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ABSTRACT

The Hepatitis B virus (HBV) has, at one time or another, infected one third of the world's

population, and over 300 million people worldwide are chronically infected, leading often to

progressive liver damage, cirrhosis, and the development of hepatocellular carcinoma over

decades. While an effective vaccine exists, imperfect vaccine penetrance and perinatal

transmission result in the continuous establishment of chronic infection in new patients, for

whom there is very little chance for a cure. This thesis sought to move closer toward the

development of consistently curative treatments for HBV by developing novel model systems to

study HBV infection, profiling the host response to this infection to nominate targets for

therapeutic intervention, and repurposing novel genome editing tools to directly attack the

long-lived viral form that is resistant to cure.

First, we use micro-patterning tools and directed differentiation protocols to develop primary

adult human hepatocyte and iPS-derived hepatocyte models of HBV infection, respectively,

which enable us to test antiviral therapies with multiple mechanisms of action and identify a

significant interferon-driven response to HBV infection. Second, we use global transcriptional

profiling of this response in multiple human hepatocyte donors to identify candidate genes and

pathways that are putatively important for viral infection, and demonstrate significant

variability in this infection response between donors and virus sources. We then confirm the

importance of nominated virus-regulated genes by showing that pharmacological inhibition of

these targets - such as heat shock proteins - restricts viral infection in both primary hepatocytes

and cell lines. Finally, we provide a proof of concept for using the CRISPR/Cas9 system to

directly attack HBV. We show that carefully selected guide RNAs can direct CRISPR-based

inhibition of HBV both in vitro and in vivo. We importantly show that Cas9 can directly cleave

and direct degradation of the long-lived, episomal HBV cccDNA, resulting in >1 log-fold

reductions in cccDNA in both constitutively HBV-producing and newly HBV infected cells.
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Overall, this work takes steps toward both elucidating HBV biology, and accelerating the path

toward novel treatments for this disease.

Thesis Supervisor: Sangeeta N. Bhatia, MD, PhD

Title: John J. and Dorothy Wilson Professor at MIT's Institute for Medical Engineering and
Science & Electrical Engineering and Computer Science
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CHAPTER 1. INTRODUCTION

1.1 Motivation: developing a reliable cure for chronic hepatitis B virus

infection (CHB)

Fifty years ago, Baruch Blumberg and colleagues reported on the discovery of the so-called

"Australia antigen" (now known as the hepatitis B surface antigen, or HBsAg) (1), by finding

antigen-antibody complexes that formed between the blood of an Australian aboriginal and that

of a hemophiliac who had undergone numerous blood transfusions. This was, as much as any

other single report, the beginning of the era of study of the hepatitis B virus (HBV), which has

yielded effective screening tools, vaccines, and drugs to battle HBV infection (2).

Indeed, Blumberg himself was deeply involved in the creation of both a diagnostic test and

vaccine for HBV, but was still circumspect in his Nobel Prize lecture ten years later, in which he

remarked "We hope to continue the study of these broad problems to be as well prepared as

possible when and if attempts are made to eliminate or decrease the frequency of the hepatitis B

virus." While the availability of a safe and effective vaccine, and associated public health

programs, has contributed to a dramatic decline in the incidence of chronic HBV infection,

attempts to eliminate the hepatitis B virus, as Blumberg alluded to, have been unsuccessful due

to the lack of effective therapies to clear (or permanently suppress) HBV in chronically infected

patients.

Interestingly, Blumberg in his Nobel acceptance speech also made several prescient

observations, and warnings, about the future of medical science which remain just as relevant
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today, such as the following gem that may apply just as directly to newly-accessible

technologies such as personal genetic testing today: "On a broader level, the ethical issue is

raised as to the extent to which biological knowledge about individuals should impinge on

daily lives. Is it appropriate to regulate the risks inherent in people living together and

interacting with each other?" To return to the topic at hand, though, the overarching motivation

behind the work described in this thesis has been to get closer to the thus-far unfulfilled desire

of Blumberg and countless others- to eliminate the hepatitis B virus from the human

population.

1.2 Epidemiology and clinical course of hepatitis B virus infection

The human HBV is a member of Hepadnaviridae, a family encompassing seven species of small-

genome, partially double-stranded DNA viruses. HBV is classified into 10 genotypes (A-J) and

further divided into several sub-genotypes, and the distinct genotypes may respond differently

to treatment (3). Compared to the other major bloodborne human viral pathogens (HIV and

hepatitis C virus, or HCV), HBV is the most easily transmitted through the blood of an infected

person, possibly due to the extremely high viral loads in chronically infected humans. HBV is

commonly transmitted through perinatal transmission, as well as blood transfusions, sexual

contact, unsafe injection drug use, and occupational exposure in healthcare workers (4).

Globally, HBV presents a significant public health problem, causing between 500,000 and 1.2

million deaths annually due to late-stage liver complications such as cirrhosis and

hepatocellular carcinoma (HCC), or liver cancer (5). The existence of a safe and effective
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vaccine, combined with escalating public health campaigns to increase vaccine penetrance, have

dramatically reduced the incidence of new infections (for example in Taiwan, where HBsAg-

positivity rates have decreased over 90% from 1984-2009), there remains a large reservoir of

HBV-infected patients estimated at over 300 million people worldwide (2). While rates of HBV

infection are low in most of the developed world, national rates of chronic HBV infection can

exceed 15% in some countries in Western Africa, and many Asian countries also have a high

prevalence of chronic infection (Figure 1.1) Indeed, when combined with the other major

chronic viral hepatitis, that due to HCV infection, the two main liver-tropic viruses are now

estimated to result in more deaths per year than HIV (1.47 million) (5).

HBV DALY per 100.000

El no data 0 100- 150
E l 0 15&-200
L 10-10 * 200-250

1 20-40 250-500

0 40-80 >500

n 80- 100

Figure 1.1: Global disease burden of the hepatitis B virus.

The global burden of hepatitis B virus-related morbidity and mortality, measured here by disability-
adjusted life years (DALY) per 100,000 people. Most of the western world has a low level of HBV burden
due to high vaccination rates and lower rates of perinatal transmission, while many countries in Asia, and
especially West and Central African countries, are afflicted with a high burden of HBV.
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The clinical course of chronic hepatitis B (CHB) can vary dramatically based on the age and

mode of infection (Figure 1.2 depicts an overview of pathogenesis). While the large majority of

adults who are infected acutely with HBV (~99%) will recover from the virus without a

persistent viral load, children who are infected perinatally or early in life progress to chronic

infection at much higher rates, ranging from over 90% of children born to highly infectious

mothers, to an average of 30% for all children infected before the age of 5 years old. Perinatal

transmission is especially difficult to prevent, since even upon early-life vaccination, infants can

develop CHB at a rate of 10-30% depending on the mother's viral load (6-8). Compounding this

problem, in 2012 it was calculated that only 79% of infants worldwide had received the 3 doses

of HBV vaccine needed in order to stimulate long-lasting protection against the virus.

