser Infects DHHs but not Huh-7.5 GalIs

Persistent and productive infection of DHHs by HCVcc provides us a vialde a
physiologicallyrelevantin vitro platform to study the virus. So far, several studies have reported
robust infection of PHHs by HCVcc (58, 147, 174), however, direct infection by HCVser
remains inefficient. Currently, six major HCV genotypes and numerous subtypes lewve be
described, and recently a seventh major genotype was discovered. In the Aarattiéasope,

genotype la, 1b, and 3a are the most common, but 2a and 2b also show a signifeact pre
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(195). We infected DHHs with HCVser of two genotypes: a genotype 1lb patremh skeat
contained high-titer HCV RNA copy numbers @8° copies/ml) and a genotype la patient
serum (RNA titer of 44.0° copies/ml) that had been previously demonstrated to be infectious in
the Alb-uPA mouse model (42), a transgenic mice in which the urokinase g#neers by the

human albumin promoter/enhancer were developed and shown to have accelerated @depatocyt

death and consequent chronic stimulation of hepatocyte growth.

The DHHs at day 12 were infected at the indicated multiplicityfafction (HCVcc: 0.5;
Serum 1la: 0.02; Serum 1b: 0.5) for 48 hrs before the cells were lysed for an&liER/
protein expression. Infection was readily detectable by western blotting antiveetas IFN
inhibition, although the infection signal of HCVser was weaker than thaedfi€Vcc Fig 2.11,
(1))

To further confirm the serum infection in a single cell base, infectas nepeated with
the HDFR assay and nuclear translocation of RFP was also obgeiy2dl(d, (2)).

Figure 2.11. Infection of DHHs by patient serum-derived HCV (HCVser). (1). Detection by
western blotting ofDHHSs infection by HCVser. IFN¢ was included in the medium at 50
units/ml when indicated. The multiplicity of infection for the individualiges was: HCVcc: 0.5
Serum 1la: 0.02; Serum 1b: 0.5; (2) Visualization of single-cell infection ebgntsCVser.
Reporter-transduced cells were infected with HCVser for 48 hrs, and theveedisfixed for
immunofluorescence analysis 72 hrs after infection. Arrows indicate indivablial infected

with genotype 1b HCVser and showing nuclear translocation of the RFP.
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Similar like infection by HCVcc, infection of DHHs by both serums resdlultesecretion
of HCV core antigen into the supernatant. In contrast, exposure of Huh-7.5 cel¥/seiHof a
multiplicity of infection up to 0.5 did not result in any detectable intfateglexpression of NS3

protein or any release of HCV core into the culture medium (Fig 2.12).

Figure 2.12. HCVser preferentially infected DHHs over Huh-7.5 cells. Equal anufuygaome
equivalent of HCVser were used to infect either Huh-7.5 or day 11 DHHSs. Cote ilevbe

supernatants collected at 0 and 48 hrs were plotted for both cell lines.b&rsorepresent
standard deviations of replicate experiments.

The sequence results revealed that the difference in the permissioéiids 7.5 cells
and DHHs to serum infection was not due to any adaptive mutations tleab&an previously
reported. Given the high permissiveness of Huh-7.5 cells to HCVcc infectise theults

strongly suggest that HCVser might preferentially infect the non-cancerous DHHSs.

Interestingly, when the supernatant collected from serum-infected DHHspwento
naeve DHHs, both re-infections could release core antigen, but the supermaitedsed
immediately after the removal of the original inoculum did not result in Gore release,
indicating that the core signals were from new-round infection, rather than carrpfotiee
inoculum from the first-round (Fig 2.13). These results indicated that DHHs apseble of

supporting the complete life cycle of serum-derived HCV.
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Figure 2.13. HCVser-infected DHHs support infectious virus particle production. (1). Naeve
DHHs cells were exposed to the 48h media from (Figure 1.17) for 6 hrs befone¢hkim was
removed, and the cells washed and changed to medium E, then immediassiieddls the Oh
samples. The infected cells were then incubated for an additional #8rheslium E before the
culture supernatants were collected as the 48hrs samples. Error bars reptasdatd
deviations from replicate experiments. **: p<0.01.

Genetic Modification of Stem Cell to Generate HCV-Resistant DHHs

Given that stem cells have the potential to produce unlimited quawfittesy human cell
type; considerable focus has been placed on their therapeutic potentiainét didvantage of
DHHs over PHHs is the potential to modify the cells geneticaltii@pluripotent stage and then
produce DHHs with the desired phenotype. Knocking-down critical known cellular factors
required for HCV infection in stem cells before hepatic differentiatiooules provide
opportunity to generate functional hepatocytes that were refractory to HCV infection.

Our lab has previously reported that CyPA protein is required for HCV replication in
Huh-7.5 cells (232). By studying its detailed mechanism, we isolated a mutast(tarmed
JFH1-DEYN) with two site mutations within NS5A sequence. Unlike the wyioe JFH-1
HCVcc, this mutant virus replicates in a manner of CyPA-independence, theoefoic
replicate in both Huh-7.5-CyPR cells and Huh-7.5-Ctrl cells (which were transduced with
Lentiviral vector containing shRNA targeting CyPA and firefly luciferase gene, respectively).
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To test our hypothesis, the same shRNA directed at CyPA was introduced AQ® W
stem cells, by Lentiviral vector-mediated gene delivery. Similar likeACkockdown in Huh-
7.5 cells, suppression of CyPA expression in WAQ9 stem cells was alsvextiiFig 2.14, (2)).
More importantly, knockdown of CyPA in stem cells did not affect the stesrofake resulting
modified cells, termed WAQ09-CyPR, based on the normal expression of the pluripotent marker
Oct4 (Fig 2.14, (1)).

When these WA09-CyPR cells were subjected to the hepatic differentiation procedure,
the knockdown of CyPA was maintained in the differentiated cells (termdid-OQyPA®),
indicating long-term suppression of gene expression by shRNA was not affectdte by t
differentiation steps as long as a house-keeping promoter was selectedetahdrishRNA

expression (Lentiviral construct used in this study contains a murine U6 promoter) (Fig 2.14).

Figure 2.14. Suppression of CyPA expression by shRNA in WAQ9 cells and day 21 DHHs. (1).
CyPA knockdown did not affect the expression of pluripotency marker Oct-4 in WAGO cell
hESCs-CyPA® were subjected to immunofluorescent staining with @cti4 antibody.
(2).nESCs-CyPA® were subjected to hepatic differentiation and differentiating ceéise
harvested at day 21 for western blotting analysis of CyPA.

When the DHH-CyPAP cells were infected with wild type JFH-1 HCVcc, as expected,
the infection was dramatically reduced to the mock level (Fig 2.15). Integlystthese BIH-
CyPAP cells remained permissive to infection by the JFH-1-DEYN virus (Fig 2.155€eTdeta
suggest that the inhibition in HCV infection was due to CyPA knockdown rathetdhea non-
specific effect of the shRNA transduction and expression. The data adootutl the possibility
that knockdown of CyPA might affect hepatic differentiation.
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Figure 2.15DHH-CyPA® were resistant to wildtype HCV infection. Infection of both the wild
type and CyPAP -DHHs were done on day 13 and allowed to proceed for 48 hrs. Luciferase in
the culture supernatant for monitored. Wildtype HCVcc (Jcl/GLuc2A) infected unetbdif
DHHs but not CyPAP-DHHSs (pink bar), and the DEYN mutant infected both cell types (green
and yellow bars). Error bars represent standard deviations of replicate expertn@n@sO5; **:
p<0.01.

To further test our hypothesis, we generated a second WAQ9 cell line (termeg W
PI4KII#®) harboring an shRNA directed at Pl4Kd]lwhich has previously been shown to
participate in HCV RNA replication (19). When being differentiated, the raguiells (DHH-
PI4KI1I#P) were also refractory to wild type JFH-1 infection (Fig 2.16). Taken togethse the
results lent further support to the feasibility of generating HCV-resistant hepatocytes.

Figure 2.16. DHHs with PI4KI#<P were resistant to HCV infection. The cells were infected at
day 13, and the luciferase activity was monitored for the next 48 hrs. Error bagserd
standard deviations of replicate experiments. **: p<0.01.
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Discussion

We have demonstrated that hepatic cells derived by direct differentadtstem cells,
including iIPSCs, can support HCV infection. Life cycles of HCV infectionctda completed
starting with HCV entry and ending with secretion of infectious viral pagitito culture media.
Infection of DHHs was sensitive to replication inhibitors as wekiatry blockers. Four different
variants of JFH-1, including a J6/JFH hybrid (GLuc), were used to produce HCVcmnubedd
study. Both wild-type sequence (JFH-FLAG) and adaptive mutants (SAV and Mu#&r®é phle
to replicate in DHHSs, indicating that the ability for DHHs to support H@kction did not

depend on particular isoforms or mutations.

In addition, successful infection by two clinical isolates of genotype rich ¥o
demonstrated the feasibility of using DHHs to study these genotypesrégirevalent in
patients but understudied in cell culture. Beyond the genotype considerations néieein by
patient serum also has broad significance for challenging research ateas tlue dissection of
drug resistance mechanisms and functional characterization of authentipatittNes. Recently,
one study demonstrated the long-term passage of a genotype 1b clinical irs@ateonkey
kidney cell line (VeroE6) that was defective in type I-IFN production (199). Theysalswed
that high titer of infectious virus could be recovered and this isolat@allago recapitulate the
in vivo IFN resistant phenotype in cell culture. However, the usage of non-human, nowe-hepati
cells in that study limits the physiological relevance. Interestinglypadth the 1a serum used in
this study was obtained from a patient who was discontinued from pegylat&RibEvirin with
significant side effects and poor response to treatment, infection byirtléswas sensitive to
IFN treatment in our DHHs system. Host determinants may have been regpdmsihe IFN
resistance observed vivo for this patient.

The DHHSs represent an important addition to the small fieid witro models for HCV
infection. In contrast to the cell lines derived from tumor tissues, DitBlsion-cancerous and
retain important functions of primary hepatocytes such as secretion of Ayddgegh storage,
LDL uptake, cytochrome P450 function, and the ability to replace mouse hepatociites
injury mouse models. DHHs also offer advantages over PHHs as being messilalec
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genetically malleable, and unlimited in supply. Several groups recently repgbeedirect
induction of mouse fibroblasts into hepatocyte-like cells (iHep) (95, 193). Whesimilar feat
can be accomplished for human cells and, if so, whether the iHep ckllsawe enough

proliferative potential to serve as a useful model for HCV research remains to be determined.

Genetic modification of pluripotent stem cells before direct diffeatiot is an attractive
approach to obtain specific cell types with desired phenotypes. In the coht¢&l infection
and liver disease, stem-cell lines with essential cellular twfa&nocked out or knocked down
can serve as a renewable source of HEIstanthepatocytdike cellsin vitro, which can in turn
be used in transplantation experiments. Even though most cellular proteins probgbly pla
essential roles normally, and their silencing cannot be reasonably expededifiett the host,
the opportunity for inhibiting a cellular cofactor does sometimes ariseresuli of functional
redundancy at the cellular but not the viral level, as is the casetheithlV coreceptor C-C
chemokine receptor type 5 (CCR5) (115). For RNA viruses with high mutation and turnover
rates, inhibiting a cellular rather than a viral target may offer the aatyamtf a higher genetic

barrier to the development of resistance.

Gene knockout technology in mouse embryonic stem cells revolutionized théfield
and remains the gold standard for definitive studies of gene function, but thenesisust the
technology did not transfer to hESCs easily (242). The efficiency of homologous reatiorbi
in hESCs and human iPSCs is much lower, in part because the pluripotemf skethuman
cells resembles that of the mouse-derived epiblast stem cells, tfahethe true naeve state of
the mouse embryonic stem cells (29). RNA interference, on the other hand, apgaacsion
efficiently in all cell types and represents an alternative to gen&&ufespecially when partial
suppression of a cofactor is sufficient to reduce viral infection inamegful way. This study
demonstrated that Lentiviral vectorbmediated expression of ShRNA canridaeineai in long-
term differentiation cultures and that CyPA knockdown in hESCs or DHHs has nce@tppa
adverse effects on pluripotency or differentiation. WhatOs more, this sShRNAsExpmstem
could be further optimized to conditionally express the small hairpin RNAs hepatocyte-
specific manner, by using hepatocyte-specific gene promoter, sucm#g122 promoter (Fig
2.17).
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Figure 2.17. miR-122 promoter drives EGFP expression only in cell lines of liver dfmim.
different cell lines (Huh-7.5, LH-86, HelLa, and 293T) were co-transfected wiR-pa2-EGFP
(green) and pCMV-DsRed (red) for 48 hrs before cells were fixed for immunofluorescence.

The DHH-CyPA® cells were permissive to infection by an HCV mutant with reduced
CyPA-dependence, further indicating that these modified cells retained hégsdtices that
encompass HCVOs liver tropism. These data are also consistent iitditigethat CyPA-null

mice developed normally and had life expectancy comparable to that of wild type mice.

The efficiency of PHHs to support HCV production is typically much lower thanof
Huh-7.5 cells and varies in different studies, presumably because of therdiff@tches of
PHHs used or cell culture conditions or both. A similar situation was olusevite DHHSs:
despite robust intracellular expression of HCV proteins and unequivocal evidemgoof
production in the culture medium of the infected DHHSs, the infecticers titave so far remained
relatively low. This could be due to IFN produced in the medium or may réfieahherently
low infection efficiency in primary cells (127, 139). In addition, expression of-8pecific
marker genes such as ALB is much lower in DHHs than in PHHs, suggéstidgferentiation
protocol could be further optimized. Our preliminary experiments showed that DiHiideed in
three-dimensional (3D) cell-culture scaffolds conferred higher infectivityG¥dd¢ (Fig 2.18),



pointing to the possibility of improving DHH infection efficiency by meantissiue engineering,

as has been reported for PHHs.

Figure 2.18. Increased infection efficiency of DHHs cultured in three-dimensioatiblds. For
the 3-D cultures, day 9 cells were seeded onto either polystyrene or polycamelscaffolds,
which were transferred to a new dish after adherence of the cellsidngebly Jc1/GLuc2A
were performed on day 13, and luciferase assays in the next two days. Tdraseaiésults were
normalized to the cell numbers and then compared with those of the regularc(®Dgs,
which were set to be 100%. Error bars represent standard deviations of repfiesibments. *:
p<0.05; **: p<0.01.

Interestingly, the relative efficiencies with which Huh-7.5 and DHHs suppO¥tdd and
HCVser infections were distinctly different. HCVcc infected DHHsslefficiently than they did
Huh-7.5 cells, whereas HCVser specifically infected DHHs but not Huh-7.5, fuggéehat
DHHs represent a more physiologically relevant model for infection by dlisiciates of HCV
(HCVser). Similarly, as demonstrated in a recent study, a genotype la infettiogishat failed
to replicate in Huh-7.5 cells was able to replicate and produce low nuwfbéaral particles in
PHHs cocultured with hepatic stellate cells. The mechanism undertjisg interesting
phenomenon is unclear at the present time, but may be related to, among oibéitipssthe
different genotypes represented by HCVser and HCVcc used in these studidbeHERdhaudha
study and ours used HCVser of genotypes 1la and 1b whereas the HCVcc were b&séd on J
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or J6/JFH, both of genotype 2a. It has been documented that HCVcc based on genitype la
significantly less infectious than the JFH-1-based HCVcc in Huh-7.5 cells.
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CHAPTER THREE

CELLULAR CHANGES ASSOCIATED WITH THE
TRANSITION FROM NON -PERMISSIVE TO PERMISSIVE
CELLS FOR HEPATITIS C VIRUS INFECTION

Introduction

Current therapy for HCV involves treatment with a combination of interféramd
ribavirin (62). However, this regimen is effective only in half of patientgnoboorly tolerated,
and unsuitable for certain patient populations (214). Another approach to control HGV is t
identify the host cofactors that required for the viral life cycle, sucthirak entry, uncoating,
replication, virion assembly, and egress. Targeting these factors may impggbebarrier to
viral resistance and also enable blocking the viral life cycle aipteutomplementary steps (69).
Thus, there is an intense effort to develop new, better treatments, rpssigreening and
targeting nonessential host cellular factors that are required by HCV for its infection.

Recently, several studies reported siRNA library screens designed to identify hos
proteins that support HCV replication (178, 206, 207), using slightly different subgenomic
Replicon system. These studies have identified many candidate host factaral replication
and further studies of some of the factors may yield important mechansghts into the
formation and maintenance of the membrane-associated replication complegveioane
important limitation of these siRNA screens is the usage of Replicalelmwhich only permits
identification of host factors of replication but not of other steps of the viral life cycle.

The fully infectious HCVcc systems, therefore, made it possible fearelsers to look
for cellular factors required for other aspects. Recently, an increasing numstedies have
been focusing on entry step (41, 124) and these researches were designed to idefddioros
required, aiming at inhibiting HCV infection by targeting this earliest sheqing infection.
Compared to other steps, HCV entry is an attractive target for smallutelehibitors, since it
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precedes the assembly of infectious virus and therefore rules out the pgssibdontinual
rounds of re-infection. These studies, however, were mainly usivigro cell culture systems,
which are mostly based on a hepatoma cell line Huh-7 and its derivathese immortalized
cells are quite different from the primary hepatocytes, in terms of bhdpatitions and growth
characteristics, raising the question of physiological relevance

In the first chapter, we have demonstrated that differentiated human hegstodyich
were derived from both hESCs and iPSCs, could be productively and persistentiydirifgct
HCV. To our knowledge, this is the first report of any cell type that caerzkered permissive
to HCV infection and replication by treatment with defined chemical compoubais study
established a new, noncancerous, physiologically-relevant, and renewable oeli-system for
HCYV infection. More importantly, this advance opens up new possibilities fotifiglag novel
signaling pathways required for viral infection and could lead to the discovegwotirugable
targets for HCV.

Therefore, in this chapter, the studies were designed to investigate rbitidmastage
during hepatic differentiation that rendered the differentiating cells besaseeptible to HCV
infection. By dissecting the cellular differences before and after theitican, we were hoping to
identify new host factors required for HCV infection or new restriction fa¢t@sinhibit virus
infection. Using comparative microarray analysis to compare gene-expressionspuaifile
permissive and non permissive cells, we would like to identify the aeldldterminants whose

inductions or repressions were correlated with this transition.

Methods

HCVcc Used in the Infection Experiments

A JFH1 based HCVcc (Jc1/GLuc2A) were produced in Huh-7.5 cells as previously
described (170). Supernatant containing virus particles was clarified by cenifu@000 x g)
for 10 min and steriléitered (0.2um cellulose acetate, Corning Inc., Corning, NY). Tevent
changes in pH, the supernatant were often buffered with 20 mM Hepes, pH 7.55e fore-
course infection, the viral particles were further purified by polyethylene glycol{EFIEG8000)
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precipitation: virus stock was concentrated by addition of one-fourth volume-§teeited 40%
(w/v) PEGS8000 in PBS (final, 8% (w/v)) and overnight incubation at 4iC. Virus precipitates
were collected by centrifugation (8,000 x g, 15 min), resuspended in PBS, aliquoted ahdtstore
D80;C. This procedure typically yielded 50-70% recovery of HCVcc infectivity.

All infections were performed by incubation of virus inoculum with cells f& Hrs
before the cells were washed and changed into the medium appropriate foedifie sell type
and differentiation stage. For the time course of DHHs permissivemésstion at each time

point was allowed to proceed for exactly 48 hrs before cell harvesting and western blotting.

Immunofluorescence Analysis of HCV Receptors

Cells were fixedwith 4% paraformaldehyde in phosphate-buffered saline (PBS) at room
temperature for 10 min and blocked with PBGB (PBS containing 10% normal goat serum, and 1%
bovine serum albumin (BSA)) at room temperature for 2 hrs. Cells were incub#tegrwiary
antibodies (anti-CD81, an8R-B1, anti-claudin 1 and anti-occludin, diluted in PBG at 1:100 to
1:200) at 4iC overnight or for 2 hrs at room temperature. Isotype mouse or rabbit IgGs were
used as negative controls. After four washes with PBSB (PBS with 0.1% BSA)oFMRITC-
conjugated secondary antibody diluted at 1:500 was added and incubated at room uegnperat
for 1 hr. Before being mounted with VECTASHIELD (H-1200, Vector Labs), cells wash&d
with PBSB three times and once with PBTG (PBS containing 0.1% Triton X-100, 10% normal
goat serum, and 1% BSA).

Microarray and RT- PCR Analysis

The complementary DNA used for microarray hybridization was prepared as follows.
Total RNAs from day 7 and day 10 cells were isolated with the QiagemadyNéini kit, and
RNA was converted into single-stranded cDNA with the High Capacity cDNA rReve
Transcription kit (Applied Biosystems). The RNA/cDNA hybrids were denatured &t &1
min and then treated with RNase H for 30 min at 37{C. The resulting cDa$Aciganed up with
the Qiagen PCR purification kit before being used for fluorescent labelingmhlétien 4672K
Expression Array was used for hybridization according to the manufacturerOs instructions
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Expression data and gene ontology analysis were done with ArrayStar (DNASTARDala
(Technion-Laboratory of Computational Biology). For RT-PCR, total RNA was isolated from
various days post-differentiation and then converted to first-strand cDNA with Rurime 111
(Invitrogen) with oligo-dT serving as the RT primer. The resulting products servenhgisites

for PCR analysis of HCV cofactors and receptors. Primer sequences are listed below:

Table 3.1. gRT-PCR primers for HCV cofactors

Genes Forward Primer Reverse Primer

SR-B1 5-GCGATGGGGCATAAAACC 5-TGGAGGGCTGGAACTGGA
CDs81 5-GCTGCACCAAGTGCATCA 5-CAAGCGTCTCGTGGAAGG
CLDN1 5-TGTTGGGCTTCATTCTCG 5-TGCAGGTTTTGGATAGGG
OCLN 5GGACGCAGCAGATTGGTTTATC |5-TTCTTCGAGTTTTCACAGCA
CD229 5-CTCCAGCGTCACCAGCAT 5-AGAAGGCAAACCATCAGG
NPCL1L1 |[5-CTTTCTGAACCGCTACTTCG 5-CGCCTTTGGGACATTTGA
FBL2 5-AAGCAACTGGCAAAGAATAG 5-AAAGTGTAAAACCTGCGTCA
VAP-A 5-GCTACAGCCCTTTGACTATG 5-TCAGGTGCCGATTTTCTT
VAP-B 5-CCTTTCACCGATGTTGTCA 5-AACTGCTTGTTCTCCTCCC
FKBP8 5-CGCCAACTCCTACGACCT 5-GCAGCGATGACCACAGAG
Hsp90 5-TATTCTGCTTATTTGGTTGCT 5-AGGGAGATCCTCCGAGTC
EGFR 5-TTGAAGGCTGTCCAACGA 5-CGACGGTCCTCCAAGTAG
EphA2 5-TTCACCAAGATTGACACCAT 5-TGAGGAGGCTCCGAGTAG
C-Src 5-GGAGCCTTGTGGACTACCT 5-GGGGCATCCATCTTGTAG
IFITM1 5&CCTGTCACTGGTATTCGGCTCT | 5&CAGGCTATGGGCGGCTAC
IFI30 5-CTCCAGCCACCACACGAGTA 5-GGGTAAGGAGCTGGGTCTGATC
Hsp72 5-AACAAGCGAGCCGTGAGG 5-CGCCCGTTGAAGAAGTCC
TBC1D20 | 5-TACGGCAGATGAGCAAGG 5-GCAGAAGTCCCCGAAACC
PLK1 5-CGACTTCGTGTTCGTGGTG 5-CAAGCCTTTATTGAGGACTGT
ARF1 5-GGCCTGATCTTCGTGGTG 5-GGGAGGTCCTGCTTGTTG
CKB 5-GCGGTATCTGGCACAATG 5-ACTCCGTCCACCACCATC
GBF1 5-CTGCTGCATAGTTTCGGTC 5-CATAGTTCTTGGGTTCTTCTTT
DDX6 5-ACACAGACACAGCAACAG 5-AAGATCCAGGATTCTCCCAG
Rab5 5-ATTGGGGCTGCCTTTCTA 5-TTCTGTGGTTCATTCTTTGG
FUSEBP | 5-GAACACTGGTGCTGACAAAC 5-TTGCCTTGACCTCTACCTC
hnRNPA1 [ 5-AGCCTGAGGAGCCATTTT 5-AGTGGGCACCTGGTCTTT
SPET6 5-CAGTTGGCTTTGGGGACC 5-GCTTACAGCGGCGATACA
PI3K 5-ATGGGGATGATTTACGGC 5-AAGGCTAGGGTCTTTCGA
Pl4KIIl-#2 | 5-TGGCTGTATTCCGTTCTG 5-GCTCCTCCTCGTTCTCCT
Pl4K-! 5-AGCCTTCAAACGAGACCC 5-CAAGCAGTACCCAGCACA
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Real-time RT-PCR Detection of Micro-RNA 122 (miR-122)

To determine miR-122 levels, we reverse transcribed Trizol extracted Riplesa
using the TagMan MicroRNA Reverse Transcription kit (Applied Biosystems), anmdgbking
cDNA served as templates for real-time PCR analysis with the TadWeroRNA Assay for
miR-122 (Applied Biosystems).

Results

Defined Transition from Non-Permissive to Permissive €lls

We have demonstrated that differentiated human hepatocytes, which werel @ienme
both hESCs and iPSCs, could be productively and persistently infected by HCV. wdext,
wanted to determine the transition stage during hepatic differentiationrehdered the
differentiating cells become susceptible to HCV infection.

The hepatic differentiation protocol that we used involved five differendiume
compositions for the various stages of differentiation (Fig 3.1). A combinatigkctofin A,
basic fibroblast growth factot (-FGF), and Wnt-3A (Media A and B) was used to induce the
differentiation of definitive endoderm (days 1D4), which was cultured in a FGBntéiung
medium (medium C) for three days (days 5B7) for initiation of definitive endodermichepa
specification. After day 7, medium C was supplemented with retinoic @#) and a
transforming growth-factor-b (TGFJ inhibitor, SB431542 (96), and the cells were cultured for
three additional days (days 8D10) in this medium (medium D). Finally, the hepdikeytells
were allowed to mature in medium E, which contained hepatocyte growth f&t@&FF),
epidermal growth factor (EGF), and FGF-4 (days 11D21).

Figure 3.1. List of growth factors in the media used in the various stages of differentiation.

%$



We exposed cells at different time points to GLuc-based HCVcc for 4eémeyved the
inoculum, and then monitored infection by measuring both intracellular NS3 expresgiGmi2)F
and luciferase activity (Fig 3.3) in the medium 48 hrs after infectioedr infection signal was
detected in cells at and after day 10 after differentiation, wheheastem cells (H9), the
definitive endoderm, and cells up to day 9 after differentiation could not eetedf Also, the

infection efficiency slightly increased as differentiation proceeded from day 10 to day 15.

Figure 3.2. Time course of DHH infection by detection of NS3. Cells wayesed to HCVcc
for 4 hrs on the indicated days and then cultured in the appropriate medium forteonalddd
hrs before the cell lysates were collected for detection of NS3 expression.

Figure 3.3. Time course of DHH infection by luciferase activity. Secreigterase activities
were monitored in the same experiments described in (Figure 2.2). Error bars regisestard
deviation of triplicate experiments, **: p<0.01.
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Because the day 10 cells were normally changed into medium E immedcitiezlyhe
removal of the viral input, we wanted to determine whether medium E waseae for the
infection. To address this question, we performed an experiment in whichfécged day 10
cells were either kept in medium D (FGF-10, RA, and SB) or changed into med{tGE
EGF, and FGF-4). Both samples were collected at day 21 and subjected to immurglidott
detection of HCV proteins. It turned out that medium E was not required for HCV
permissiveness, as both cell populations became infected, but the roatpratess may further

increase the infection efficiency (Fig 3.4).

Figure 3.4. Hepatic maturation was not required for HCV infection of day 16. ¢y 10
DHHs were infected and then either kept in medium D (hepatic simficmedium) or
changed to HGF-containing Medium E (hepatic maturation medium) until day 21, Wheltsa
were collected for western blotting.

Figure 3.5. A diagram indicating the transition of DHHs to HCV permissigeri@ata were
based on the results shown in (Figure 3.3.) and (Figure 3.4.).
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Taken together, these results ideatfa discrete temporal switch during the hepatic
differentiation process that mattthe transition to permissiveness for HCV infection (Fig 3.5).

Cellular Changes Associated with HCV Permissiveness

We then sought to identify the cellular determinants whose induction or reprégsihe
hepatic specification process was correlated with permissivenesdgetidn. Liver-specific
genes that are important for HCV infection are good candidates for such determinants.

A virus initiates infection by attaching to its specific receptor on shdace of a
susceptible host cell. Thisages the way for the virus to enter the cell. Consequently, the
expression of the receptarsspecific cells and tissues of the host is a major determinaitabf
tropism (138): the ability of a virus to infect a limited set of tamggts. So far, four well-
documented receptors have been identified for HCV to infect hepatocytes. oféertbiir
expression levels were analyzed in both non-permissive and permissivéygeaitsventional
RT-PCR and immunofluorescent staining. Surprisingly, no difference was observed, either a
protein level (Fig 3.6), or RNA level (Fig 3.7).

Figure 3.6. Expression of HCV receptor on both non-permissive and permissive ckils. Ce
surface staining of the four well-characterized receptors (CD81, SR-BI, Claudin-Qcaludlin)
for HCV entry into both H9 stem cells and day 10 cells.
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Figure 3.7. RT-PCR analysis of receptor expression during the hepatic differenfiaitah.
RNA was extracted from differentiating cells at different time oiutd then converted into
cDNA, which was used as PCR template to amplify HCV receptors usiogispeimers. RT:
reverse transcriptase; non-permissive cells were from day 7 post hepatic differentiati

This result was further confirmed by HCVpp entry experiment, in which pseudotyped
particles could enter both non-permissive and permissive cells, but notcslien{Fig 3.8).
These results suggest that the defect in the non-permissive aggiishappen at a post-entry step.

Figure 3.8. Entry of HCVpp into non-permissive and permissive cells. Celldfatedt time

points post differentiation were exposed to HCVpp for 4-6 hrs, at the preseaitkeofnormal
mouse IgG or anti-CD81 antibody. And cells were harvested at 48 hrs post infection and
subjected to firefly luciferase assay. Error bars represent standard afewdtiduplicate
experiments, **: p<0.01.
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Due to the developments of subgenomic Replicon system and full-length infedtigsis
system, during last decade studies have identified quite a few celidéectors required for &
life cycle of HCV, especially the RNA replication step. Using semntjtaeive PCR analysis,
we compared the expression levels of most of these cofactors betweenrmasipe and
permissive cells. For the majority of them, we did not observe any differeaaever, we did

seea significant difference for some cofactors (Fig 3.9).

Figure 3.9. RT-PCR analysis of HCV cofactors expression during the hepatic diffeoenti
process. Total RNA was extracted from differentiating cells atrdiftetime points and then
converted into cDNA, which was used as PCR template to amplify HC\¢toodausing specific
primers. RT: reverse transcriptase; DO: WAQ9 stem cells; D7 and D10: norspee cells and
permissive cells from day 7 and day 10 post hepatic differentiation, respectively.

However, expression of the proline-serine-threonine phosphatase-interacting protein 2
(PSTPIP2), a host membrane-deforming protein that is critical for the membramdus
formation (35), was upregulated in day 10 permissive cells (Fig 3.10). Differereesalso
found for the F-box and leucine-rich repeat protein2 (FBL2), which was identified dissthe
geranylgeranylated cellular protein required for HCV RNA replication by interaciithgN&5A
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(222), and for Golgi brefeldin A resistant guanine nucleotide exchange factor 1 (GBF1), a
guanine nucleotide exchange factor critically involved in HCV RNA replication (77) (Fig 3.10).

Figure 3.10. Quantitative RT-PCR analysis of the expression for cofactors (PSFBL22 and
GBF1) during the hepatic differentiation process. Total RNA was extracteddifterentiating
cells at different time points and then converted into cDNA, whichused as PCR template to
amplify HCV cofactors using specific primers. Error bars represent standardiatewét

duplicate experiments, **: p<0.01.

In addition, phosphatidylinositol 4-kinase type #I(P14KIll-#), another critical HCV
cofactor, was also highly induced in day-10 cells, especially at the protein level (Fig 2.11)

Figure 3.11. Expression for cofactors (Pl4Kid]l DDX3, and CyPA during the hepatic
differentiation process. Differentiating cells at different time Eowmére collected and subjected
for western blotting analysis for expression of indicated cofactors.
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Recent studies have shown that replication of HCV is dependent on miR-122 iexpress
(88, 105), which is a liver specific microRNA and constitutes 72% of total wiRNadult
human liver. miR-122 regulates HCV by binding directly to two adjacent sdes th the 5' end
of HCV RNA. Expression of miR-122 was not detectable by real-time RT-PCR id daglay 4
cells but was greatly induced at day 7 and then maintained throughout thentiéfeme process
(Fig 3.12). These data suggested that the induction of miR-122 expression by hepatic
specification conditions contributed to, but was not sufficient for, the tiamsirom non-

permissiveness to permissiveness.