Recovery Newbom/childhood An t Recovery

30-90% 1% 1 1%/yr

Chronic infection Inactive
I carrier state

Asymptomatic -> Mild -->
Moderate -> Severe

Chronic Hepatitis

I 2-10%/yr

Cirrhosis

<0.2%/yr

3-4%/yr 2-3%/yr

Decompensation HCC

Transplant/Death

Figure 1.2: Natural history of HBV infection.

The rates and risk of progression across the phases of HBV infection, based on mode of acquisition of
the infection. Overall, perinatal or early-childhood infection carries a much higher risk of progression to
chronic HBV infection (CHB), likely due to the immaturity of the immune system at that time, which leads
to an inability to clear the virus before it can establish chronicity in the liver.

19

I



For both children and adults who progress to CHB (defined as having persistent serum HBsAg

and HBeAg (hepatits B e-Antigen), and high levels of serum HBV DNA for over 6 months after

infection), the natural course of infection generally progresses through four stages: the immune

tolerant phase, the immune reactive phase, the non-replicative phase, and reactivation.

* The immune tolerant phase: In this phase, patients are positive for HBeAg and have high

circulating levels of HBV DNA, but infected livers do not show histological signs of

damage or viral infection. This stage can last a highly variable amount of time (typically

10-30 years), but is generally longer in patients who are infected perinatally with HBV.

In this phase, there is a very low rate of spontaneous clearance of HBeAg.

" The immune reactive, or chronic hepatitis, phase: In this phase, the immune system begins to

detect and respond to HBV infection. While patients are still HBeAg-positive, levels of

HBV DNA can vary and patients typically present with active hepatitis of varying

degrees. While the level of histological chronic hepatitis in this phase is less severe in

children, overall still 40-60% of patients present with moderate to severe hepatitis and

10-25% have active cirrhosis, or a loss of liver function with concomitant

scarring/fibrosis of the liver parenchyma. In this chronic hepatitis phase, some patients

also may harbor eAg variant viruses that preclude HBeAg production, where the

histologic necroinflammation is typically more severe.

" The non-replicative or "inactive carrier" phase: The seroconversion of CHB patients from

HBeAg-positivity to antibody positivity for anti-HBe is often preceded by or

accompanied by an ALT 'flare' which results from a strong anti-HBV immune response.
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Following this seroconversion, patients progress to what is considered the HBsAg

carrier phase, where circulating HBV DNA levels are low and both histologic and lab

test signs of liver damage (necroinflammation, ALT upregulation) are weak or absent. In

this stage, patients typically carry a good prognosis, with low rates of progression to

cirrhosis and/or HCC; additionally, a small fraction of patients will spontaneously clear

HBV in this phase, though this fraction is only 1-2% per year in adult-acquired HBV

with far lower rates in perinattally acquired infection (9).

* The reactivation phase: Over time, 20-30% of patients in the inactive carrier phase may

experience a reactivation of their HBV infection, which can again lead to progressive

liver damage. In this reactivation phase, which can be spontaneous or due to immune

suppression, patients may undergo seroreversion where HBeAg is expressed again, or

may experience reactivation of precore or basal core promoter mutant HBV which

abolishes or reduces HBeAg translation (10).

Overall, the progression of liver disease in CHB patients is strongly determined by the phase of

infection, with progression to cirrhosis occurring at under 1%/year in the inactive stage but 2-

10% in the immune reactive phase or after reactivation. Progression from cirrhosis to HCC then

occurs in approximately 2-4% of patients per year. While the clinical progression of CHB is

dependent upon several factors such as eAg status, viral load, coinfection with other viruses,

demographics, and environmental variables, on average CHB patients present with cirrhosis in

their 50s, leading to a dramatic overall impact of morbidity (11, 12).
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1.3 Molecular virology of the hepatitis B virus (HBV)

Virus classification

HBV is a member of Hepadnaviridae, which consists of small, enveloped viruses which

selectively infect the liver of a narrow range of organisms (13). HBV specifically infects only

humans and some higher primates, whereas other Hepadnaviruses infect woolly monkeys,

North American squirrels, and bats. Human HBV consists of 10 genotypes that differ from each

other at the nucleotide level by >8%, and overall the full-genome length varies by -200nt across

the various HBV genotypes (14).

Virion structure

Infectious HBV virions are spherical particles of 42 nm in diameter, with an outer core made up

of membrane-derived lipid and three HBV surface proteins (all derived from a single open

reading frame), and a nucleocapsid made of 240 subunits of HBV Core protein arranged in an

icosahedral manner (15). Inside the nucleocapsid is the viral partially double-stranded DNA

genome, which is tethered to a copy of the viral Polymerase protein (Figure 1.3A). In addition to

infectious virions, HBV can also produce subviral particles in spherical or filamentous shapes

that are made just of HBsAg, and also secretes a form of Core protein which is the 'e-antigen'

HBeAg.
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Figure 1.3: The structure of the HBV virion and genome

A. The HBV virion, or Dane particle, is approximately 42 nm in diameter, and consists of a viral protein
capsid made of 240 interlocked units of Core protein, which is then enveloped by a cellular membrane-
derived envelope which is studded with the 3 isoforms of the HBV surface protein, denoted based on their
size as the Small, Medium, and Large (S, M, L) surface proteins. B. The HBV genome is an
approximately 3.2kb-long circular double-stranded DNA genome consisting of 4 open reading frames
(ORFs) encoding for the Polymerase, Precore/Core, Surface (S, M, L), and X proteins, or 7 different
proteins in total. The HBV ORFs are overlapping due to the viral genome's small size, and this
overlapping nature affects both model system development (Chapter 2) and nuclease-based treatment
(Chapter 4) of the virus.

Genomc Organization

HBV has an interesting genome organization with its virion-associated DNA being a relaxed

circular partially double-stranded DNA (rcDNA) with a length of -3.1-3.3 kb (Figure 1.3B)(16).

In the virion, the 5' end of the HBV negative strand is covalently linked to a terminal domain of

the HBV Polymerase, and the 5' end of the positive strand is capped by a primer RNA. rcDNA

is delinked from Polymerase and converted into fully double-stranded, covalent closed circular

DNA (cccDNA) by the DNA repair machinery in infected cell nuclei. The cccDNA in infected

nuclei serves as a template for transcription of viral pregenomic RNA (pgRNA) as well as

subgenomic mRNAs, which code for proteins encoded in 4 overlapping open reading frames

(ORFs) (17):

0'
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Pol: Encodes the viral Polymerase, which is a large multi-domain protein possessing RNA- and

DNA-dependent DNA polymerase activity, a priming domain for minus-strand DNA synthesis

from viral pgRNA, and an RNase H domain

Precore/Core: Encodes the viral core protein, which makes up the HBV nucleocapsid and also

binding to nuclear viral DNA and host hepatocyte DNA. The full precore/core ORF translation

also leads to the production and processing of the secreted HBeAg (18), which accumulates in

patient serum in the early phases of infection prior to initial immune recognition and

seroconversion to anti-HBeAg positivity.