Figure 3.12. Induction of microRNA miR-122 expression. Equal amounts of total c&NWar
from various cells at the indicated days were subjected to a reaRIRRCR assay for detection
of miR-122 expression. Error bars represent standard deviation of duplicate expertfments,
p<0.01. PHH: primary human hepatocytes; H-7.5: Huh-7.5 cells.

Microanalysis of GeneExpression Profiles between Non-Permissive and Permissivel

In order to systematically study the cellular determinants, we next perfonicesarray
analysis to compare gene expression profiles of day 7 (non-permissive) and day 1€s{peymi
cells. The addition of medium D resulted in changes (upregulation and downreguiation)
expression levels of hundreds of genes, many of which are associated Witigcaling

pathways or functioasextracellular components.
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For genes that are upregulated from non-permissive to permissive cells, rial,gieee
are more than 300 genes whose expression levels were increased over 4-fold, ABegenes
increased over 8-fold, and 9 genes were increased more than 20-fold (Fig 3.13, (1)). Gene
ontology analysis was also performed to classify these upregulated genes.

When analyzed according to their molecular functions, these genes were evenly
distributed into four categories (binding, enzymes, transcription factors, and receptarete,
2% of the upregulated genes are related to one of the specific liver fundesmsification (Fig
3.13, (2)).

Figure 3.13. Analysis of upregulated genes in permissive cells. (1). Number oligesgsiated
in permissive cells. Fold changes were calculated based on relati®ls leetween non-
permissive and permissive cells; (2). Gene ontology analysis classifying 33fulaped genes
by molecular functions.

While for downregulated genes, in general, there are more than 140 genes whose
expression levels were decreased over 4-fold from non-permissive to perroelsy87 genes
were decreased over 8-fold and 7 genes were downregulated more than 20-fold (Fig. 3.14, (1)).
We also did the gene ontology analysis to categorize the downregulated genestingtg, the
overall distribution of these genes showed a similar pattern to that of wezhjdenes,
suggesting that the steoell differentiation process is tightly regulated, involving hundreds of
genes upregulated and hundreds of genes within the similar categories downrdgigaseti,

(2)).
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Figure 3.14. Analysis of downregulated genes in permissive cells. (1). Number «f gene
downregulated in permissive cells. Fold changes were calculated basedatore ridvels
between non-permissive and permissive cells; (2). Gene ontology analysisyiclgs147
downregulated genes by molecular functions.

We then focused on upregulated genes that have been previously implicated in HCV
infection. Consistent with our previous results, expression of the four well-cdrazadt
receptors remained largely unchanged, as did the expression of the putativenextafactor,
the LDL-R (149) (Fig 3.15).

Figure 3.15. Expression levels of HCV receptors and LDL-receptor. Relative m&Meks were
calculated based on the values from microarray data. Error bars represent stendiah of
duplicate experiments.
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However, the expression of epidermal growth factor receptor (EGFR) and ephrin receptor
A2 (EphA2), two receptor tyrosine kinases (RTKSs) identified in an siRNA librasesmg for
HCV entry factors (134), increased dramatically in day 10 cells (Fig 3.16, (1)).iQtieatRT-
PCR also confirmed the upregulation of these genes to be comparable wdhellsefdund in
PHHs(Fig 3.16, (2)).

Figure 3.16. Quantitative RT-PCR analysis of EGFR and EphA2. Total RNA wastedtfeom
differentiating cells at indicated time points and then converted DiA¢ which was used as
PCR template to amplify the two entry factors using specific primersi: RiHmary human
hepatocytes. Error bars represent standard deviation of duplicate experiments, **: &0.01;
p<0.001

Of all the downregulated genes, attentions were paid to anti-viral famtoestriction
factors. One of them encoded the interferon-induced transmembrane protein 1 (IKFid11)
3.17), an IFN-stimulated gene (ISG) recently shown to be involved in the cellutiames to
infection by influenza, West Nile, Dengue, and Hepatitis C viruses (26). Anditaeratically
decreased anti-viral gene was interferenducible protein 30 (IFI30) (Fig 3.17), a lysosomal
thiol reductase that might be associated with Hepatitis B virus (HByance by Chimpanzee
(225).

Taken together, these results sugge#tat the transition to HCV permissiveness during

thein vitro differentiation process may require both the activation of positive factoRsXa®,
EGFR/EphA2, P14KIH# etc) and the downregulation of antiviral genes such as IFITML1.
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Figure 3.17. Quantitative RT-PCR analysis of IFITM1 and IFI30. Total RNA was tedr&om
differentiating cells at indicated time points and then converted intkbAcvhich was used as
PCR template to amplify the two ISGs using specific primers. Error barssesprstandard
deviation of duplicate experiments, *: p<0.05; **: p<0.01; ***: p<0.001

Selection of Novel Host @nesAssociated with HCV Permissiveness

We next performed a detailed analysis of the complete list of the ¢feseare either up-
or down-regulated in the permissive cells. For the downregulated genes, wel focukese that
are induced by the known anti-HCV cytokine, IFN. Recently, one study published a
comprehensive analysis of type-lI IFN effectors against replication of s@wvgrartant human
and animal viruses, including HCV, DENV, YFV, and Influenza (192). The Venn asalysi
revealed that more than 20 genes that have been reported to be upregulated batiidntire
have not been characterized against HCV (Fig 3.18). Their expression levelsigngieantly

decreased from non-permissive to permissive cells (Fig 3.19).

Figure 3.18. Venn analysis of anti-HCV factors. Candidate anti-HCV factors were selected from
the downregulated genes if they are inducible by the anti-HCV cytokine IFN.
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Figure 3.19. Expression levels of candidate anti-HCV genes. Relative mRNA leee
calculated based on the values from microarray data. Error bars represent stendiah of
duplicate experiments.

Compared to the parental Huh-7 cells, Huh-7.5 cells show dramatically enhanced
permissiveness for HCV infection and a dominant negative mutation iRItBd gene was
proposed as the mechanism behind (204). Two recent studies, however, provided contradictory
evidence against this explanation, by demonstrating that knockdown of RIG-I by RNA
interference (RNAI) did not enhance replication of HCV in Huh-7 cells (21, 43)efiduer it is
likely that Huh-7 cells may have different expressions of other genelgtitatCV replication.
Comparing the difference between subclones of Huh-7 cells that are peemigsiHCV
infection versus their nonpermissive parental Huh-7 cells could be a powpprdaah to
identify cellular restriction factors against HCV. Microarray analysimfone study revealed 26
genes whose expression were reduced by more than 10-fold in a subclone thatyis highl
permissive to HCV infection but without mutationsRiG-1 gene (43).

When the two lists were compared, there are two genes whose expressmnsdueed
in both lists have not been characterized for their potential HCV restriattivities (Fig 3.20).
Although both of them have not been well characterized, itOs possible théibnedoicthose

genes are correlated with HCV permissivenes
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Figure 3.20. Expression levels of candidate HCV restriction factors. RelaRiAnevels were
calculated based on the values from microarray data. Error bars represent stendiah of
duplicate experiments.

While for upregulated genes, selection of potential pro-viral factors lveillmore
complicated. To date, several studies have been performed, using either theosubge
Replicon or full-length HCVcc system, resulting in identification of many catelidast factors
required for viral infection.

Phosphorylation is a common post-translational processing event in the synthesis of
proteins, and changes in the degree of protein phosphorylation play an important role in the
modulating protein function (40). There has been much interest in characterizingjethef
protein phosphorylation in the mechanisms associated with viral infection, pagisegeand
persistence. In this regard, it is well known that NS5A protein is a phosphop{2ié)) and that
phosphorylation of NS5A is highly conserved among HCV genotypes and other members of the
Flaviviridae family (179). Recently, several studies have been reported the identification of
putative cellular kinases involved in HCV infection (178, 206). According to one stiny an
siRNA library against 380 human protein kinases was screened using Replican, siiste
human kinases, carboxyl-terminal Src kinase (CsK), Janus kinase 1 (Jakl), and Vdetéeda-re
kinase 1 (Vrkl), were identified that reproducibly reduce HCV RNA and protein |2@6.

Jakl, a widely expressed membrane-associated phosphoprotein (154), was also upregulated
our list (Fig 3.21, (1)). Another study was designed to specifically identifylaekinases that

bind to NS5A in a complex that phosphorylates N$%&itro (178). Three out of seven kinases
(cyclin-dependent kinase 6 (CDKG6), glycogen synthase kinase 3 B&&3(), and 3-
phosphoinositide dependent protein kinasé2DHK1)) were also significantly upregulated in



our list (Fig 3.21, (1)). These results raise the possibility that upregulatioana suman
kinases during the hepatic differentiation may also correlate with tmesitiom to viral

permissiveness.

Figure 3.21. Expression levels of candidate pro-HCV kinases (1) and COPI coatxc¢2)ple
Relative mRNA levels were calculated based on the values from migradata. Error bars
represent standard deviation of duplicate experiments.

Another interesting category is the COPI coat complex, which is a multisudmumglex
composed of the multimeric coatomer complex and the ARF GTPase, rmedisitegrade
retrieval of ER-resident proteins from the Golgi and also plays a role ren-@ulgi vesicle
trafficking (20). One functional genomic screen identified five coatomer ssb(@GiDPB2,
COPA, COPZ1, COPB1, and COPG) and one coatomer-binding protein (CDC42) required for
RNA replication in the subgenomic system (207). Interestingly, four of them vgerénaleased
to different extent (Fig 3.12, (2)). This result was consistent with previagdy ghat the
pharmacologial COPI inhibitor brefeldin A (BFA) was also able to inhibit HCV RNA
replicationin vitro (77).

In addition, based on another study performed in Replicon system, tumor necrosis
factor/lymphotoxin (TNF/LT) signaling pathway was shown to be involved in HCVcagmin
(159), including lymphotoxin- (LT!), TNF receptor-associated factor 2 (TRAF2),(BFp65
(Relh), and NKB/p52 (NKB2), and (B kinase! (IKK!). Four of these genes were also
identified through our microarray analysis (Fig 3.22, (1)). How the TNF/LT cascgd&ates
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HCV replication is not clear, but results from recent studies may shed lgghtheOne of the
major proposed roles of B in cells harboring HCV is to regulate the expression of genes
essential for protecting cells from apoptosis induced by HCV (223). ReplicatitCuf is
thought to be able to induce ER stress (72), which could further result in the genefat
reactive oxygen species (ROS). As a consequence, dampening pathway suctiBass NF
activated (143), to induce expression of antiapoptotic genes to countergubphatia processes
(137). This mechanism was further supported by the observation that genes upregulaged by t
expression of HCV NS5A usually contained one or morg BNbinding site within their

promoter regions (70).

Figure 3.22. Expression levels of candidate pro-HCV factors from TNF/LT signadithway (1)
and trafficking pathway (2). Relative mRNA levels were calculated basetie values from
microarray data. Error bars represent standard deviation of duplicate experiments.

The development of fully infectious HCVcc systems made it possidekofor cellular
factors required for other steps during the HCV life cycle. Compared to otheris@pentry is
an attractive target for small molecule inhibitors. Recently, an siRNAry targeting 140 genes
involved in membrane trafficking pathways was evaluated to identify human genesed for
HCV endocytosis (41), and six of sixteen factors were also discovered by our microarra
analysis (Fig 3.22, (2)). On the other hand, our previous results have demonstrated that the
expressions of four HCV receptors remained unchanged from non-permissive to percelsive
Taken together, these results indicate that one of the possible defeotspermissive cells is

the dysfunctional HCV-specific endocytosis process.
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In contrast, some studies were not focused on a specific step; inkwadere designed
to identify proteins needed for the complete viral life cycle, from viral-rexsgptor binding to
the completion of a second round of viral infection (124). These genome-wide gamegas
provide lists of genes that are required for but yet uncharacterized steps. Agc¢ordne study,
only a tiny portion (<2%) of known genes was actually involved in various steps leCi¥idife
cycle (124). Of these genes, a strong statistical enrichment for seveare¢lhdar pathways and
complexes were revealed. Our Venn analysis revealed that more than 30 genedewtified
by both studies (Fig 3.23), and 11 of them were increased very dramatically ingpezrogdls
(Fig 3.24).

Figure 3.23. Expression levels of other candidate pro-HCV factors-1. Relative mRHBIA le
were calculated based on the values from microarray data. Error bars reptasdatds
deviation of duplicate experiments.

Figure 3.24. Expression levels of other candidate pro-HCV factors-2. Relative m&feks |
were calculated based on the values from microarray data. Error bars reptasdatds
deviation of duplicate experiments.
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Discussion

Viral tropism for a specific cell type is typically associatethwhe expression of tissue-
specific cofactors (e.g. receptors). HCV infection is largely hepatotropicugih the virus has
been reported to infect other cell types, including B-cell lymphoma cells (208).evitry into
DHHs by HIV and VSV patrticles pseudotyped with HCV envelope proteins hasréeered
(31), consistent with our finding that all known HCV receptors are expressed on DHHS.

We also found that the induction of miR-122 expression was correlated with hepatic
specification and preceded the transition to HCV susceptibility, confirntiegconnection
between this liver-specific microRNA and host restriction in non-hepatis, cas reported
previously (105). FGF-10 treatment, possibly in combination with the withdrawattofiA A,
increased miR-122 expression by more than several hundred folds. The link between FGF-10
and miR-122 induction may be the hepatocyte nuclear factor 4 alpha gHiNRith, along with
HNF6#, has recently been reported to bind the miR-122 promoter and activateRpti22
transcription (117, 126). The expression HMA®elf may be regulated by FGF-10 as mutant
Zebrafish lacking thégf-10 gene showed misexpression of HMH45). FGF-10 has also been
shown to be crucial for hepatoblasts survival and proliferation (18), and an impottamtf
miR-122 in hepatic development has been demonstrated in Zebrafish (117), perhaps not
surprising for a molecule that is highly liver specific and extremely aburfoaet 50,000 copies
per cell in mouse liver versus less than 50 copies in other tissueghus iempting to speculate
that FGF-10 in part exerts its effect on liver growth via the actions of miR-122.

Besides miR-122, EGFR and EphA2, two RTKSs that contribute to the HCV entry process
through their kinase function, were specifically upregulated in permissige ©¢lhote, medium
E, which contains EGF, increased HCVcc infection of day 10 cells, cemisistth previously
reported results in Huh-7.5 and PHHs (134). The expression of both ephrin Al, which is the
ligand for EphA2, and ephrin B2 also increased from day 7 to day 10. The latter is the
membrane-bound ligand for EphB and serves as a cellular receptor for Nipah virus (25)r Whethe
it also plays any role in the HCV entry process remains to be determined.

Comparison of gene expression profiles between non-permissive and permidsive cel
provides a novel method to identify cellular cofactors for HCV infection, in @em

physiologically relevant system. Transition to HCV permissiveness might rehatre the



upregulation of positive factors and downregulation of negative factors. Through bioinéatmat
analysis, we identified several putative pro-viral and anti-viral factors thedcorrelation

between their expression levels and virus susceptibility is under investigation.



CHAPTER FOUR

HEPATITIS C VIRUS LIFE CYCLE

HCV Particles

Viral Particles and Association with Lipoproteins

With a predicted diameter of 50 nm, the HCV particles are composed ofemcajusid
surrounded by a host cell-derived membrane envelope that contains the viral glycofbteins
and E2, which are thought to form a non-covalent heterodimer (183). The transmembrane
domains of the glycoproteins are essential for ELE2 heterodimerization (163ctddemains
of HCV envelope glycoproteins are highly glycosylated, and these glycans are thopiglyt do
major role in protein folding, virus entry and protection against neutralizing antib@die31,

87).

Patient serum-derived particles (HCVser) have been shown to be in complexwith |
density and very-low-density lipoproteins (LDL and VLDL) (167). Furthermore, in cultured
hepatoma cells, the production of HCV particles (HCVcc) is also dependemssemlay and
secretion of VLDL lipoproteins (93), suggesting that HCV particles may irterigic VLDL
during the assembly of the lipoprotein particles and might be secreted togétinérLDL.
Although how HCV particles are associated with VLDL remains elusivgjves HCV the

opportunity of using lipoprotein receptors to bind to hepatocytes.