S: The S ORF encodes three separate proteins which have the same C-terminus and backbone.

The three proteins are the large (LHBs), medium (MHBs), and small (SHBs) surface protein. The

large HBs is the only one that contains the N-terminal preS1 sequence, which mediates HBV

entry via NTCP binding, and both the large and medium HBs contain the preS2 domain (19).

X: The HBV X protein (HBx) is a highly pleiotropic protein which mediates many of the

interactions of HBV with the host cells that it infects. HBx is thought to be responsible for a

large part of the epigenetic control of HBV RNA transcription, and also drive HBV-related

development of hepatocellular carcinoma (HCC) (20, 21).
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Figure 1.4: The HBV life cycle

HBV has a unique life cycle even among dsDNA viruses. The mature virion enters hepatocytes after low-

affinity HSPG association by binding to its cognate receptor NTCP using the N-terminal preS1 domain.

Then, the virion is internalized into an endosomal compartment, and undergoes uncoating of its

membranous envelope and entry into the host cytoplasm. From here, the now-unenveloped nucleocapsid

is trafficked actively to the nucleus on microtubules, and enters the nucleus through the nuclear pore

complex, where the capsid dissociated to release the polymerase-bound rcDNA. From here, the host

DNA repair machinery excises the polymerase and completes the closed dsDNA of HBV, which then

associates with histone proteins and core dimers to form cccDNA. Transcription of HBV pregenomic RNA

and subgenomic transcripts occurs from cccDNA, followed by translation of the HBV protein products and

association of pgRNA with the polymerase and encapsidation into a core-protein particle. HBV minus and

plus-strand DNA synthesis occur inside this particle while S proteins are produced in the ER, and then the

immature capsid undergoes ER-associated budding through a process similar to multivesicular body

formation, picking up the S-protein embedded membranous envelope.

*

Viral life cycle

As a Hepadnavirus, HBV's life cycle involves both DNA and RNA forms and shuttling between

the nucleus and cytoplasm (Figure 1.4). HBV virions, arising from either infected blood or

productively infected hepatocytes in an HBV patient, initially bind to host hepatocytes via low-

affinity interactions with heparin sulfate proteoglycans (HSPGs) (22), followed by highly-
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specific binding between the PreS1 domain on HBV LHBs and the sodium taurocholate

cotransporter (NTCP), a bile acid transporter (23). Upon binding to NTCP and internalization

into the endosomal compartment, HBV virions likely induce fusion between the virion envelope

and the endosomal membrane, releasing the HBV nucleocapsid, containing HBV DNA and

polymerase, into the hepatocyte cytoplasm. The nucleocapsid is actively transported to the

nucleus, where the capsid disassembles during the process of nuclear pore entry(24), leaving

the HBV relaxed circular DNA (rcDNA) in the nucleus. The viral DNA then recruits the

endogenous DNA repair machinery (since it is not fully double-stranded) to detach the HBV

polymerase from rcDNA and complete the formation of dsDNA to yield cccDNA (25). The

cccDNA is packaged with both cellular histones, and with HBV core protein, to yield a highly

stable "minichromosome" which resides in the nucleus without integrating into host DNA.

HBV cccDNA serves as the template for the transcription of both pregenomic RNA (pgRNA),

which is longer than the full-length HBV DNA sequence due to duplication of sequence

elements necessary for viral replication, and subgenomic RNAs which serve as templates for the

production of the S and X viral proteins (Polymerase and Core are encoded by pgRNA). Upon

HBV RNA transcription and cytosolic translocation, viral proteins are synthesized. The 3 HBV

surface proteins (L, M, and S) are translated from subgenomic RNAs, which form both the

eventual virion envelope and subviral particles not containing a viral genome. Polymerase and

Core proteins are translated from pgRNA, followed by Polymerase binding to the epsilon stem-

loop near the 5' end of pgRNA. This induces enclosure of the pgRNA/Polymerase complex into

an immature capsid of Core protein, followed by encapsidated reverse transcription of HBV
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minus-strand DNA from the pgRNA (17). The RNase H domain of HBV Polymerase then

catalyzes the degradation of pgRNA, followed by (incomplete) synthesis of viral plus-strand

DNA yielding the rcDNA. At this point, the encapsidated viral DNA can either be recycled into

the nucleus to generate more cccDNA, or enveloped by HBs-studded membranes to form an

enveloped virion. In the latter case, the virion undergoes budding through association with the

ESCRT (endosomal sorting complex required for transport) machinery and secretion through a

similar process to multivesicular body biogenesis (26).

Current antiviral strategies for HBV

The main stalwart in the fight against HBV is the safe and effective vaccine, which is currently

produced by inserting an HBs transgene into yeast cells and collecting the HBV surface-protein-

displaying particles. The HBV vaccine is given as 3-4 injections starting at the first day after

birth, and provides 95%+ protection for those who are given the full immunization course. The

vaccine efficacy may wane over time but remains high at over 90% at 40 years old.

There are two main classes of drugs currently approved for the treatment of chronic hepatitis B

virus infection: two formulations of the innate immune activator interferon (unconjugated and

PEGylated interferon alpha), and five nucleos(t)ide analogues (NUCs: lamivudine, telbivudine,

entecavir, tenofovir, and adefovir)(27), which work by inhibiting the reverse transcriptase

activity of HBV's polymerase protein to prevent the production of additional viral DNA from

viral transcripts. The interferons cause flu-like symptoms upon injection, but the NUCs are

orally administered pills with minimal side effects, allowing them to be used in sick patients
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(cirrhotics, acute liver failure patients, etc.) for whom interferon is contraindicated. Both classes

of drugs are effective at reducing viral load and normalizing liver inflammation, but neither

drug eradicates HBV or even clear HBsAg except than in a small fraction of patients (3-7% for

PEG-IFN, only up to 1.2% for NUCs) (2). Given the inability to clear HBV, treatment with these

agents is indicated only upon severe liver injury or in patients with family histories of HCC -

however, evidence from the REVEAL study showed that HBV DNA levels are independently

predictive of progression to cirrhosis and HCC, so earlier treatment may be valid. Overall, the

current treatment options for HBV leave much to be desired, since extremely long treatment

durations are needed even for suppression of serum viral load (though intrahepatic viral titers

remain high), and even a functional cure (HBsAg loss) is achieved in only a small minority of

patients (27).