HCV Life Cycle

Attachment of HCV Particle to the Hepatocyte Surface

HCV entry is initiated by the binding of the particle to attachmenofactvhich help to
concentrate HCV particles on the cell surface. Usually, interactidnattidchment factors can



be relatively non-specific and often involve binding to glycosaminoglycans (GAGs)ole of
GAGs in HCV entry has been investigated and it has been shown that H&gyria heparan
sulfate homologue, and heparinase (100), an enzyme able to degrade heparan tsthiéated| a
surface, inhibit attachment of HCV glycoprotein E2 and HCVcc to hepatodide Bmding of
E2 to GAGs has been mapped to the HVR1 of the glycoprotein (15). These saggkst that
GAGs may serve as an initial docking site for HCV attachment.

On the other hand, as a result of the association between HCV and lipoprot&ns
cannot exclude a role of the lipoproteins associated with HCV parti¢hkeeimitial binding to
GAGs (3). Recently, the LDL receptor (LDL-R) has been proposed as another potential
attachment factor for HCV (147). Subsequent studies further showed that @ksaiosorption
can be inhibited by antibodies directly against the LDL-R as well afguutiDL and VLDL.
More recently, the inhibition of HCVcc entry by anti-apolipoprotein E (ApoE) is another

argument in favor of a role of the LDL-R in HCV entry.

Figure 4.1. Life cycle of Hepatitis C Virus (239). (apo, apolipoprotein; BC, bile icahal
CLDN1, claudin 1; HS, heparan sulfate; JAM, junction-associated adhesi@cuiel LDLR,
low-density lipoprotein receptor; OCLN, occludin; PS-ON, phosphorothioate oligonucleotides;
SR-BI, scavenger receptor class B type |; ZO, zona occludens)



In vivo, HCV enters the liver through the sinusoidal blood (181). Capture of circulating

HCV particles by liver sinusoidal cells may facilitate the virafection of neighboring
hepatocytes which are not in direct contact with circulating blood. 1tOs thbagtti$ process
may be mediated by the dendriti@lidspedfic intercellular adhesion molecule-3-grabbing
nonintegrin DC-SIGN) (176), which is expressed in Kupffer cells that localize close/¢o |
sinusoidal endothelial cells (LSEC) and hepatocytes. Both DC-SIGN and livel/lyrade-
specific intercellular adhesion molecule-3-grabbing integrin (L-SIGN) have been shbadundt
envelope glycoprotein E2 with relatively high affinity (132), arguing for their poterdlalin

capturing HCV particles vivo.

Receptors-Mediated Endocytosis

After the initial attachment to the hepatocyte, HCV particles bindigt affinity
receptors (CD81, SR-B1, and two tight junction (TJ) factors Claudin-1 (CLDN1) and occludin
(OCLN)).

CD81. CD81 is a ubiquitously expressed 25 kDa tetraspanin, containing a small
extracellular and a large extracellular loop (LEL) (197). CD81 has been thanfistule
described to interact with a soluble truncated form of E2 (172). And the invehteshCD81 in
HCV entry was further supported by the observation that soluble recombinant form of CD81
LEL could inhibit HCVpp and HCVcc infections. Recently, increasing studies peosaded
additional information about E2-CD81 interactions and highlighted the importasesafl E2

residues for that interaction (90).

SR-B1. The second receptor identified for HCV entry is human scavenger receptor class
B member 1$R-B1), which is an 82 kDa glycoprotein with a large extracellular loop and highly
expressed in the liveiSR-B1 functions as a lipoprotein receptor, interacting with variety of
lipoproteins and is involved in the bidirectional cholesterol transport acroselthmembrane
(). Initially implicated as an HCV receptor by its ability to bind solubk tBrough the
extracellular loop (189), SR-B1 likely plays additional roles in the viral entry psabat are not
mediated by direct interactions with E2 (219). The tight association of Wi@Vlipoproteins
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might provide virus an effective strategy to exploit some of SR-B10s physiolotgsalo gain
hepatocyte access. Indeed, High-density lipoprotein (HDL) binding to SR-B1 was found to
enhance HCYV infectivity (219), although the HDL bindiogr sedoes not seem to be essential
for HCV uptake. Recently, celb-cell lateral spread of HCV was found to be blocked by anti-
SR-B1 antibody or in cells knocked down for SR-B1 (33), suggesting a direct and novel role for

this receptor in HCV celle-cell transmission.

CLDN1. CLDN1, a 23 kDa protein with four transmembrane domains, has been
identified as the third receptor for HCV to enter hepatocyte (52). Subsequent Jtudhel
CLDNG6 and CLDNS9 are also able to mediate HCV entry (141). CLDNs areatmtienponents
of tight junction TJ) regulating paracellular permeability and polarity (64). In hepatocyte,
CLDN1 may localize to TJ but also to the basolateral surface (181) eatrstuidy suggests that
itOs the non-junctional CLDN1 that might be involved in HCV entry (52), during ¢hstéate of
viral entry (114). Surprisingly, no direct HCV-CLDNL1 interaction has been found so far.
According to one model, the formation of CLDN1-CD81 complex is critical for Hi@&ction
(82, 83).

OCLN. The fourth host cell factor required for HCV entry is OCLN, which is a 65 kDa
four-transmembrane protein also expressed in TJ of hepatocytes. Together with 8L, O
has been reported to be one of the two HCV host entry factors responsible &pethe
specificity of HCV: their expressions might confer HCV permissivity to raael lines (173).
Similar like CLDNs, so far there is no evidence of a direct interaction between HCV and OCLN.

It is worth noting that all these entry receptors are required for productive iH€ation,
suggesting that viral entry might be mediated through the formation of a tightgstrated
HCV entry factors complex at the plasma membrane. To date, the sequenanisf leading
from HCV-interaction with host factors to internalization, viral fusionl sgimain unclear.
Studies using HCVpp and HCVcc have demonstrated that HCV entry into hepatieytesis
on clathrin-mediated endocytosis (22, 142), the most common route of endocytosis f& viruse
that required internalization. A study using DIiD (1,10 dioctadecyl-3,3,30,30tetramethyl-
indodicarbo-cyanine 4-chlorobenzenesulfonate salt)-labeled HCVcc has showntithainac



clathrin-actin associations are involved in the efficient HCV endocy(d&is The key question
for endocytosis is whether all or part of the plasma membrane expressinghéiEVactors
internalizes together with HCV still remain elusive. A recent study siggehat during
internalization, HCV associates with CD81 and CLDN1 (41).

Clathrin-mediated endocytosis transports incoming viral particles togetherttvaith
receptors into early and/or late endosomes. Experiments using HCVpp have intthatteGV
particles are delivered to early but not late endosomes (142). This is funhorted by

imaging data showing colocalization between HCV and early endosome marker Rab5 (41).

Membrane Fusion and Nucleocapsid Release

The acidic pH in endosomes provides an essential cue that triggers fodianaating
(239). Fusion between viral envelope and endosome membrane are catalyzed by fuisies pept
embedded in the viral envelope glycoproteins (200). To date, the mechanisms ousl@V f
have not been completely elucidated. Previous studies observed that HCVpp eriti@)22d
HCVcc (216) infection are pH-dependent, indicating a classical pH-dependent merhisian
process may be required for efficient infection. Usingvitro fusion assays, it has been
suggested that HCVpp fusion was low pH and temperature-dependent, and ddcitiyat
cholesterol (119). Interestingly, HCVpp fusion could be inhibited by patient-derived anti-HCV
antibodies, thus highlighting the importance of HCV envelope glycoproteins in thespr(x9).
Recently, in a novel fusion assay using HCVcc, the importance of pH, thedpidosition of
membranes and HCV E2 was further confirmed (81). To date, it is still unknbetiner other
host factors directly participate in the fusion process.

After membrane fusion, HCV nucleocapsid is released into dedstytosol. Although
the detailed mechanism remains unclear, itOs thought that nucleocafisassembled in the
cytosol by pH-independent mechanism: fusion of the viral and endosome membranes expos
the nucleocapsid to the cytoplasm. Each ribosome binds three or six motdadesid protein,
causing them to detach from the nucleocapsid (138). The process is belieeedrtavhile the
nucleocapsid is attached to the cytoplasmic side of the endosome membrane.



Translation and Polyprotein Processing

As opposed to cellular capped mRNA molecules which are translated uap-a
dependent scanning mechanism, the naturally uncapped HCV RNA molecules datettans
a capindependent IRES-mediated process (217). In this process, the HCV protein expsession
regulated by direct recruitment of each ribosome to the start site oftramsIRES-mediated
translation of HCV RNA is initiated by direct IRES binding by a vacant 40S ribalssunibunit,
which has been shown to interact with the viral RNA at multiple snelsding stems, loops,
pseudoknots, and the start codon (110). Studies also demonstrated that the first 12-40nt
downstream of the start cod@important for IRES activity (182).

Besides these requirements, additional cellular factors, such as tnetdamtigen (5),
heterogeneous ribonucleoproteins L (HNRNPL) (80), poly-C binding protein (PCBP) (63), and
pyrimidine tract-binding protein (PTB) (7), have also been shown to bind to the IRE&nélem
and modulate HCV translation. Recently, a liver-specific microRNA, miR-122, faiand to
bind to two target sites in the 5SOUTR of HCV RNA and stimulate viralation, by enhancing
the association of ribosome with the viral RNA at an early initiation stage (88).

The main translation product of the HCV genome is a large precursor polyprotem that
subsequently processed by cellular and viral proteases into ten mature stractdral
nonstructural proteins. Junctions at core/E1l, E1/E2, E2/p7, and p7/NS2 are processed by host
signal peptidases. Further post-translational cleavage close to the @Quteroficore protein
takes place, removing the E1 signal sequence by a signal peptide peRez=gly, a newly
discovered HCV gene product (F protein) was identified, which is expressed bwttcanad|
ribosomal frame-shift. Little is known about the biological functions of pinatein, although
subcellular localization study showsianilar pattern to those of HCV core and NS5A proteins.

As described above, HCV nonstructural proteins are processed by two viral proteases:
cleavage between NS2 and NS3 is a rapid intramolecular reaction rdduiadeNS2-3 protease
spanning. NS2 and the N-terminal domain of NS3, whereas the remaining four jurggBons
processed by a serine protease located within the 180 N-terminal residhesN83 protein.
Processing at the NS3/4A site is intramolecular, whereas cleavae ather sites occurs
intermolecularly (11, 180).



RNA Replication

As discussed before, similar to other positive-strand RNA viruses (152), HCVateplic
is assumed to start with synthesis of a complementary negative-stranddiidgfthe genome as
a template, after which genomic positive-strand RNA is produced from theveegiaand RNA
template. Both of the above steps are catalyzed by the NS5B RdRp.

Also as with other positive-strand RNA viruses, formation of a membrane-dassocia
replication complex, composed of HCV proteins, replicating RNA and alteredlacell
membranes, is a hallmark for HCV RNA replication (152). A specific membatiiaenation,
named the membranous web, was identified as the site of RNA rgplicathe hepatoma cells
containing subgenomic HCV replicons (74). Studies have also shown that the forofatien
membrane web could be induced by NS4B alone (49) and was very similar to the Gkponge-|
inclusionsO previously observed using electron microscopy in the liver of HCV-ihfecte
chimpanzees. The current model suggests that the membranous web is derivel@Rfrom
membranes (4).

Recent studies have identified additional host factors involved in the fom@tHCV
replication complex or required for RNA replication. Starting with the observahan t
cyclosporine A (CsA) inhibits HCV replicatiom vitro (224), cyclophilin A (CyPA) was
identified as a cellular target of CsA action (232). CyPA is a peptidyl-pc@ytrans isomerase,
which catalyzes the cis-trans isomerization of proline imidic peptide bonulgyopeptides and
accelerates the folding of proteins. It was shown that CyPA interatts N85A (59, 78),
however, the detailed mechanism by which how CyPA involves in HCV replicatmaing
unclear.

Studies also have revealed a complex interaction between HCV RNA tiepliead
cellular lipid metabolism, presumably through the trafficking and associatigimabfand host
proteins with intracellular membranes. One example is the Tail-Integaetotein 47 (TIP47), a
found member of the lipid droplet (LD)-associated PAT (Perilipin, ADRP, dRd7]) protein
family that coats Lipid droplets and is involved in the regulation of LD geio® and turnover
(30). Based on the proposed model, TIP47 serves as a novel cofactor for HCV reptigation
integrating LD membranes into the membranous web, via its interactioiN®§A (218). More
recently, it was shown that the proline-serine-threonine phosphatase-interacting f2rotei



(PSTPIP2), which has the ability to deform cellular membrane, is involvéde iH€V-induced
membranous web formation (35). Interestingly, PSTPIP2 also interacts with NB6&6%\;
whether NS5A also participates in the formation of membranous web rearaimgeresting

issue.

Cellular Determinants for Virions Assembly, Maturation and Release

Viral protein involved. As the building block for capsid, the mature core is a dim#ric,
helical protein composed of two domains: an N-terminal highly basic domaini{izdyed in
RNA binding (196) a Gterminal hydrophobic domain (D2) mediating the association of core
with cytosolic lipid droplets (194). Transmembrane glycoproteins E1 and E2 form noncovalent
heterodimers, severing as the building block for the viral envelope. P7 has also bee
demonstrated to be essential for the assembly and release obugeastus (103, 202), although
the exact roles of p7 in these processes are unclear. Interestingly, incexademge has shown
that some viral nonstructural proteins, mainly the NS2 (101, 103, 201)and NS5A (8, 211), are
also involved in the virion assembly process. NS2 has two domains: an N-temeimérane-
binding domain and a C-terminal cysteine protease domain, both of which area¢ésethese
processes, probably in a late post-assembly maturation step (235). NS5A hassigesd with
three domains, according to biochemical analyses. Only domain Il is required for HCV
assembly (8). Based on one model, phosphorylation of domain Il by casein kinase Il could
regulate its interaction with the core protein and thus virion formation (211).

In addition, recent reports proposed specific roles of NS3 (136) and NS4B (104) in these
steps, further indicating a close link between HCV RNA replication and virion assembly.

Host factors contributing to these stepsSeveral host factors have been reported to
contribute to the HCV assembly. Most notable one is the apolipoprotein E (ApbiEh has
been demonstrated as a physical component of infectious particles exadi foiitassembly (34).
ApoE interacts with NS5A (17), suggesting that it might be involved in an gagyof assembly.
The functional importance of apolipoprotein B (ApoB) for assembly is controversialhand
discrepancies are probably resulted from the different cell culture systsedsby different

groups.



In addition to these two apolipoproteins, other cellular factors are alsacatgaliin the
assembly process. One study observed colocalization between heat shock pogeate70
(Hsc70) and HCV proteins on cytosolic lipid droplets and showed that Hsc70 ial ¢oudboth
the size of lipid droplets and production of infectious virus particles (165). Initntified by
its enrichment in the membranous HCV replication complexes, annexin A2 (ANXZg&jound
to be required by the assembly, but not RNA replication (9). The detailed msroh@mains
elusive. More recently, diacylglycerol acyltransferase-1 (DGAT1), which esna&ak for lipid
droplet biogenesis, was shown to be required for assembly, probably by binding to core and
association with lipid droplets (89).

Cytosolic lipid droplets. When stably or inducible expressed in cells, HCV core proteins
showed a prominent accumulation in close proxirtotyipid droplets (10). A decade later, the
significance of this localization of core was shown to be essdatialirion assembly (145).
Soon afterwards, increasing and compelling evidence showed that Lipid dropjets glzcial
role in HCV assembly, probably by serving as a platform for virion assembly (194).

Assembly of HCV Particles

Nucleocapsid formation. Currently, two prevalent models have been proposed to
explain the assembly process (12). In one model, core protein is initially tradséto the
surface of lipid droplets but re-recruited to the ER membrane at the agsaitabl where it
interacts with NS5B or NS5A. According to this model, lipid droplets might fomets transport
vehicles transferring core proteins from site of translation to assentédy ¥fhile in the other
model, the formation of nucleocapsid is initiated on the surface ofdipiglets and viral RNAs
are delivered to core proteins by NS5A protein, which is also mobilized ontb dipplet

surface.

Envelopment and lipid incorporation. It has been shown that these late-assembly steps
are tightly linked to the VLDL pathway, suggesting that HCV envelopment ahdatian could
take place in a specialized lipid-rich microdomain at the ER membeam&ghed for lipid
droplets (12). However, how the envelope glycoproteins are targeted to the latbhasstam
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and incorporated into virions, and how the apolipoproteins are incorporated into mature
infectious particles is unclear. It is assumed that apolipoproteins (ApdBAROE) might be
required in the lumen of the ER. And finally, mature HCV particles containpgBAApoE and
maybe other apolipoproteins are then transported along the VLDL secretorap&B)yv

Cell-to-Cell Spread

Beside the above route of virus entry, referred to as cell-free infection, direct
transmission of HCV particles between neighboring cells, so calletbesgl spread, has also
been suggested (138). This mode of transmission may be particularly ratevava in the
context of infected liver tissue. However, the extent to which cell-iesus celko-cell
transmission contributes to HCV persistence is unknown. It has been reportedlittatell
transmission does provide certain advantages in terms of infection refficemd immune

evasion from neutralizing antibodies (33).
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CHAPTER FIVE

CELL DEATH -INDUCING DFFA -LIKE EFFECTOR B (CIDEB)
IS REQUIRED FOR HEPATITIS C VIRUS ENTRY INTO
HEPATOCYTES

Introduction

Viruses depend on host factors to gain entry into the host cells, and thetiotera
between viral glycoproteins and cellular entry factors are important for thisgsroand
contribute to viral tropism (138)Of the two glycoproteins (E1 and E2) encoded by hepatitis C
virus that form a heterodimer, E2 is a major target for neutralizing antibedtesvell-defined
epitopes, both linear and conformational; two of the HCV receptors, CD8BR#l, were
identified through a direct interaction with E2 (172, 189); and a theoreticatuisaumodel of
E2, based on analysis of disulfide bridges, receptor-binding data, and structyiatdenof
flavi- andalphavirusesnvelope proteins has been proposed (113). E1 is generally considered to
be a companion protein of E2 that facilitates the correct folding and oed@pding of E2 (220).

Following attachment and receptor-binding, HCV enters the cells via endocyitsis
the help of additional entry cofactors. The details of the membrane fusie@sprocHCV entry
remains poorly defined, mainly because of the lack of a crystal structugghfer glycoprotein.

Both E1 and E2 proteins contain putative fusion peptides and may participatmhbrame
fusion (120).

Interestingly, authentic HCV particles produced in cell culture (HCVcc), buhedikv-

HCV pseudotyped particles (HCVpp), require an additional post-binding trigger to complete
membrane fusion under low pH in the endosomes (216). It is not clear whetherr qalhiikins
directly participate in membrane fusion, although it has been proposed that reofioval
cholesterol from the virion by Niemann-Pick C1-like 1 (NPC1L1) is necessaoyebgision
occurs (185).
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In our previous result, we developed a new HCV cell culture model by converting
pluripotent stem cells into differentiated human hepatocyte cultures (2283s¢/édentified a
critical transition stage during the hepatic differentiation process wienDHHs become
permissive for HCV infection. This well-defined transition stage to HCV sigeness during
the DHHSs differentiation process provides a unique opportunity to study cellular susceptibility.

Here we identify the human cell death-inducing DFFA-like effector b (CID&#B)liver-
specific member of the CIDE family, as a protein whose expressionigraBcantly induced
during the transition stage. The CIDE family proteins, CIDEA, CIDEB and CIDECpé&aifsc
protein 27 (Fsp27), were originally identified based on their homology to the N-teomalin
of DNA fragmentation factors (DFF) (97) (Fig 5.1). Although these proteins indetledeath
when overexpressed, the physiological function of the CIDE proteins relates menergy
expenditure and lipid metabolism vivo (229). All three CIDE proteins associate with lipid
droplets and CIDEC/Fsp27 in particular plays a role in the growth of lipid dropléasibiating
the fusion of the lipid monolayers of two contacting droplets (73). Recently, H&/pxbtein
was found to interact with and inhibit the CIDEB-induced death pathway, contrilotitige
viral persistence observed in HCV pathogenesis (50). More recently, CIDEB was found to
associate with ER and lipid droplet (233), two organelles that participateCvi RNA
replication and infectious viral particle assembly, raising the posgiltiiait CIDEB might
participate in one or several steps of the HCV life cycle.

Figure 5.1. Schematic representations of CIDEN proteins, along with DNA fraagmerfactor
DFF45. CIDE-N represents the conserved domain among CIDEs and DFF-45.

Therefore, in the chapter, experiments were designed to investigate whethduttion
of CIDEB was correlated with the transition to HCV permissiveness, bgreliffiating hESCs
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harboring shRNA against CIDEB toward hepatocytes and then testing their sustepabil
HCV infection. Experiments were also designed to determine the mechahisetion for
CIDEB in HCV life cycle. The specific blockage of HCV infection in CIDEBocked-down

cells would be determined by a series of cell-based assays, includoigradtd of viral particles,
entry of HCVpp, translation and replication of viral RNA, assembly and seatrefioviral
particles. Finally, we were interested in finding out whether CIDEB ¢sralguired for infection

by other positive-stranded RNA viruses, such as dengue virus (DENV), yellow fever virus
(YFV), and West Nile virus (WNV).

Methods

Cells and Hepatic Differentiation

Human ESC line WAQ9 (H9) cells were obtained from the WiCell Researdtutesind
differentiated into hepatocyte like cells with a protocol developed in OQhape Huh-7.5 cells
were kindly provided by Charles Rice (Rockefeller University) and Apath LLC. GS5 Beplic
cells were developed in our laboratory by inserting GFP iredGiterminus of NS5A, followed
by sorting GFP containing cells through flow cytometry. Huh-7.5/CtDells were generated

in our laboratory.

Antibodies

Anti-ApoE (Mab33) was kindly provided by Guangxiang Luo (University of Alabama at
Birmingham). The following antibodies were purchased: anti-HCV Core, NS3, NS5A (BioFront
Technologies), anti-CIDEB, HA, ApoB, GAPDH (Santa Cruz Biotechnology), FArAIF
(Sigma Aldrich), anti-DENV NS3 (GeneTex), anti-CLDNL1 (Invitrogen), anti-Occludin (Abcam),
anti-CD81 (BD Pharmingen), anti-LDLR (Bioss USA Antibodies), anti-Rab5 (BD Transduction
Laboratories), anti-Rab7 (Cell Signaling Technology).

FITC and TRITC conjugated anti-rabbit and anti-mouse immunoglobulins (IgG) were
purchased from Sigma Aldrich.
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RNA Interference and cDNA Rescue.

A human immunodeficiency virus (HIV)-based Lentiviral vector was used to exjhess
short hairpin RNAs (shRNAs). The target sequences are shown in Table 5.1. cgiéble
expressing shRNAs were obtained by selection with 1.2 pg/ml (for Huh-7.5 aedl<).6 pug/ml
(for WAQ9 cells) of puromycin for 3 weeks. The CIDEB cDNA that is resisiargh-CIDEB
contains mutations within the targeting sequences, as shown in Table 5.1

For cDNA rescue experiment, Huh-7.5 cells were transiently transduced hiitiAs
for 4 days and then transfected r-CIDEB expression plasmid for another 20 hrs. Tednsf#ist
were then infected with high titer HCVcc for 16-20 hrs before being harvesteae&iern

blotting analysis of viral antigens.

Table 5.1. shRNA targeting sequences for CIDEA and CIDEB

Genes shRNA targeting sequence
CIDEA 50- AACACGCATTTCATGATCTTG-30
CIDEB 50-AAAGTACTCAGGGAGCTCCTT-30
r-CIDEB | 50-AAAGTcCTgcGcGAaCTCCTT-30

Viruses and Viral Infection

A JFH1-based high-titer HCVcc (JJ virus, kindly provided by Guangxiang Luo) was
produced in Huh-7.5 cells as previously described. The genotype 1b serum was oltainad f
commercial supplier (Teragenix, Ft. Lauderdale, FL) with a RNA titer of 1@ copies/ml.
Infection of DHHs and Huh-7.5 cells was performed as described in chapter two. Two serotype-2
dengue viruses: strain 16661 and New Guinea C (NGC) (kindly provided by Qianjun Li at The
University of Alabama at Birmingham) were amplified in Huh-7.5 cells. ®E8icular
stomatitis virus (GFP-VSV) was provided by Dr. Fanxiu Zhu at FSU, with a titer 102FFU.

For the colocalization experiment, Huh-7.5 cells were incubated with a iteghitus
preparation at a multiplicity of infection of 10-50 at 4{C for 2 hrs. Thesae#ire then washed
with PBS three times and shifted to 37;C for 1-3 hrs before being fixed for immunostaining.
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Colony Formation Assay

Cells were seeded in 10-cm dishes (usuallyl8®) and antibiotics were added the next
day: G418 (500ug/ml) or puromycin (1.2ug/ml). Media was changed every 3~4 days to remove
dead cells. After 3 to 4 weeks, the dish was washed with PBS oaeatich10ml of methanol
was added into dish for 10 min at room temperature. After that, 3ml of cwyaiet blue buffer
was added and incubated for 10 min and then the dish was immesédick volume of water

to remove non-attached crystal violet pigments.

HCV Attachment Assay

Huh-7.5-based cells cultured in 12-well cell culture plates were incubdtetH@Vcc in
the absence or presence of Heparin (200ug/ml) at 4;C for 2 hrs. Subsequently, the unbound HCV
particles were removed by aspiration and by washing cells with PBS, gentlyasadghly. The
virion RNA of cell-bound HCV was determined by quantitative RT-PCR.

Infection Time Course Assay

Cells cultured in 12-well plates were exposed to viral inocudtiniZh time point at 4;C
and then were shifted to 37;C at Oh point after thorough but gentle PBS washingb®&ngn
collected at indicated time points (except for Oh point), cells were migpsi and then washed
with PBS to remove surface-bound virions. For Oh point, cells were collected with rEagent
after PBS washing. The amount of HCV RNA detected at Oh reflectsribasvbound on the
cell surface prior to entry. HCV RNA was determined by quantitativé’RR-

HCV Pseudoparticles (HCVpp) Production and Infection

HCVpp were produced iRHEK-293T cells as previously reported. For CD81 treatment,
cells were pre-treated with 10ug/ml of anti-CD81 antibody for 4 hrs and thectedfevith
HCVpp supplemented with the same antibody at a final concentration of 10jugfedtivity

titers were determined 72 hrs post infection, using a firefly luciferase assay systenmg@rome



Membrane Fusion Assay Using DiD-Labeled JFH-1 HCVcc

The HCV fusion assay was performed as described (41). Briefly, high titer ¢-\E&&
labeled with DID (Invitrogen) according to manufacturerOs instructions. DiD-H@Afticles
were then purified by density centrifugation before used for infection. Infectioellsfby DiD-
HCVcc was performed in 12-well cell culture plates with slides.dfuspots were counted from
multiple representative fields.

Generation of Huh-7.5 Gells-Derived CIDEB Knockout Cell Lines
Conducted by Christy Hammack, a graduate student in Tang laboratory

Results

CIDEB I sInducedDuring Hepatic Differentiation and Required for HCV Infection of
Differentiated Human Hepatocyte

We recently identified a transition stage during the hepatic differiemtiptocess when
the cells became permissive for HCV infection (228). The expressioniwéraspecific gene,
CIDEB, became detectable during this transition (dayl10 to 11) and steadily idcadarsg the
hepatic differentiation (Fig 5.2), raising the possibility that induction of GMas correlated
with transition to HCV permissiveness.

Figure 5.2. Induction of CIDEB during hepatic differentiation. Equal amounts of atetise
indicated days were subjected to western blotting for detection of CIDEB expression.
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We then determined if CIDEB expression was required for infection of DHHs. H
A smalkthairpin RNA (shRNA) directed at CIDEB mRNA was introduced into the human
pluripotent stem cell line WAOQ9 to produce a stable line which, upon diffatient produced
DHHs with reduced CIDEB expression (DHH/CIDEB. Knockdown of CIDEB in DHHs does
not significantly affect the hepatic functions, as demonstrated by compaaitities to store
glycogen (Fig 5.3, (1)) and secrete albumin (Fig 5.3, (2)) between DHH/Ctrl and DHHBEIDE
cells.

Figure 5.3. Hepatic functions of DHH/Ctrl and DHH/CID®Bcells. (1). Glycogen storage in
DHH/Ctrl and DHH/CIDEBP® cells. Differentiating cells at day 16 cells were fixed for Peciodi
acid-Schiff staining (10X); (2) Albumin secretion from day 16 and day 18 DHH/Ctrl and
DHH/CIDEBP cells. Media were subjected to albumin ELISA. Data were normaliaed
DHHY/Ctrl cells at day 16. Error bars represent standard deviations from triplicate experiments.

Figure 5.4. Knockdown of CIDEB in DHHs suppressed infection by HCV. DHH/Ctrl and
DHH/CIDEB"P cells at day 11 were exposed to HCVcc (1) and HCVser (2) for 4 hrs. Two days
post infection; cells were analyzed by western blotting or gRT-PCR to ¢I&ENS3 or RNA,
respectively. Error bars represent standard deviations from duplicate experimenqis0.01
(Panel (2)was contributed by Emily Lee in Tang laboratory)
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When both DHH/Ctrl and DHH/CIDE® cells were challenged with JFH-1-based
HCVcc and virions derived from a genotype 1b patient serum, knockdown of CIDEB effective
inhibited infection of the DHHs by both HCVcc and serum-derived HCVser (Fig 5.4gnTa
together, these results indicate that CIDE&simportant for HCV infection of DHHSs.

CIDEB Knockdown Inhibits HCVcc Infection of Huh-7.5 Cells

To facilitate mechanistic studies, we determined if CIDE&s also required for HCV
infection of Huh-7.5 cells. shRNAs against luciferase, CIDEA, CIDEB, or TGMB2thar
highly upregulated gene identified in Chapter Three, were transiently introducedeitgp
followed by infection with HCVcc. All shRNAs could inhibit the target gexeressions (data
not shown) but only suppression of CIDEB could dramatically inhibit HCVcc infection (Fig 5.5).

Figure 5.5. CIDEB knockdown inhibits HCVcc infection of Huh-7.5 cells. Cell weresdhaced
with Lentivectors targeting luciferase, CIDEA, CIDEB, or TGM2. Four days atiestluction,
cells were challenged with HCVcc and viral infections were detdntedestern blotting at 24
hrs post infection.

The inhibitory effect of CIDEB shRNA was recapitulated by commerciallydatdd
siRNA duplexes that targeted a different region of the CIDEB mRNA (Fig 5.6, (1)gralit
the possibility that inhibition of HCV infection was resulted from non-dpeeffects of ShRNA
transduction. Furthermore, Huh-7.5 cell lines with stable CIDEB knockdown wereesiso |
susceptible to HCV infection (Fig 5.6, (2)), suggesting that long-term suppres<idDBB also
inhibits HCV infection.
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To further preclude the possible off-target effect of the CIDEB-shRNA in Hubell
we exogenously expressed a full-length shRNA-resistant CIDEB cDNA in sh-CIDE®Seaindly
transduced cells and then challenged the transfected cells with HEZA/dus later. Viral
infection could be partially rescued by exogenous expression of full-length CIDEB, nGt the
terminal truncated mutant (Fig 5.6, (4)). Therefore, these results further supponptreance
of CIDEB for HCV infection. The inability of N-terminus of CIDEB to rescue lvirdection
indicates that the N-terminal conserved region of CIDE famésg not required.

Figure 5.6. Inhibition of HCVcc infection by siRNA and shRNA against CIDEB. (1) Syathet
siRNA duplex that targets a different site of CIDEB mRNA inhibited imbectHuh-7.5 cells
were transfected with SiRNA duplex and infected with HCVcc at 48 hrstraossfection; (2).
Huh-7.5 cell lines with stable CIDEB knockdown were less susceptible to iki€stion. Two
independently generated cell lines were infected by HCVcc for 24 hrs andvahessted to
detect viral infection; (3) Schematic representations of constructsru¢é¢y (4). Huh-7.5 cells
were first transduced with Lentivectors targeting luciferase, TGM2 or CIOEBuUr days and
then transfected with expression plasmid containing indicated cDNA. Atsligost transfection,
cells were then infected with HCVcc and collected at 20 hrs posttioh to detect viral
infection. HA-CIDEB*: full-length CIDEB with point mutations that disrupt the rectgnisite
by shRNA,; the C-terminal truncated cDNA of CIDEB lacks the shRNA target site.
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CIDEB Acts at an Early Step of the HCV Infection Cycle

We next investigated the specific step during the HCV infection clatevias inhibited
by knockdown of CIDEB. Infections were synchronized by exposing cells to viral pafaci2s
hrs at 4;C and the internalization of viral particles was initiatedhidyirey to 37;C after gentle
but thorough washing. Direct comparison of infection time courses in Huh7.5/Ctrl, Huh-
7.5/CIDEB®, and Huh-7.5/CLDN'® cells revealed that a reduction of HCV RNA signal started

to manifest in both knockdown cells between 12 to 16 hrs after infection (Fig 5.7).