Beyond approved treatments, there are multiple other modalities in or nearing clinical trials for

the treatment of CHB. HBV entry inhibitors could target either the host or viral side, with anti-

HBV antibodies (such as those induced by the vaccine) being one approach, although a limited

one given the challenge of eliciting these antibodies or continuous passive transfer. On the host

side, Urban and colleagues have developed Myrcludex B, which is a myristoylated preS1

peptide that competitively inhibits HBV virion binding to its high-affinity receptor NTCP- this

drug is in current clinical trials for CHB, with the hope that preventing reinfection of new

hepatocytes over a long enough period of time may lead to a decrease in intrahepatic viral DNA

pools due to hepatocyte turnover and other clearance mechanisms (28). Another approach,

which is progressing through clinical trials in multiple forms, is the use of RNA interference
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(RNAi) to specifically knock down the intrahepatic levels of viral RNA (both pgRNA and

subgenomic RNAs). This approach has yielded multiple log reductions in levels of viral DNA

and HBsAg in preclinical models, and promising results in CHB patients, although the question

remains open as to how this approach may affect the cccDNA pool over time as a way to yield a

complete or at least functional cure (29). Outside of these approaches, there are also early efforts

to develop capsid assembly inhibitors that prevent the multimerization of Core protein, as well

as other even earlier efforts.

1.4 Host-pathogen interactions in HBV and other hepatotropic viruses

The majority of research to-date into host-pathogen interactions in HBV (and HCV) have

focused on viral activation (or not!) of the innate and adaptive immune axes during acute

infection and then the progression to chronicity. We will first start with a brief description of

known hepatocyte-virus interactions in hepatitis C virus (HCV), and then use this to compare

and contrast to interactions in HBV infection.

Much work has been done to elucidate HCV replication dynamics and its relationship with the

host cell response (30-35), especially its induction of and evasion from hepatocyte innate

immunity (36, 37). The regulatory mechanisms governing the levels of HCV viral RNA and

proteins in individual infected cells are of particular interest, as HCV is generally non-

cytopathic and infects a minority of hepatocytes in the liver (34, 38). In HCV infection, a strong

upregulation in interferon-stimulated genes is seen as a result of viral RNA sensing by the

dsRNA sensor RIG-I. Indeed even at the genetic level, polymorphisms in the Type III interferon
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(IFN) IL-28B affect both spontaneous eradication of HCV and response to Type I IFN-based

treatment.

Outside of innate immunity, it is known that HCV required may entry factors for appropriate

binding and internalization into hepatocytes, and multiple screening approaches have allowed

for the identification of host pathways perturbed by or required by the virus, such as those

involved in TGF-beta signaling, the ubiquitin-proteasome pathway, MAPK and P13K signaling,

and flavin adenine dinucleotide (FAD) biosynthesis. Additionally, the strict dependence of

HCV on miR-122, a highly liver-enriched microRNA, and on the cyclophilin family proteins,

has led to the development of anti-HCV therapies that target these host factors.

Compared to HCV, HBV is thought to drive much less of an interferon-stimulated response

upon chronic infection, although it has been shown that various viral components can be

recognized by the host hepatocyte's pathogen-sensing machinery. The RIG-I like receptor (RLR)

MDA5 has been shown to be upregulated upon HBV infection, and participate in detecting

intracellular HBV RNA, although another study has proposed that RIG-I itself is the main HBV

RNA sensor. Yet other studies have identified roles of DAI, the RNA-dependent Activator of

Interferon-regulatory factors, in sensing HBV DNA rather than RNA, and overall these studies

have demonstrated the role of NF-kB signaling in helping to orchestrate intracellular anti-HBV

signaling, in contrast to the predominance of interferon signaling in controlling other viruses.

However, HBV proteins have been shown to negatively regulate signal transduction both

upstream and downstream of IFN production in hepatic cells in many distinct ways.
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Specifically, HBV Polymerase has been shown to disrupt RIG-I signaling (39) and block

DDX3/TBK1 interactions (40, 41) leading to impaired IFN beta production, and HBx has been

shown to degrade MAVS (42) and block IPS-1 to inhibit danger signal transduction upstream of

IFN beta induction. Downstream of Type I IFN signaling, HBV Pol also prevents JAK/STAT

signal transduction by blocking STAT1 nuclear translocation (43, 44). Still, exogenous Type I

and Type II IFNs have been shown to possess anti-HBV activity, and indeed this is the rationale

behind long-term IFN alpha therapy for symptomatic HBV carriers.

Outside of interactions between HBV and the hepatocyte innate immune response, a large

fraction of viral interactions with the host cell are driven by the transactivator HBx. HBx can act

as a transcriptional coactivator both on HBV viral and host promoters, interacting with

endogenous transcription factors and transcriptional machinery. HBx associates with

components of the basal transcriptional machinery such as TFIIB and TFIIH (45, 46), and also

binds to transcription factors such as CREB and AP-2 to modulate their activity (47).

Reciprocally, numerous host transcription factors such as the liver-enriched C/EBP, RXR, HNF4,

and ubiquitous Spi and NFkB, regulate HBV transcription through viral promoter and

enhancer elements (47). Outside of interactions with transcriptional machinery, HBx also

modulates numerous other core host pathways such as c-Myc signaling (48), which can

stimulate oncogenesis, and the ubiquitin proteasome system (49), through an interaction with

DDB1 which enables HBx-dependent targeting of certain proteins for degradation. One highly

interesting recent study demonstrated the HBx-DDB1 interaction's ability to target the Smc5/6
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complex for degradation, to prevent this complex from blocking transcription from the

episomal HBV cccDNA template (50).

Outside of the hepatocyte, HBV drives many changes in the adaptive immune system in order

to facilitate its persistence in infected liver. HBsAg is thought to be suppressive of T cell activity

(51, 52), while HBV-induced expression of PD-L1 on infected hepatocytes can also drive T cell

exhaustion and hyporesponsiveness through negative PD-1 signaling (53). Beyond this, even

more mechanisms of HBV-induced T cell dysfunction exist, such as antigen overload and

activation-induced cell death (54-56), and cell-autonomous environmental regulation by

immunosuppressive cytokines like IL-10 or nutrient availability such as arginine deprivation

driven by increased arginase 1 activity (57). Ultimately, a combination of direct hepatocytic

effects and effects on immune and bystander cells lead to the organ pathology seen over

decades in chronic HBV infection, and one main goal of this thesis work has been to help

elucidate these effects.

1.5 Model systems for studying HBV and other hepatotropic viruses

Hepatotropic viruses are globally distributed and cause both acute (e.g. HAV and HEV) and

chronic infection (e.g. HBV and HCV) that can lead to liver fibrosis, cirrhosis, hepatocellular

carcinoma, and ultimately, end stage liver disease (ESLD) requiring liver transplantation (58-

61). While functional HAV, HBV and recently HEV vaccines are available along with direct-

acting antivirals targeting HBV or HCV, these pathogens remain prevalent in the human
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population. Furthermore, they continue to be a challenge to study in the laboratory setting due

to a paucity of robust model systems that mimic clinical aspects of disease.