Figure 5.7. Time course of HCV infection in control, CIDEBand CLDNX® cells. Viral

inoculum was added to cells at -2h at 4;C and the cells shifted to 3DIC At indicated time
points, cells were collected with Trizol reagent after PBS washingaifitoaint of HCV RNA
detected at Ohr reflects the virions bound on the cell surface prior to entaywBr@ normalized
to Ctrl cells at -2h point. Error bars represent standard deviations from dupkpatements. **:

p<0.01.

At the protein level, however, the inhibition of HCV protein expression could betelgte
as early as 8 hrs after infection in Huh-7.5/CIDBBells (Fig 5.8, top), suggesting that CIDEB
is required at or prior to the first round of protein synthesis before RNA rephcatarts.
Surprisingly, HCV protein expression was not affected by knockdown of CIDEB when the HCV
RNA was introduced by electroporation, for up to 24 hrs after transfection (Fig 5.8&mhott
indicating the role of CIDEB in HCV life cycle is specific to virion-gigted infection process.
This result also rules out the possibility that CID&& involved in the initial translation of viral

RNA and subsequent RNA replication.

"



Figure 5.8. Core expression from RNA delivered by infection or transfection in control and
CIDEB"P cells:Cells were either infected with HCVcc or electroporatéith JFH1-RNA. Toth

cell lysates were collected at the indicated time points #feraddition of virus (top) or
electroporation (bottom) and subjected to western blotting to detect HCV core protein.

In addition, the replication kinetics of a full-length J6/JFH-based genome (Gl tiih-
7.5/CIDEB® cells, as measured by expression of a reporter gene incorporated into the genome,
was also comparable to that in the Huh-7.5/Ctrl cells when introduced lisopteation (Fig
5.9), further indicating that CIDEBvas not required for the initial translation of subsequent

RNA replication.

Figure 5.9. Intracellular replication kinetics of transfected HCV RNA in coitndl CIDEB®
cells. At the indicated time points after electroporation with JIcdcGRNA (WT or GND), cell
culture media were collected for luciferase assay. Error bars repressaerst deviations from
duplicate experiments.
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Next, knockdown of CIDEB in Replicon GS5 cells also had no detectable effelse on
replication of subgenomic viral RNA (Fig 5.10, (1)). Finally, colony formation assayaagued
against the role of CIDEB in the replication of subgenomic Replicon of variousygesdt-ig,
5.10, (2)).

Figure 5.10. CIDEB is not required for replication of HCV replicons. (1) GT-1b NSBR-
Replicons were transduced with lentivectors targeting luciferase, CIDEA orBCi@Bour days.
Transduced cells were then fixed and monitored for GFP expression. (2) Stable H
7.5/CIDEB® cells supported efficient colony formation by subgenomic Replicons of GT-1a
(H77), -1b (Conl), and -2a (JFH-1). Subgenomic Replicon RNAs were electroporated into Ctrl
and CIDEE® cells, followed by G418 selection. Replicon colonies were visualized byaktryst
violet staining.

CIDEB Knockdown does not Affect Virion Attachment

The time course results suggests that CIDEB functions in a virion-agsbstap early in
the infection cycle, such as viral attachment, endocytosis, and uncoating, canhidoe further
divided into fusion and nuclear capsid release.

To investigate if CIDEBwvas involved in HCV binding to cell surface, we determined the
effect of CIDEB knockdown on viral attachment. HCVcc was incubated with Hubelibfor 2
hrs at low temperature to allow binding but prevent entry. After extensive mgashe amount
of virus bound was determined by gRT-PCR with HCV specific primers. Virion-bindikiy lof
7.5/CIDEB cells was comparable to that of Huh-7.5/Ctrl cells (Fig 5.11). As expedtie-
binding was significantly affected by the well-known binding inhibitor Heparig (l1),

supporting the reliability of the experiment.
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Figure 5.11. Knockdown of CIDEB does not affect the attachment of HCV pari@ti¢sand
CIDEBX® cells exposed to HCVcc at 4{C for 2hrs with gentle sharking. Cells weresheahvsy
adding Trizol and viral RNA was analyzed using gRT-PCR. Data were normalifid tells
without HCVcc exposure and reflected by relative fold changes. Error bars remesefard
deviations from duplicate experiments. *: p<0.05.

Furthermore, knockdown of CIDEB in Huh-7.5 cells did not affect the expression of
known HCV receptors (CLDN1 and OCLN) and attachment factor (LDL-R) (Fig 5.12). These
results convincingly indicated that knockdown of CIDEB dot affect binding of viral particles

to the cell surface.

Figure 5.12. Expression of two HCV receptors and one attachment factor in Ctrl aBB"€ID
cells. Equal amounts of both Huh-7.5/Ctrl and Huh-7.5/ CISEBells were analyzed by
western blotting to check the expression levels of LDLR, OCLN, CLDN1, and GAPDH.

CIDEB Knockdown does not Affect Viral Entry of Pseudotyped Particles

By expressing functional viral glycoproteins on the surface, HCVpp has been
demonstrated to be able to closely mimic the entry of authentic viradlpsriVe next examined
cell entry mediated by HCVpp bearing genotype 1a E1 and E2. CIDEB knockdown had no effect
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on HCVpp entry while knockdown of CLDN-1, as well as an anti-CD81 antibody both showed
significant inhibition as expected (Fig 5.13). Similar like HCVpp, VSV-Gpp hgavSV G
protein on its surface could enter both Huh-7.5/Ctrl and Huh-7.5/CfBEBguing against the

general defect on receptor-mediated endocytosis in Huh-7.5/C{Déefs.

Figure 5.13. HCVpp and VSV-Gpp infection of CIDEBcells. Ctrl, CIDEE® and CLDN1®
cells were challenged with HIV viruses pseudotyped with HCV E1E2 or VSVH@flyF
luciferase activities were measured 72 hrs post infection by the pseudioippges. Values of
HCVpp and VSV-Gpp infection in Ctrl cells were normalized to 100% for the regpect
pseudotypes. The anti-CD81 antibody was added to the Ctrl cells (at a finehtation of
10pg/ml) 4hrs before infection and maintained throughout the experiment. Values tiedle
relative percentage over the infection of Ctrl cells and Error bars repstaadard deviations
from duplicate experiments. **: p<0.05.

CIDEB is not Required for Virion Production

The results shown above suggest that CIDEB might be involved in the late tepsy s
such as membrane fusion and nucleocapsid release. On the other hand, CIDBBnda® f
associate with lipid droplet, the organelle that participates in tbemdddy of infectious viral
particles, raising another possible function for CIDEB in HCV life cycle.eBothis possibility,
both Huh-7.5/Ctrl and Huh-7.5/CIDEB cells were electroporated with Jc1/GLuc2A RNA and
supernatants from 48 hrs and 96 hrs post electroporation were collected. Virus prodrgrtions
both cell lines were determined by checking their infectivity on nasve Huhéll® &s
demonstrated by secreted luciferase activities and intracellularantigkens, no difference was
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found between the two cell lines (Fig 5.14). Taken together, these resultateaddithat
knockdown of CIDEB had no detectable effect on the assembly and secretioactbuy viral

particles.

Figure 5.14. Virus production in control and CID®Bcells. Supernatants collected from the
electroporated cells at the indicated time points post electroporatienuaed to inoculate nasve
Huh-7.5 cells and the level of G-luciferase activity was measured 48térandection. Error
bars represent standard deviations from duplicate experiments.

CIDEB is Required for HCV Membrane Fusion

A recent study has reported the development of a virus-host membrane fusiobyassay
labeling HCVcc particles with the lipid-philic dye, DID. This DID dgeuld incorporate into
biological membranes: at high concentration, itOs self-quenching; when tleel ladeehbrane
fuses with a target membrane, the DID dye will diffuse away froon edher, resulting in
dequenching that could be observed by immunofluorescent microscopy (185). Taking advantage
of this assay, we therefore determined if CIDE& required for the membrane fusion between
viral envelope and endosome membrane.

Huh-7.5/Ctrl cells were incubated with the DiD-labeled HCVcc particledoa
temperature to synchronize the attachment then shifted to 37{C to ithigateternalization of
bound viral particles. The punctate signal, which was thought to resulte fradiiftisgon of the
DiD dye from viral envelope membrane to endosome membrane, became deteciabiel hr

post-temperature shift and steadily increased over the next 4 to 6 hrs (Fig 5.15).



Figure 5.15. The fusion spots of DIiD labeled HCVcc increased over time. Huhrl7 &g
were exposed to labeled HCVcc at 4{C for 2 hrs and then shifted to 37Qiateiintry. The
numbers indicated the average number of spots per 100 cells counted and stand@wd dévia
three independent experiments is shown.

Previous studies have demonstrated that during HCV infection, the fusion eveunts oc
within the early endosome (142). In order to find out the subcellular localizatidhosé
observed punctate signals, early endosome maker Rab5 was co-stained andargignific
colocalization was observed between Rab5 and those punctate signals (Fig 5.1%iritq).
colocalization was also found between late endosome marker Rab7 and theemigotds (Fig
5.16, bottom).

Figure 5.16. Colocalization of the DID fusion signals with Rab5 and Rab7. Four hetens af
being shifted to 37;C, the cells were fixed and stained with anti-Rab5 or d#iddibodies.
Green: Rab5/Rab7; Red: DiD; Blue: DAPI; White arrows point to colocalizéd/Rab7 and
DiD punctate.
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Next, to further validate this fusion assay, Huh-7.5/Ctrl cells were tfreath different
entry inhibitors before being exposed to the DiD-labeled HCVcc particles, awpasted, the
punctate signals were dramatically reduced by these treatments, B&l@erPDMSO had no
effect (Fig 5.17). Of note, treatmemtith NH4Cl, which was used widely as pH perturbation
reagent and therefore thought to be able to inhibit fusion events during viral enty,atsl
effectively block the fusion events in the current setting, further supportingltakility of this

assay.

Figure 5.17. DID HCV fusion signal is sensitive to pH perturbation and HC¢hatent and
entry inhibitors. The number of DIiD signals were quantified at 1hr and 4 hes thi
temperature shift, respectively. NE was added at a final concentration of 20mM before
shifting; anti-ApoE (at a final concentration of 50ug/ml) was incubated witls and all the
entry inhibitors were incubated with cells at 2 hrs before temperatutessttitCD81: 10ug/ml;
ITX-5061: 1.0uM. The numbers were normalized to DMSO treaegdid theat 1 hr point after
the temperature shift. Values reflect relative fold changes and errordgaesent standard
deviations from duplicate experiments. *: p<0.05.

Interestingly, compared to Huh7.5/Ctrl cells, the fusion signals were notably reduced
Huh-7.5/CIDEB® cells, but not in Huh-7.5/CyPR cells, which harboring shRNA against
CyPA, a cellular cofactor specifically required for HCV RNA replicatiorg (5.18). When a
control supernatant from uninfected cells was subjected to the sanhiadadred purification
process, and then exposed to Huh-7.5/Ctrl cells, it did result in detectgdssiwhich might
be from cell-derived contaminants labeled during the process. However, the feogmathe
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control medium remained largely unchanged during the observation period, indicating that the

punctate signals above control medium are from fusion events of labeled viral particles.

Figure 5.18. HCV fusion was inhibited in CIDEBbut not in CyPAP cells. Experiments were
performed as indicated in Figure 5.18. Media from Huh-7.5 cultured for 48hrs werel lalitble

DiD using the same procedure and used as background control. The numbers indicated the
average number of spots per 100 cells counted. Error bars represent standard denaations f
duplicate experiments. *: p<0.05; **: p<0.01.

Taken together, these results indicated that CID#R involved specifically in the

fusion step during HCV infection.
CIDEB is Required for Efficient Infection of Huh-7.5 Cells by Dengue Virus (DENV)

For HCV, as well as viruses fromlavivirus genus, their particles bind to unique
receptors on the cell surface; however, the post-binding mechanisms of entrgdéoenkieloped
viruses mostly fall into two main categories. Some viruses delivergaerome to the cytosol of
target cells by fusing their envelope with the plasma membrane, which @mthe enter by
endocytosis. For many enveloped viruses that enter cells by endocytosis, likandCther
Flavivirus, an activation step occurs in endosomes (either early or latd) ads to the fusion
of the viral envelope with the membrane of the endosome and then deliverywohtigenome
into the cytosol (138). The acidic pH of endosomes is thought to play an esseletiah
triggering this fusion event, which is catalyzed by viral envelope glycoproteing @nihe
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cytosol, the input viral RNA will be used directly for translation of polyproteimch is cleaved
co- and post-translationally by cellular and viral proteinases into functionaltwsland
nonstructural proteins. After that, the life cycle of different viruses diverge from each other.

Because of the similarities between HCV and DENV during their entry mesewe
therefore wanted to determine whether CIDEB is also important for infectidnlof7.5 cells by
DENV. shRNAs targeting luciferase, CIDEB, CyPA or TGM2 were transiently introdnted
Huh-7.5 cells, followed by infection with both strains of DENV. Similke IHCVcc infection,
only suppression of CIDEB could effectively inhibit the DENV infection (Fig 5.29 this
inhibition of DENV infection was not due to non-specific effects of ShRNA transductiorg sinc
the same siRNA duplexes used in HCV infection were also be ablehtevaca similar
inhibitory effect like CIDEB shRNA.

Figure 5.19. CIDEB is required for efficient infection of Huh-7.5 cellsDisNV. (1).CIDEB
knockdown suppressed DENV (type 2, strain Thailand/16681) infection. Huh-7.5 cells were
transduced with lentivectors were challenged with DENV at four days tadtesduction and

viral infections were detected by western blotting at 20 hrs post imfie¢®) Synthetic SiRNA
duplex targeting CIDEB mRNA inhibited DENV (strain Thailand/16681) infection. Huh-7.5
cells were transfected with siRNA duplex and infected with HCVet8alirs post transfection

(3) CIDEB knockdown suppressed infection by another DENV strain (type 2, New Guinea C
strain (NGC)).
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To find out whether CIDEB similarly participated in the fusion step of DEN®Cction
of Huh-7.5 cells, DiD-labeled DENV particles were used to infect both-HBtCtrl and Huh-
7.5/CIDEB® cells. Interestingly, the punctate signals were also significantly reduaceells
with CIDEB knockdown (Fig 5.20), suggesting a similar action of CIDEB during DNEV
infection. Currently, we could not rule out the possibility that CID&##8 also required for other
steps during DENV infection.

Figure 5.20. DENV (strain Thailand/16681) fusion was inhibited by CIDEB knockdown. Ctrl
and CIDEB® cells were exposed to DiD-labeled DENV at 4;C for 2 hrs with gesftiking.

Cells were then thoroughly but gently washed with PBS and shifted to 37iC iateinit
internalization. At indicated time points, cells were fixed and chebie®iD signals. Media

from Huh-7.5 cultured for 48 hrs were labeled with DID using the same procedutseth@s
background control. The number indicated the average number of spots per 100 cells counted
and error bars represent standard deviations from duplicate experiments. *: p<0.05; **: p<0.01.

Infection of Huh-7.5 Cells by Vesicular Stomatitis Virus (VSV) does not Require @EB

The above results have shown that two positive-strand RNA viruses, HCV and,DENV
both depended on CIDEB for their fusion step, when infecting hepatocytes.

However, when a negative-strand RNA virus, like VSV, was used to infect hdth H
7.5/Ctrl and Huh-7.5/CIDE® cells, no inhibition was observed (Fig 5.21). This result argues
against the possibility that knockdown of CIDEB makes the Huh-7.5 cells bapmmeeally less

permissive to viral infection.
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Figure 5.21. Efficient infection of the CIDEB cells by a GFP-taggedSV. (1). Schematic
representation of GFP-VSV genome. (2) and (3). Ctrl and CIBE®Ils were infected with
GFRVSV and cells were either fixed to GFP expression (2%1@0 subjected to western
blotting to analyze GFP expression over time at indicated time pointsirmdestion (3).
Representative images were shawi2).

CIDEB Coats the Surface of lipid Droplets

A previous study using mouse hepatocytes has demonstrated that CIDEB proteins are
predominantly located on lipid droplets and smooth ER, promoting the formation of
triacylglycerol-enriched VLDL particles (233). To better understand the mechdyiswhich
CIDEB participates in the fusion step of both HCV and DENV, we determimether CIDEB
shows a similar subcellular distribution in human hepatocytes. When beingttadsihto Huh-

7.5 cells, the majority of FLAG-tagged full-length CIDEB showed the typicallikegstructure
close to the perinuclear region, coating cytosolic lipid droplets, which werenshpvBodipy
staining (Fig 5.22, (1)). This subcellular localization of CIDEB was further woall by GFP-
tagged CIDEB, which displayed more prominent distribution of ring-like structure (Fig 5.22, (2))

Next, we generated a series of truncated mutants and tested theilusarbdisitribution
in Huh-7.5 cells. The N-terminal conserved region of CIDEB showed diffused staiaitegn,
while the C-terminus truncated mutant containing aa 1-195 formed a sitniletuse like full-
length CIDEB does (Fig 5.22, (4)).
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Figure 5.22. CIDEB coats the surface of the lipid droplets. (1). Subcellularzédgal of
FLAG-CIDEB. Huh-7.5 cells were transfected with FLAG-CIDEB and fixed at 20 hrs post
transfection to analyze the subcellular distribution of CIDEB by anti-FLA{aahy (red). Lipid
droplets were stained by BODIPY (530/550) (Green); (2) Subcellular localization of GFP-
CIDEB; (3). Schematic representation of CIDEB mutants; (4). Subcellular |adcatizaf
CIDEB mutants. Huh-7.5 cells were transfected with CIDEB mutants and fix2@d lts post
transfection to analyze subcellular distribution.

We next determined if CIDEB interact with HCV structural proteins. We transfected
HA-CIDEB into Huh-7.5 cells chronically infected with a JFH-1 variant that esi@ FLAG-
tagged E2 (JFH-1/FLAG-E2) and then performed immunoprecipitation with beads cedjugat
with anti-HA antibodies. Full-length CIDEB associated with FLAG-E2 ing¢hesls while a C-
terminal deletion mutant of CIDEB, which displays similar subcellularidigton, failed to
interact with FLAGE2 (Fig 5.23 (1)).

Furthermore, in JFH-1/FLAG-E2 infected cells, extensive colocalizationeleet E2 and
CIDEB was also detected (Fig 5.23, (2)). These results therefore indicat€IDbEB was

capable of associating with the HCV glycoprotein complex.
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Figure 5.23. Association of CIDEB with glycoproteins. (1). CID&fBprecipitates with E2 in
infected cells. HA-CIDEB and HA-CIDEB (1-195) were transfected into Huh-7.5 ioédsted
with JFH-1/FLAG-E2 and cell lysates were collected for anti-HA umoprecipitation at 24hrs
after transfection; (2). Colocalization of CIDEB and E2 in infected cellh-H5 cells were
infected withJFH-1/FLAG-E2 virus for one week, followed by transfection Wi#:CIDEB.
Cells were fixed at 20 hrs post transfection and stained for E2 (anti-FnéiBody) and CIDEB
(anti-HA antibody).

Induction of Colocalization Between Endosome Markers and CIDEB during theéentry of
HCV and DENV, but not VSV

The function data suggested that CID&8s required for the entry of authentic HCV and
DENV patrticles into hepatocytes, more specifically the membrane fidem where viral
envelope membrane fuses with endosome membranes to release the nudl@toaps cytosol.

The above results have shown that, however, in uninfected and chronically irtfedted5
cells, CIDEB localizes to the surface of lipid droplets, forming ring-like structures.
We then determined if CIDEB colocalized with endosome markers during the entry of

viral particles into cells. Consistent with previous results, in the utedeszlls, the majority of
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CIDEB proteins form ring-like structures, coating the surface of lipid dropldise woth the
early endosome markers Rab5 and EEALl displayed discrete punctate structones #iie
cytoplasm (Fig 5.24). And there was no colocalization between Rab5/EEA1 and CIDEB.

Figure 5.24. Subcellular localization of early endosome markers and CIDEB in teahkeh-
7.5 cells. Huh-7.5 cells were transfected with FLAG-CIDEB and stained for emolagyearly
endosome markers (Rab5 and EEA1) (green) and CIDEB (anti-FLAG antibody, red).

Surprisingly, upon HCV and DENYV infection, a substantial Rab5 or EEA1 were re-
distributed, now demonstrating a ring-like structure pattern and co-localizirig QVIDEB
staining (Fig 5.25). Similar re-distribution of early endosome markers was not abderve
infection of Huh-7.5 cells by VSV particles (Fig 5.26). The induced colocalizéetween the
endosome markers and CIDEB occurred within 1 to 3 hrs of the cells being shtft&¥;C to
allow virus internalization, suggesting an association of the virus-containingoene®svith
CIDEB protein.
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Figure 5.25. Subcellular localization of early endosome markers and CIDEB in HESN/D
infected Huh-7.5 cells. Huh-7.5 cells were transfected with FLAG-CIDER®twrs, and then
exposed to HCV or DENV viral particles for 2hrs at 4iC and shifted to 37jit@te
internalization. Cells were then fixed 1-3hrs post temperature shift anddsfar endogenous
early endosome markers (Rab5 and EEAL) (green) and CIDEB (anti-FLAG antibody, red).

Figure 5.26. Subcellular localization of early endosome markers and CIDEB in nf&ed
Huh-7.5 cells. Huh-7.5 cells were transfected with FLAG-CIDEB for 20hrs, ancetparsed to

VSV viral particles for 2hrs at 4;C and shifted to 37;C to initiate intezaton. Cells were then

fixed 1-3hrs post temperature shift and stained for endogenous early endosome mabéers (Ra
and EEA1) (green) and CIDEB (anti-FLAG antibody, red).



Our previous results have shown that CIDEB could associate with the HCV glysoprot
complex, in chronically infected cells. However, during the entry process, weunalde to
demonstrate an association between CIDEB and viral antigens, especigllycthy@oteins, due
to limitations of current techniques to detect the tiny amount of E1 artladE2re carried by

viral particles during entry.

Downregulation of CIDEB Protein by HCV, but not DENV Infection

Surprisingly, a dramatic downregulation of CIDEB expression in HCV infected cells

starting approximately 24 hrs post-infection was observed (Fig 5.27).

Figure 5.27. CIDEB protein level was reduced in HCV-infected Huh-7.5 cells. (1).
Downregulation of CIDEB by HCV infection. Huh-7.5 cells were infected with HC®ied at
indicated time points cells were harvested for western blotting anadysieck NS3 and CIDEB
levels. (2) The mRNA of CIDEB is not down-regulated by HCV infection. Experimeets
carried out as indicated in (1), except that collected cells were tjéc Trizol RNA
extraction, followed by gRT-PCR to analyze CIDEB mRNA levels. Error bars represedasd
deviations from duplicate experiments.

To identify which HCV protein or process is responsible for the downregulation, we
electroporated Huh-7.5 cells with either wild-type JFH-1 RNA or its deviestthat contain
various mutations (Fig 5. 27). The wild-type genomes (JFH-1 and Jc1-GLuc) expr&saddN
could downregulate CIDEB as early as 24 hrs post electroporation. The polymeraseGiliba
due to a defect replicase (128), was not able to express NS3 and did not dows@tpiaB
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expression. The core mutant, however, expressed NS3 to similar levels of the wild-type
genomes but clearly failed to downregulate CIDEB expression. Similacdce mutant, the

) ELIE2 mutant also failed to reduce the CIDEB expression, even at 48 hrseotstpelration.
These data argued a possible correlation between CIDEB downregulation andrsecreitial

particles.

Figure 5.28. Replication- and assembly-defective genomes failed to down-eeGUDEB. (1)
and (2). Huh-7.5 cells were electroporated with replication (GND)- and assedake (and

) E1E2)-defective genomes. At indicated time points, cells were cadlemhd analyzed by
western blotting to check viral protein and CIDEB expression. The GND mutantinsonta
mutations in the RNA-dependent RNA polymerase gene that abolishes repliaat protein
expression; (3) HCV infection downregulates CIDEB at post-transcriptional level.

However, although CIDEB is also required for infection of Huh-7.5 cells by DNEV,
DENV infection could not reduce CIDEB, up to 72 hrs post infection.
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Figure 5.29. DENV infection could not down-regulate CIDEB. Experiments were perfosned a
stated in Figure 5.28., except for using DENV (type 2, strain Thailand/16681).

Knockout of CIDEB in Huh-7.5 Cells Blocks Infection by HCV and DENV

In order to further our understanding of the mechanism by which CIDEB participate in
the fusion step, we generated Huh-7.5 cells with CIDEB being knocked-out by traoscript
activatortike effector nucleases (TALENS) (38), as demonstrated in Fig 5.30. Sequesdailtg) re
revealed that the CIDEB gene was disrupted by extra sequence insertionsthatlargeting
site of TALEN, resulting in no CIDEB expression at the protein level (Fig 5.30, (2))i<amts
with CIDEB® (CIDEB™) mice study, knockout of CIDEB did not significantly affect the
growth rate of Huh-7.5 cells, as shown by cell proliferation assay (Fig 5.30, (3)).

Figure 5.30. Knockout of CIDEB in Huh-7.5 cells. (1). Schematic representation of CIDEB ge
and TALEN targeting site. (2) No expression of CIDEB in CIBRBells. Similar numbers of
both Huh-7.5 and Huh-7.5/CIDEB cells were subjected to western blotting analysis to check
endogenous CIDEB levels; (3). Knockout of CIDEB does not affect the proliferationhe 15
cells. Panel (2) was contributed by Christy Hammack in Tang laboratory.
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And as expected, knockout of CIDEB effectively protected Huh-7.5 cells from being
infected by HCVcc, by both strains of DENV (Fig 5.31, (1)). However, these Huh-7.5/tDEB
cells were still highly permissive to VSV infection (Fig 5.31-(2)).

Figure 5.31. Knockout of CIDEB inhibits infection of Huh-7.5 cells by HCV and DENVnbut
VSV. Both Huh-7.5 and Huh-7.5/CIDEB cells were exposed to different viruses, and then
collected at indicated time points for either western blotting anatysismmunofluorescence
analysis of viral antigen.

Discussion

Studying the molecular determinants of transition into a permissive dtatugral
infections during directed differentiation is a novel approach for identifying faxdors
contributing to viral tropism. The identification of a liver-specific enwfactor for HCV in this
chapter represents a proof-of-concept for this approach. Our demonstration that H@witresis
DHHs could be producenh vitro by coupling genetic modification of stem cells with hepatic

differentiation has implications for clinical utility of stem cell-based therapy.
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CIDEB could associate with the HCV glycoprotein complex, in transiently tretesfe
and chronically infected cells, however, we currently cannot distinguish direstisvandirect
binding between CIDEB and HCV E1/E2 complex. According to one study, membrane topology
prediction suggests that CIDEB is associated with the cytosolic sitte aftracellular vesicular
membranes (233), such as lipid droplets. This topology strongly supports the existared-of
unidentified transmembrane protein that can bridge any interaction between CHiE®Bea
HCV glycoproteins displayed on the incoming virions. Our preliminary data also showed a
potential interaction between CIDEB and the envelope protein (E) of dengue virub.dé w
very interesting to find out whether both interactions require the same bridge prdtih-7.5
cells.

A striking finding in our study is that the entry of both HCV and DENV partictadd
induce re-distribution of early endosome markers (Rab5 and EEALl) to the surfaced of lipi
droplets, colocalizating with CIDEB. The mechanism underlying this interestingoptezon
remains unknown at the present time, but may be related to, among other pessithle
signaling pathway triggered by the binding of viral particles to their receptorse aet¢eptor-
mediated endocytosis. Recently, CD81 was found to play a fundamental role imféCtivity,
mediating not only the initial virus binding but also the activation of endogenelidac
responses that facilitate HCV infection at different stages (274.dbssible that the binding of
HCV to CD81 or other receptors or the endocytosis process sends signal to induee the
distribution of Rab5/EEA1. However, it is more likely that the virion-containmdgpsomes are
recruited to lipid droplets by indirect interaction between viral glycoproteid<CdDEB through
a third bridge protein. Although we were currently unable to demonstrate an iotefzativeen
viral glycoproteins and CIDEB during the entry process or to prove the existence assiegm
bridge protein, in HCV infected cells, the association between CIDEB and glyeimgrot
complex could be shown through two different methods. Moreover, our preliminary data also
showed that CIDEB proteins purified from transfected HEK-293T cells could cabtixée
particles from infected supernatant and a very strong interaction betweei @GH2EE1 when
they were co-expressed in HEK-293T cells, arguing for the possibility thatwiasra bridge
protein exists. Currently, we are working on looking for the missing bridge protein and
identification of such a protein will eventually solve all the mysserMeanwhile, developing
techniques to increase the sensitivity to directly capture viral antagsogiated with incoming
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virions will also be crucial to understand the mechanism how some aditlygeeadosomes were
re-distributed to lipid droplets.

The role of lipid droplets to serve as a scaffold for viral genome enctapsitias been
well-characterized for both HCV (145) and DENV (188). Besides, it has also been proposed that
VLDL assembly pathway, which involves the incorporation of lipid form lipid droplé&t
nascent VLDL, is utilized by HCV as a mechanism for transport of viraarighe cell (167).
Such a model is supported by recent studies, which demonstrate the abilitgkithe release of
infectious HCV by inhibiting expression of ApoB (155), ApoE (34) and microsomal triglyceride
transfer protein NITP) (68, 93). While for DENV, it is thought that lipid droplets could also
temporally store and sequester the highly basic DENV core protein in theasytopf infected
cells, regulating their availability (188). Whether itOs also true for HCV wikebe an
interesting question to answer.

On the other hand, whether the colocalization between the re-distributedrekrbpmes
and CIDEB on the surface of lipid droplet is the prerequisite for virus fusiorcto oc whether
lipid droplets are also involved in such an early entry process is currently unknowuillaisio
be an interesting question deserved further investigation. Such potential raileisl afroplet
during viral entry is supported by a recent study, which demonstrated that deplesi@mnobf
regulatory element-binding protein (SREBP)-1 and SREBP-2 could significantly inhibit the
formation of lipid droplets and HCV infection (125). Although this study attributeehthbition
of HCV infection to the impairment of viral production, ithdata did not rule out the possible
role of lipid droplets during initial infection.

Generation of CIDEB knockout cell lines by TALEN system provides us a great
opportunity to address into more details the role of CIDEB during HCV and DEN¥tiorie
cycles. Most of our data were derived from experiments using the CIDEB knockddwnesel
generatedvith shRNA transduction. Inhibition of virus infection was further confirmed in the
knockout cell lines, arguing for the utilization of the knockdown cells in virusarekes.
However, we still could not rule out the possibility that CIDEB might alscebeaired for other
steps of infection cycles. We therefore performed the similar infettim course experiments
using the newly made knockout lines. Surprisingly, our preliminary data pointed to aolevel
of CIDEB in viral RNA replication step, and this role was clearly not observé&dockdown
cells. More detailed experiments are undergoing right now in our laboratory.
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Figure 5.2. Time course of HCV infection in control, and CIDEBand CIDEE cells. (1).
Viral inoculum was added to cells at -2 hr at 4;C and the cells ghite37;C at O hr. At
indicated time points, cells were collected with Trizol reageet &BS washing. The amount of
HCV RNA detected at O hr reflects the virions botmthe cell surface prior to entry. Data were
normalized to Ctrl cells at -2 hr point. (2). Gluc RNAs (wild type or GNN mytarmre
electroporated into cells and luciferase activities were monitoredli@ated time points. Error
bars represent standard deviations from duplicate experiments. **: p<0.01. ®KIDEB-
knockout cells; L-CIDEB: knockdown cells; GNN (Huh-7.5): electroporation of GNN mutant
RNA into Huh-7.5 cells.

Downregulation of CIDEB after infection can serve HCV in several waysanthelp
prevent trapping of the virions displaying the glycoprotein complex. It may alsgusafe
against apoptosis induction and promote survival of the infected cells, contyibtdi
establishment of chronic infections. In this regard, it is interesting ®that the expression of
HCV transgenes in mice also contributed to CIDEB down-regulation by infectiom of a
adenovirus. The precise mechanism for the downregulation of CIDEB remains tetveicied.
We did not detect mRNA reduction or secretion of CIDEB into the culture medidmating
intracellular protein degradation is a plausible mechanism.