Current limitations in the study of hepatotropic viruses

Attempts to culture these viruses in vitro and in vivo have been limited by their restricted host

range and hepatotropism. Although HEV has been found in various species in addition to

humans, including swine, deer, rats and rabbits, among others (reviewed in (62)), HAV infects

only humans and non-human primate species, while only humans, chimpanzees and tree

shrews (Tupaia belangeri) are naturally susceptible to HCV and HBV (reviewed in (63)). The

requirement for liver-enriched factors such as microRNA (miR)-122 for HCV(64) and

transcription factors (eg. HNF4 alpha, PPAR alpha, RXR alpha), some of which are liver-

enriched, for HBV (65) further restricts the cell type that will permit viral replication. In the

absence of cell culture adaptive mutations, slow viral replication and protein synthesis kinetics,

taking weeks in the case of wild-type HAV for antigen accumulation and particle production,

also remain an issue (66).

Further, while an efficient cell culture system was established for HCV with the isolation of a

genotype 2a virus from a Japanese patient with fulminant hepatitic C (JFH-1) (67), this virus is

genetically diverse, including six major genotypes and numerous subtypes that differ in their

geographic distribution, response to antiviral therapy, and disease association (eg. genotype 3

(gt3) and hepatocellular steatosis) (reviewed in (68)). Currently, the study of genotype-specific

phenotypes is restricted to replicons (69, 70), HCV pseudoparticles (71) and intergenotypic JFH-

1-based recombinant viruses (72).
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For HEV, cell culture systems exist for genotype 3 (73) and 4 (74) - the two zoonotic genotypes

of the four identified to date that infect humans (60). Still, the efficiency of HEV growth in cell

culture is poor. Further, while cDNA clones of other HEV strains have been generated and

shown to be infectious in either non-human primates (75) or pigs (76), in vitro studies are

limited due to a lack of virus spread in cultured cells. Similarly, for HBV, hepatoma cells that

replicate and assemble the virus (eg. HepG2) have been identified (77), but these cells do not

permit HBV entry without additional manipulation (78). Researchers therefore resort to systems

that feature integrated HBV genomes or delivery of HBV DNA to cells via transfection.

Existing models of hepatotropic viral infection rely predominantly upon human hepatoma or

HCC-derived cell lines as host cells for the viruses. The aberrant proliferative potential and

polarity of these lines, combined with their dysfunctional drug metabolism and innate immune

axis, can obscure important biology and make it very important to study viral infection in the

authentic host cell (primary human hepatocytes). Additionally, both viral and host genetics

have a great impact on the outcome of infection, such as the influence of polymorphisms in the

IL-28B locus on spontaneous clearance of HCV and response to treatment (79, 80), or the highly

varied success in achieving infection in primary hepatocytes of different human donors. Thus,

there is great interest in establishing both in vitro and in vivo platforms for all of these viruses

with pan-genotypic permissiveness, particularly those that feature the natural target cell of the

virus and reflect the genetic diversity of the infected population (eg. primary human

hepatocytes, pluripotent stem cell-derived hepatocyte-like cells).
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Polarization and differentiation of immortalized cells

Manipulation of immortalized cells towards a more polarized or differentiated state has

resulted in more permissive systems for hepatotropic viral infection and yielded unique

insights into viral entry mechanisms. Early evidence of productive HCV infection in culture

came from the use of a human hepatocellular carcinoma-derived line (FLC4) cultured in 3D

radial-flow bioreactors(81). In a standard cell culture model, HepaRG cells were also shown to

be permissive for gt3a serum-derived HCV during the proliferation stage and, once fully

differentiated, were able to replicate the virus and produce infectious particles, indicating

properties of both immature and mature hepatocytes may be beneficial for culture of HCV in

vitro (82). HCV RNA was detectable for 6 weeks and persistent infection was shown by

redifferentiation of previously infected cells after cryopreservation.

Additional polarized models, including HepG2 cells ectopically expressing miR122 and CD81 (a

receptor for the virus) and Huh7 / Huh7.5 cells exposed to DMSO, in Matrigel, or in rotating

wall vessels (RWV), which enable cellular aggregates to form in suspension in a low-shear

environment with high nutrient exchange, have been shown to be permissive for HCV (83-85).

These systems have demonstrated unique viral phenotypes including infectious particle

production from a dicistronic genotype lb HCV genome (86) and a shift in viral particle density

compared to 2D-produced virus, suggesting assembly or association with host proteins and/or

lipids may be altered in 3D (87). Notably, the addition of human serum (1-2%) to the medium in

several systems had a beneficial impact -- promoting an increase in extracellular HCV RNA

production in human adult hepatocytes (88) and more rapid viral penetration followed by more
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consistent detection of HCV RNA after inoculation of HepaRG cells with human serum-derived

HCV (82). Steenbergen and colleagues also reported growth arrest and increased expression of

albumin, lipid metabolism-related genes and cell-cell contact proteins as well as HCV receptors

in Huh-7.5 cells exposed to human serum. These cells produced higher titer, lower density

HCV suggesting that soluble / serum factors impact cellular and viral phenotype (89).

HBV infection also depends on cell differentiation status. HepG2 cells normally support HBV

replication and virus release following transfection with HBV DNA (77). Treating these cells

with DMSO has been shown to render them permissive for HBV entry (78). Similarly, the

differentiation state of HepaRG cells - mediated by DMSO and corticoid treatment - was shown

to correlate with HBV susceptibility (90). More recently, the expression of the bile acid pump

Sodium Taurocholate Co-transporting Polypeptide (NTCP) - a newly identified receptor for

HBV - was shown to increase upon differentiation of HepaRG cells and decrease in primary

tupaia hepatocytes after plating (91). Interestingly, DMSO treatment of either HepG2 or Huh7

cells over-expressing NTCP has been recently shown to robustly increase infection efficiency in

those HBV permissive cells (92). Collectively, these observations link cellular differentiation,

entry factor expression and viral susceptibility. HBV gene expression and replication are also

linked to cellular differentiation status induced by culturing cells on ECM and addition of

DMSO or dexamethasone to the medium (90). This is likely due to the increased expression of

required host transcription factors, such as HNF4a and its regulator HNFla, that control the

HBV transcription machinery (93).
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Primary cell culture models

While differentiated, polarized cells yield more accurate insight into entry events, the host

response to infection still differs in immortalized cells (compared with authentic host cells) due

to their abnormal proliferation, dysregulated gene expression, and aberrant signaling. Thus,

primary cell models are required. The application of tissue engineering concepts to both

primary human hepatocytes and iPS-derived cells has made these model systems more

tractable, enabling initial in vitro interrogation of viral infection across cells with different

genetic backgrounds.