In summary, we identify a new entry cofactor that facilitates fusiowdst HCV and
endosome membranes and contributes to hepatic tropism of HCV. We also foudtDiEBtis
needed for infection of hepatocyte by DENV, possibly through a similar mecha@iB#EB and

I+$"



its interaction with HCV/DENV could be targets for future therapeuticsfettion from both
viruses; and the stable, genetically-modified stem cell line #uatgive rise to HCV-resistant
hepatocyte-like cells is a potential source for animal transplantatjperiments to assess the

feasibility of producing chimeric livers that can resist infectionivo.
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CHAPTER SIX

POSSIBLE ROLE OF LIPID DROPLETS IN VIRAL ENTRY

Introduction

In Chapter Five, our data have shown that upon entry of both HCV and DENV patrticles,
early endosome could be re-distributed to the surface of lipid droplets, colbeglizath
CIDEB proteins. We also found a correlation between the capability of viuseduce such a
re-distribution and CIDEB-dependence of those viruses to infect host cells. édimamsm on
how this interesting phenomenon was happening remains unknown at the presentutime. O
preliminary results indicated that CIDEB was able to strongly bind to the glyeomaif both
CIDEB-dependent viruses, HCV and DENV. Subcellular localization analysis of vath
glycoproteins and CIDEB, however, argued against the possibility of such a direattiote
between them. We proposed, therefore the existence of a third bridge protenedrstes their
interaction. Such a protein has to be a transmembrane protein, able to bind bbth vira
glycoproteins and CIDEB independently, and expressed in permissive cells. |deorifafehis
bridge will definitely help better understand the mechanism by which early @ndeswere
recruited upon the infections by HCV and DENV.

Another more urgent question will be the biological significance of suckingtri
recruitment of those early endosomes to lipid droplets. CIDEB was found to be dequire
specifically for the membrane fusion, a step during the late stage béntrg. So far, whether
there is a connection between re-distribution of early endosome and glycoprotestechedi
membrane fusion is also unknown. Such a mysterious question, on the other handheaises
possibility that lipid droplets might be involved in the entry process of thosseg. This
hypothesis was further supported by one of our recent observations that there svépdles
droplets in Huh-7.5/CIDE® cells.

The role of lipid droplets to serve as a scaffold for viral genome enctpsidalate step
during the viral life cycle, has been proposed for both HCV (145) and DENV (188). HCV
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structural protein core was thought to bring together the viral components necessargtée
asserbly at lipid droplets. Furthermore, ultrastructural analysis revealed membisteenae
structure around or in close proximity to lipid droplets and such lipid droplet-aggbciat
membranes, also positive for both core and E2, are believed to be locatiornSMopatticle
assembly (145). Similar like HCV core proteins, DENV core proteins were falsnd to
accumulate around lipid droplets in infected cells. Although the detailethansm is still
unclear, it is thought that DNEV core was also able to recruit viral gerRNA to the surface

of lipid droplets, forming the nucleocapsids. Interestingly, in DENV infeaddd, dipid droplets
were also proposed to be temporary depots to store and sequester core proteins 1@@g¢, the
controlling other processes, such as viral RNA synthesis. However, whether lipidtsiray
also involved in other steps of viral life cycle has not been investigated.

Lipid droplets, ubiquitous organelles found in most eukaryotic cells, consist of
phospholipid monolayer that surrounds a core of neutral lipids, such as sterol agsters
triacylglycerols (56). Numerous proteins, many of which play functional roles indiplet
biology, decorate their surface as CIDEB does. Although many aspects are pgoghgt
understood, the current model for lipid droplet biogenesis indicates that the argaael
derived from the ER (226), where the enzymes that synthesize neutral lighe fwores of lipid
droplets are localized primarily. According to the model, neutral lipids arbesined between
the leaflets of the ER membrane (177). The mature lipid droplet is then thougkd from the
ER membrane to form an independent organelle that is contained withirtiagimonolayer of
phospholipids and associated proteins.

The small molecule PF429242 was reported to be a potent inhibitor of site-dsprote
(S1P) (85), a protease required for the proteolytic cleavage of SREBP, whicHaandyaof
transcription factors that regulate lipid homeostasis by controlling the exypredsa range of
enzymes required for endogenous cholesterol, fatty acid (FA), triacylglycerol and phaspholi
synthesis (47). While Triacsin-C belongs to a family of fungal metabditesaving an 11-
carbon alkenyl chain with a common N-hydroxytriazene moiety at the terminus (84fo hee
N-hydroxytriazene group, Triacsin-C has acidic properties and may be considered a
polyunsaturated fatty acid analog, therefore is an inhibitor of long-chain fattyaayl-CoA
synthetase.



In this chapter, we were using both PF429242 and Triacsin to transiently impidbit |
droplet formation in a variety of cells and then studying their permissivémessis infection.
We were focusing on the early steps during the viral life cycle, suchraslepattachment,

endocytosis, membrane fusion, and initial RNA translation.

Methods

Chemicals and Antibodies

PF429242 was purchased from AdooQ (Irvine, CA); Triacsin-C was from Santa Cruz
(Dallas, TX); DMSO from EMDA4Biosciences (Darmstadt, Germany); Bodipy 495/5@3 a
530/550 from Invitrogen (Carlsbad, CA). Rabbit polyclonal anti-GFP antiserum was kindly
provided by Dr. Brian Chait at Rockefeller University and used at a 1:20,000 dilutioastei
blotting. DENV anti-NS3 antibody was described in Chapter Five.

Cells and Mruses

Huh-7.5, BHK-21, Hela, A549, and Vero cells regularly maintained in DulbeccoOs
Modified Eagle Medium (DMEM) culture media supplemented with 10% FBS and 1%
Penicillin/streptomycin. GS5 Replicon cells have been described in Chaper\West Nile
virus Replicon cells (RlutNeo-Rep-BHK?21) were established as described previously and
maintained in regular cell culture media supplemented with 1.0mg/ml G418 (Gibco BRL).

Table 6.1. List of Viruses used for studying the functions of lipid droplet during virus infection

Name Genome & polarity in vitro cell model
Hepatitis A virus ss (+)RNA Huh-7
Respiratory syncytial virus SSE)RNA A549, Hela
Parainfluenza virus SSE)RNA A549
Rubella virus ss (+)RNA A549, Vero
Yellow fever virus ss (+)RNA BHK-21
Hepatitis C virus ss (+)RNA Huh-7.5
Dengue virus (T=1,2,3,4) ss (+)RNA BHK-21
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In vitro Transcription and Electroporation

Jc1kGluc wide-type and mutant plasmids were linearized with Xbal and exirhgte
phenol-chloroform. RNAs were generated using the MEGAscript T7 kit (Ambion, TX) and
purified by phenol-chloroform extraction. For electroporation, 6-10ug of RNA was used for
49406 cells in a volume of 400ul of suspended cells by Gene Pulser Xeelirdfloration
Systems (Bio-Rad, CA). Media were changed 4 hrs post electroporation.

Results

PF429242 and Triacsin€ Inhibit L ipid Droplet Formation

Our previous results suggest that lipid droplets might be involved in other stepg duri
virus infection cycle. Therefore, two inhibitors of lipid droplet formation weeslue transiently
treat a variety of cells. As expected, both PF429242 and Triacsin-C could idedipnaeduce
the intracellular lipid droplet formation within 24 hrs (Fig 6.1 and 6.2). Short trraments of
cells with both drugs did not result in significant inhibition of cell peshtion or cause any

morphological changes (Fig 6.3).

Figure 6.1. PF429242 reduced the lipid droplet formation. PF429242 was added to culture media
at a final concentration of 40uM for 24 hrs and then cells were fixed fopBadaining (lipid
droplet, green).
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Figure 6.2. Triacsin-C reduced the lipid droplet formation. Triacsin-C was addedlture
media at a final concentration of 5.5uM for 24 hrs and then cells wer@ for Bodipy staining
(lipid droplet, green). (Control image for Vero and BHK-21 cells were the same as Figure 6.1)

Figure 6.3. Effects of PF429242 and Triacsin-C on proliferation of Huh-7.5 calls713 cells
were seeded and treated with two drugs and cell numbers were counted everyERdbhlmars
represent standard deviations from duplicate experiments

PF429242 and Triacsin€ Inhibit Infection of Huh-7.5 Cells by HCVcc

A previous study has shown that PF429242 could effectively block HCV from
establishing infection in Huh-7.5 cells (162). And reduction of lipid droplet form#tierefore

virus assembly by PF429242 treatment was proposed as the mechanism for thenndiibi



HCV infection in treated cells. Their data, however, could not rule out pos$sitdtons of lipid
droplets during other steps, especially at the early stage of viral infection cycle.

We first determined the permissiveness of drug-treated cells to H@¥®tiori. Huh-7.5
cells were treated by with two drugs or with vehicle DMSO for 24 hrsleamléxposed to high
titer HCVcc. At indicated time points, cells were harvested and as@lyar viral antigen.
Consistent with the previous study, PF429242 could dramatically inhibit HCV woreati all
time points (Fig 6.4). And the other drug, Triacsin-C showed a similar trend oftiohilirig
6.4). Interestingly, for both drugs, the inhibition could be detected as early as 8thrgqu®n,
by which viral RNA replication has not started yet, according to our infectina tourse
demonstrated in Chapter Five (Fig 5.7). This result therefore raises the Ippssibt lipid
droplet might also be required for certain early steps, such particle agtiaichemdocytosis,

membrane fusion, and initial RNA translation.

Figure 6.4. Inhibition of HCV infection by PF429242 and Triacsin-C. Huh-7.5 cells weated
with two drugs for 24 hrs and then exposed to HCVcc. At indicated time pogils,were
harvested and analyzed by western blotting to check viral antigens. PF429242 T4ias!in-
C: 5.5uM.

PF429242 and Triacsin-C do not affect HCV RNA translation and replication

To further confirm the involvement of lipid droplet in these early stepdlisbove, GS5
cells harboring stably replicating subgenomic viral RNA were treated with dtugs. Up to
72hrs post treatment, no effect on HCV RNA replication and translation wasretgFig 6.5),

arguing against the possible functions of lipid droplet at these two steps.
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Figure 6.5. No inhibition of HCV RNA replication by PF429242 and Triacsin-C. GS5vaeés
treated with PF429242, Triacsin-C, or DMSO and collected at indicatedptimts for western
blotting analysis. PF429242: 40uM; Triacsin-C: 5.5uM; CsA: 4.0ug/ml

Next, we took advantage of the full-length Jc1-GLuc RNA, which contains dossia
luciferase gene as a reporter. The initial RNA translation and subsd®pN@nteplication were
monitored by checking G-luciferase activity in the supernatants.

Figure 6.6. No inhibiton of HCV RNA replication by PF429242 and Triacsin-C
(electroporation). PF429242: 40uM; Triacsin-C: 5.5uM.

As expected, depletion of lipid droplets has little effect on the ttosl of
electroporated viral RNA, as shown by the signal increase from Ohr to 4hrsquistration.
Dramatic signal increases were also seen after 12 hrs, representbegimeing of viral RNA
replication (Fig 6.6, (1)). A similar result was also observed with electrbporaf wildtype
JFH1 RNA, as demonstrated by NS3 ELISA (Fig 6.6, (2)).



PF429242 and Triacsin€ Inhibit Infection of Huh-7.5 and BHK-21 Cells by DENV

The above results indicate a novel function for lipid droplet in the entnCM phrticles
into hepatocytes. To test the general importance of lipid droplet for theomitlyer viruses, we
analyzed DENV infection in both Huh-7.5 cells and BHK-21 cells. Simika HCV infection,
treatment of Huh-7.5 cells with both drugs also effectively block DEN¥ctidn and the
difference could be detected as early as 8 hrs post infection (Fig 6.7, (&)estimgly,
PF429242 also showed dose-dependent inhibition of DENV infection in BHK-21 célidya
Hamster kidney fibroblast cell line (Fig 6.7, (2)).

Figure 6.7. Inhibition of DENV infection by PF429242 and Triacsin-C. (1). Huh-7.5 celés we
treated with two drugs for 24hrs and then exposed to DENV. Cells were haraestddcated
time points and analyzed by western blotting to check viral antigen; (2). BHielsL were
treated with indicated amount of PF429242 for 24hrs and then exposed to DENVWérells
harvested at indicated time points and analyzed by western blotting to check viral antigen.
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Unfortunately, DENV RNA electroporation experiments could not be done in our
laboratory, therefore at the present time, we could not rule out the possiiatitypid droplets
were required for the initial translation of DENV RNA carried by invading virions.

According to a previous report, for DENV infection, 12 hrs post infection is thought to be
the time point when the initial round of translation could be uncoupled frorstiedes of RNA
replication. Taken together, these results once again might argue for tHaepossis of lipid

droplet in the entry dDENV particles.

PF429242 and Triacsin-C do not Affect VSV Infection of Huh-7.5 €lls

So far, two positive-strand RNA viruses have been tested. Next, we wemt @hea
determine the possible role of lipid dropletsnfection of VSV, a negative-stranded RNA virus.
Surprisingly, treatment of Huh-7.5 cells with both drugs did not result in any aleteeffects,
as demonstrated by GFP expression (Fig 6.8). This result also argues aganustsibility that
depletion of lipid droplets generally affects the receptor-mediated endocytosis.

Figure 6.8. No inhibition of VSV infection by PF429242 and Triacsin-C in Huh-7.5 &gils-
7.5 cells were treated with PF429242, Triacsin-C, or DMSO and fixed at 8hranfausion.
PF429242: 40uM:; Triacsin-C: 5.5uM; Huh-7.5/CIDE8as a control.

Discussion

Virus entry typically occurs in several tightly controlled, consecutive stepsa Firus

that enters via endocytosis and moves to the nucleus, entry starts with avea cell surface
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and end with the decondensation of the genome at the site of replicatithe ¥isus progresses
in its entry program, it undergoes changes that lead to events such as peneategisid
destabilization, and uncoating of the genome. Many of these changes resubfifemmational
alterations in viral structures. While for other viruses, such as Sendai (146) ani@sneass
(153), their particles fuse directly with the plasma membrane, resultinglivergieof viral
genome into cytosol. Whether or not lipid droplets are involved in one or more step&@avn
and will be a very interesting topic.

Although the precise mechanism remains elusive, our preliminary data do saiggest
role for lipid droplets in the entry of two positive-strand RNA viruses. InhibitiorHGV
infection by depletion of lipid droplets has been reported before (125, 162), however, the
proposed mechanism was not convincing. Our direct virus infeeisusRNA electroporation
results clearly pointed to a defect during the early stage of entry. Tvevedif intracellular
targets involved in lipid droplet formation were inhibited in our study, resultingniilas
inhibitory effects on virus entry. It is therefore unlikely that inhibitions of ¢htvgo targets,
rather than depletion of lipid droplet formation, are directly responsible foddfext. More
detailed experiments are definitely needed to clearly rule out this possibility.

Lipid droplet might also be required for the entry process of viruses from other
categories. As listed in the Methods, we will test more viruses &i@r different categories.

We will also further dissect the entry process, to pinpoint the defect.
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CHAPTER SEVEN

CONCLUSION

Hepatic cells (DHHs) derived by directed differentiation of stenscélbth hESCs and
IPSCs, can support entire life cycle for HCV, starting with viral parecigy and ending with
secretion of infectious virion into culture media. Infection of DHHs veasisive to replication
inhibitors as well as entry blockers. We have also demonstrated that Déitt$ support
infection by two clinical HCV isolates of genotype la and 1b serum. By knocking-down
important HCV cofactors, such as CyPA and Pl4K, we showed that genetic cataiifi of
pluripotent stem cells before directed hepatic differentiation could provideersewable source
of HCV-resistant hepatocyte-like cells vitro, which could in turn be used in transplantation
experiments.

Interestingly, we also identified a defined transition stage during the tepati
differentiation process when the cells become permissive for HCV ioriedthe induction of
miR-122 was found to correlate with hepatic specification and precede thdidransiHCV
susceptibility. EGFR and EphA2, two RTKs required for the HCV entry process throeigh t
kinase function, were also specifically upregulated in the permissilse beladdition, Pl4K,
another critical HCV factor involved in regulation of phosphorylation of NS5A proteas, w
induced in day 10 permissive cells. Besides those known positive cofactong,amiaviral
genes or putative restriction factors, such as IFITM1 and IFI30, were also foubd to
downregulated during the transition stage, further suggesting that the transitid@\to
permissiveness may require both the activation of positive factors and tmeedaVation of
antiviral genes.

Finally, by studying the molecular basis for the transition, we identified B)2Hiver
specific gene, was upregulated during the transition. Knockdown of CIDEB in both BxitHs
Huh-7.5 cells significantly blocked HCV infection. We further found that CIDEB was
specifically involved in the membrane fusion step, through an associatidn wiil
glycoproteins. Interestingly, we also found CIDEB was important for DENV iwiectf
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hepatocytes, possibly by facilitating the membrane fusion. When CIDEB was krmakéed
Huh-7.5 cells, the resulting cells effectively blocked both HCV and DENV festablishing
infections. Surprisingly, we found CIDEB might also participate in the viral R&#ication
step during the HCV infection cycle.

This study identified a liver-specific HCV entry cofactor that faetiéis membrane fusion
with a new mechanism and contributes to HCVOs hepatic tropism. CIDEB amerastion

with HCV may serve as targets for future anti-HCV therapy.
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