Although primary hepatocytes are the principal target cell of hepatotropic viruses, and thus, the

most physiologically relevant model system, infection of these cells in vitro has been a

challenge. Once dissociated from their native hepatic microenvironment, primary hepatocytes

lose their polyhedral morphology, exhibit a decline in liver-specific function as determined by

albumin secretion and cytochrome P-450 enzymatic activity and become less susceptible to viral

infection (94). Multiple groups have challenged primary hepatocytes (human fetal (95, 96) and

adult (97, 98)), chimpanzee (99), non-human primate (100) and tupaia hepatocytes (101, 102)

with tissue culture-derived virus or sera from infected HCV, HEV or HBV patients. Results

suggest that inoculation with high viral load is necessary but not sufficient and amplification is

typically low-level and fluctuating.

Similar to induction of a differentiated state in immortalized cells, maintenance of this state in

primary hepatocytes in vitro is critical for initial susceptibility to infection and efficient viral
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replication. Early reports noted increased yield and duration of HBV infection in the presence of

DMSO or PEG (103); more recently, groups have employed non-parenchymal cells to promote

hepatocyte-function in vitro. Compared with previous reports utilizing primary HCV isolates,

higher viral yield was reported in primary human hepatocytes with the use of rat-tail collagen

(type 1), high seeding density and presence of liver sinusoidal endothelial cells and hepatic

stellate cells (-5%) as indicated by gene expression (104). LDLR and EGFR, two host co-factors

for HCV entry (105, 106), were more highly expressed when hepatocytes were cultured with

LSECs on a single layer of collagen - a system that also exhibited increased uptake of E1-E2

heterodimer-coated beads- or in spheroid form on Matrigel (107). Banaudha et al. allowed

hepatocytes to adhere to pre-attached stellate cells (CFSC-8B) and observed that, over time, the

hepatocytes formed spherical masses that could be harvested and propagated without the

stellate feeder line for up to 6 months and efficiently replicate HCV clones of gtla, lb and

2a(108). Similarly, long-term cultures of primary human fetal hepatocytes were developed by

plating a hepatic cell mixture at low density, allowing outgrowth of non-parenchymal cells and

formation of "hepatic islands" that were subsequently cultured under DMSO-containing

conditions to maintain characteristic hepatocytic features. Importantly, these cultures were

susceptible to HBV infection for up to 10 weeks in culture (109).

In theory, primary human hepatocytes provide the opportunity to correlate host genotype and

viral phenotype under controlled experimental conditions. In practice, this has been difficult to

achieve with statistical significance given the limited number of donors available and the

inability to pre-screen or select cells from patients of a particular genotype of interest.
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Alternatively, pluripotent stem cells have the capacity for infinite self-renewal and can be

genetically altered at the pluripotent stage before differentiation into hepatocyte-like cells

enabling the introduction of a desired host phenotype and the parallel production of isogeneic

controls. Importantly, hESC- and iPSC-derived hepatocyte-like cells supported the complete

HCV life cycle, evidenced by HCV pseudotyped virus and subgenomic replicons (110) and after

challenge with HCVcc (111-113) and gtlb- and la-containing patient sera (HCVser) (whereas

Huh-7.5 cells were not permissive for HCVser) (111). shRNA-mediated knockdown of

cyclophilin A or PI4KIIIa rendered these cells resistant to HCV, providing proof-of-concept for

genetic manipulation in these cells and suggesting such cells could be produced in vitro and

utilized for hepatocyte transplantation in HCV-infected patients.

Genomic and transcriptomic analyses of viral infection models

While the model systems used for HBV thus far have enabled the dissection of molecular

underpinnings behind various virus-hose interactions and enabled the study of antiviral

treatments, the lack of authentic host cell infection in most cases has hindered the development

of a global understanding of the host transcriptional response to HBV infection. Some attempts

have been made down this path, such as the chimpanzee study of Wieland et al (114) which

suggested that host innate immune responses to HBV are nonexistent. Since chimpanzee

infections do not permit robust powering of these studies or enable longitudinal monitoring of

the response, in vitro systems are important complementary tools. So far, however, the

transcriptomic analyses of HBV infection have been limited to comparisons between basal

HepG2 cell lines and HepG2.2.15 subclones which have integrated HBV DNA (115)-where
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these lines have diverged over time and do not support a fully accurate HBV life cycle - or,

puzzlingly, of rat hepatocytes transduced with an HBV genome through an adenovector (116).

The progress detailed in this thesis seeks, in part, to improve the spread of model systems

available for studying HBV infection generally, and the host transcriptional response to this

infection specifically.

1.6 Advances in genome editing and CRISPR

As detailed above, the lifecycle of HBV is somewhat unique in its dependence upon a

hyperstable, small episomal genome present as cccDNA in infected cells. This viral genomic

form has rendered HBV resistant to clearance by existing antivirals in the large majority of

cases, and necessitated a look to novel therapeutic modalities in the quest to develop a truly

curative regiment for CHB.

Recently, advances in the development of what are called "genome editing" technologies have

greatly improved our ability to specifically target and cleave DNA in the genomes of eukaryotic

cells using recombinant nucleases, and thus make precise changes that lead to inactivation of a

gene or substitution at a DNA locus of interest. Thus far, genome editing has been used to

rapidly elucidate the contribution of genetics to various diseases by enabling the creation of

genetically defined cellular and animal models of disease processes. However, beyond this, one

particularly interesting application of programmable nucleases is to directly correct pathogenic

mutations in diseased tissue, or in this case to directly target pathogenic viral DNA for
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destruction. Here, we will provide a short overview of genome editing technologies and

specifically CRISPR/Cas9 systems that will enable this idea.

To date, there have been four major classes of nucleases: meganucleases and derivatives thereof

(117), zinc finger nucleases (ZFNs) (118), transcription activator-like effector nucleases

(TALENs) (119), and the CRISPR/Cas9 system (120-123). The first three of these achieve DNA

target sequence specificity through protein-DNA interactions and can be engineered to target

specific DNA sequences of interest through protein engineering using somewhat modular

building blocks, while the CRISPR/Cas9 system uses RNA-based hybridization to DNA in order

to direct its cleavage activity. All four types of nucleases can achieve efficient genome editing in

many model organisms and mammalian cells, and recent reviews have covered the pros and

cons of each in therapeutic applications extensively (124). In all of the nuclease systems, the

nuclease domain searches for and finds the given DNA sequence of interest, and uses its

endonuclease activity to generate a double-strand break (DSB) in the DNA. Once the DSB has

been made, it can be repaired either by non-homologous end joining (NHEJ), which results in

stereotyped but pseudorandom insertions and deletions at the target site, or homology-directed

repair (HDR), which uses a homologous DNA template to direct the substitution of a precisely

defined sequence into the cut locus (121).

CRISPRICas9

The recent development of CRISPR/Cas9 systems into a genome editing powerhouse resulted

from over a decade of basic research into what was initially a rather niche question: what is the
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function of the enigmatic repetitive DNA elements found throughout bacterial and archaeal

genomes? It was first discovered that this unique family of clustered repeat elements was

present in a large fraction of bacteria and archaea (125), and given the name CRISPR based on

their presence as clustered, regularly interspaced short palindromic repeats. Further studies

identified the CRISPR-associated, or cas, genes (126), which were later identified as derived

from phages (viruses!) which infect these organisms (127). While the further refinement of

CRISPR biology is extensively covered in recent reviews (121), as a brief overview it was soon

identified that CRISPR-mediated prokaryotic defense against viral invaders was driven by Cas

nuclease activity against invader DNA or RNA (123, 128, 129). As the components of the system

were rapidly worked out, one group in Lithuania showed the transferability of active CRISPR

loci across species (130), followed by recapitulation of this system in vitro (131, 132), leading to

the optimization and transfer of this system into human cells less than a year later (120, 122).

Since then, numerous groups have made significant improvements to the CRISPR/Cas9 system

in order to make it more suitable for human therapeutic application, such as by developing

ways to reduce the potentially genotoxic off-target effects, to vectorize the components into

viral or nonviral vectors, and to increase the targeting range of DNA accessible by the CRISPR

system. In addition, some recent work has gone into using the CRISPR system not just for

disease modeling, but for attempting to cure genetically defined diseases in vitro and in mouse

models. Finally, as we will demonstrate in this thesis, there has also been interest in using

programmable nucleases as antivirals, where their ability to directly target the genetic material

of DNA viruses could target viral sequences for cleavage and subsequent destruction.
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1.7 Thesis overview

The Hepatitis B virus is a serious global health threat and cause of great morbidity and

mortality worldwide, even with the availability of a safe and effective vaccine. Due in part to

this enormous health cost, and in part to the dynamics around the discovery and development

of extremely effective therapies for HCV, there has been a renewed interest in the field to

develop better methods of understanding the biology of HBV and devising novel therapeutic

strategies to effectively cure patients infected chronically with the virus.

In this thesis, we have aimed to make advances across multiple prongs of this pipeline by

combining our expertise in model system development with a rapid uptake of technologies for

both annotating new biology and developing orthogonal therapeutic approaches for viral

infection. This work describes the development of primary hepatocyte models of HBV infection,

the utility of these models in developing a global understanding of the biology of the virus and

its interaction with these authentic host cells, and the use of genome editing technologies to

attack chronic HBV infection in a unique way that may be curative.

The research comprising this thesis can be broken down into three segments (Figure 1.5). First,

we developed a set of two complementary model systems that enable de novo HBV infection in

primary adult and stem cell-derived hepatocytes (Chapter 2) (133, 134). Second, we describe the

host changes upon viral infection at the bulk and single-cell level, and use gained insight into

the biology of HBV to target host pathways as a way to decrease viral replication (Chapter 3).

Third, we describe our proof-of-concept efforts to co-opt the CRISPR/Cas9 genome editing
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system to directly target HBV cccDNA and eliminate it from infected cells (135) (Chapter 4).

Finally, we offer perspective and a discussion of ongoing extensions of this work (Chapter 5).
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Figure 1.5: Thesis overview

This thesis broadly encompasses three sections. (Left) Development of primary hepatocyte model
systems to study HBV infection. (Middle) Optimization and usage of these model systems to study host
hepatocyte responses to infection. (Right) Using newly-developed tools for therapeutic genome editing to
direct attack viral cccDNA.
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CHAPTER 2. DEVELOPING PRIMARY HEPATOCYTE MODEL
SYSTEMS FOR HEPATITIS B VIRUS INFECTION

2.1 Introduction

Hepatitis B virus (HBV) is a small 3.2kb DNA virus that selectively infects hepatocytes

in the human liver (136). The global disease burden is large, with approximately 400 million

people chronically infected worldwide, of whom about one third will develop severe HBV-

related complications such as cirrhosis and liver cancer. Lifelong treatment is often required,

due to the stable nature of viral episomal DNA, known as covalently closed circular DNA

(cccDNA), which maintains basal levels in infected cell nuclei even upon nucleos(t)ide inhibitor

treatment. To date, HBV research has been hampered by a distinct lack of robust infectious

model systems that both support productive HBV infection and accurately mimic virus-host

interactions. Recently, the bile acid pump sodium taurocholate cotransporting polypeptide

(NTCP) has been identified as a putative receptor for both HBV and hepatitis D virus (HDV)

(137), and overexpression of NTCP in hepatoma cell lines renders them susceptible to HBV

infection. However, to this point, hepatoma cells are known to be defective in many cellular

pathways implicated in the innate immune response (138, 139), metabolism (140), and cell

proliferation (141), which may contribute to published contradictory evidence regarding the

extent to which HBV activates the innate immune response, and the importance of this response

in curtailing infection [for a review see (142)].

As the sole host cell infected by HBV in vivo, primary adult human hepatocytes

represent the gold standard model for studying HBV interactions with the host. Prior studies
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have shown that primary human hepatocytes support HBV infection, although infection is

usually not robust even upon supplementation of cell culture medium with dimethyl sulfoxide

(143) or polyethylene glycol (144). Moreover, primary human hepatocytes rapidly lose their

hepatic phenotype shortly after isolation from the in vivo microenvironment (145, 146). We have

previously developed a miniaturized system in which primary hepatocytes are organized in

micro-patterned colonies and surrounded by supportive stromal cells, providing hepatocytes

with the necessary homotypic and heterotypic cell-cell interactions to promote long-term

maintenance of their hepatic function (147). This micro-patterned co-culture (MPCC) system

maintains hepatocyte phenotype and function over several weeks and has been shown to

support robust infection with hepatitis C virus (HCV) and Plasmodium falciparum and vivax

malaria (148, 149). We hypothesized that this system would be ideal for modeling HBV

infection in vitro.

Beyond its potential utility for assessing virus-host interactions, studying the role of host

factors in the MPCC system is complicated by limited availability and variability between

donor hepatocytes. As a complementary approach that enables more facile genetic

manipulation on an untransformed and isogenic hepatocyte background, we also sought to

establish robust HBV infection in induced pluripotent stem cell (iPSC)-derived hepatocyte-like

cells (iHeps) (150, 151). These cells have demonstrated their utility for modeling inherited

metabolic disorders (152), incorporating genetic manipulations (153), and supporting infection

with HCV (113, 154, 155). During iHep generation, the progression of differentiation is

characterized by the sequential emergence of various hepatocyte-specific host factors known to

46



play a role in the HBV life cycle, such as the transcription factor HNF4a and the nuclear

receptor RXR (156). We show that permissiveness to HBV infection likewise progresses in a

differentiation stage-specific manner. Thus, in this paper, we employ a system of stabilized

primary hepatocytes for disease modeling to establish HBV infection in vitro and explore the

use of directed differentiation of iPS cells to demonstrate that they serve as a suitable host

population for the study of HBV and host-virus interactions.

2.2 Results

Micropatterned human hepatocytes stably express NTCP for weeks in culture

It has been hypothesized that primary human hepatocytes lose their permissiveness to HBV

infection due to down regulation of NTCP receptor expression upon isolation and subsequent

culture (137). Our micro-patterned co-cultures of primary human hepatocytes and stromal

fibroblasts (J2-3T3 fibroblasts, or J2s) (MPCCs) maintain hepatocyte functions as well as polarity

and promote the accurate localization of membrane proteins to hepatocytes' basolateral and

apical domains (147). Although many distinct hepatocyte culture models have been explored in

the literature, a telling control to probe the importance of tissue microarchitecture is seeding

similar cellular constituents in a random configuration (random co-culture, RCC) (Figure 2.1A).

NTCP was readily detected on the plasma membrane by immunostaining of hepatocytes in

MPCCs (Figure 2.1B), whereas the NTCP level at 18 days post plating was drastically reduced

in RCCs (Figure 2.1B-D). As viral spread is dependent upon consistent expression of the entry

receptor, we analyzed NTCP levels over a course of 14 days, and found that NTCP protein and
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mRNA levels remained stable over time (Figure 2.2A). These results establish the capacity of the

MPCC format to maintain the HBV receptor, NTCP, in vitro.
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Figure 2.1: Comparison of hepatocyte micropatterned coculture (MPCC) system to random cocultures
(RCC) for HBV infection.

A. MPCC vs. RCC schematic. Hepatocytes in pink, fibroblasts in purple. B. NTCP immunostaining - white

circle marks hepatocyte island boundary; scale bar, 100 pm. C. NTCP Western blot. D. NTCP qRT-PCR
(mean SEM, n = 3). E. Schematic of viral life cycle readouts used. F. (Left) ELISA for HBV surface
antigen (HBsAg), expressed as a mean SEM (n = 3), secreted into supernatant between 14 and 16
days post infection (dpi); (Middle) HBV 3.5kb mRNA expression (one cell pellet per condition) at 16 dpi;
(Right) Copies of cccDNA at 16 dpi, expressed as an average of biological duplicates range. G. HBV
core protein (HBc) immunostaining of MPCCs at the indicated dpi. Isotype-matched negative control
shown; scale bars, 50 ptm.

MPCCs support productive HBV infection

Given the importance of the MPCC format for maintaining both expression of the HBV receptor

NTCP and other hepatocyte-specific functions and gene expression (Figure 2.2B-C), we next

investigated whether primary hepatocytes in MPCCs support HBV infection. We assayed for

various viral life cycle stages, including viral gene expression, reflected by HBV surface antigen

48



(HBsAg) secretion and 3.5kb mRNA (the main HBV transcript) production, and presence of the

viral transcription template cccDNA, considered a hallmark of productive infection (Figure

2.1E). We found that HBV derived from human infectious serum infects human hepatocytes

more efficiently in MPCCs than RCCs (Figure 2.1F). Further, MPCCs support productive

infection throughout the culture period of nearly 3 weeks, based on immunostaining for HBV

core (HBc) protein (Figure 2.1G).
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Figure 2.2: MPCCs maintain hepatocyte-specific function compared to RCCs.

A. (Left) Immunofluorescence (IF) staining of NTCP shows receptor expression only in circular
hepatocyte islands; scale bar =100 pm. (Right) Western blotting and RT-PCR for NTCP protein and
RNA, respectively, show receptor maintenance over at least 2 weeks. B. MPCCs and random co-cultured
(RCC) hepatocytes (HD4) were analyzed for albumin (top panel) and transferrin (bottom panel) levels at
the indicated time points after infection with HBV (infection was done 2 days after plating the cells); data
expressed as mean SEM with n =3. C. MPCCs and RCCs were collected and analyzed for the
expression of major genes implicated in normal hepatocyte function, with JAKi treatment administered to
mimic infection conditions.
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Based on previous data that the innate immune response can restrict HCV infection in

hepatocytes (157), and the knowledge that exogenous IFN can limit HBV infection in humans,

we explored pre-treatment of MPCCs or RCCs with either an antagonist of TANK-binding

kinase 1 (TBK1), an upstream activator of the IFN response pathway, or a broad-spectrum Janus

kinase (JAK) inhibitor (JAKi), known to interfere with a major pathway of the innate immune

axis by dampening expression of interferon (IFN) stimulated genes (ISGs) (158), in an attempt to

elicit enhanced HBV replication efficiency. Augmentation of HBV infection was observed upon

introduction of both the TBK1 inhibitor and the JAK inhibitor, with HBV surface antigen

production being more responsive to TBK1 inhibition while JAKi was more efficient in

maintaining cccDNA following infection (Figure 2.3A-B).

With the addition of JAKi, we observed more robust HBV infection in MPCCs, as measured by

several viral parameters, and detected cccDNA accumulation over time almost exclusively in

this format (Figure 2.3C). Collectively, these results suggest that the MPCC format supports the

maintenance of productive infection over time in primary human hepatocytes, and that

inhibition of major pathways of the hepatocyte innate immune response enhances infection in

this system.

50



4

3-

2-

1 -

C~-7 DMSO
- JAKi
- TBKi

Mock

... .. ... . .. . . .

7 12 15 3 5 9 13 15
Days post infection

MPCC Undiffentiated IPSC

C

CO
T_

-0- DMSO -0- JAKi

3- C ock

2-

~1

7 10 13 16 19

Days post infection

45
3014

20--

1.0-I

7 10 13 16

Days post infection

B Plasmid safe DNase Tx+
cccDNA specific primers

MPCC
M I t

lo w

5' wo

HBV plasmid copies

M 10 10 1 10 HO

OW
go -

HBV non cccDNA specific
primers

MPCC HBV plasmid copies H 20

1 10 10 102

0 Q

o2400-

U 1600-

800-

7 10 13 16 19

Days post infection

15-

10-

In M 5-

7 10 13 16 19

Days post infection

20-

15-

r 02 10-

I I-

7 10 13 16 19

Days post infection

Figure 2.3: Innate immune inhibition enhances HBV infection.

A. Primary human hepatocytes (MPCCs) were pre-treated with DMSO, JAK or TBK1 inhibitors 24h prior
to infection and every other day thereafter. Following incubation with HBV positive serum for 24h, medium
was collected at the indicated time points for HBsAg analysis (data expressed as mean SEM, n = 3).
iPSCs (non permissive for HBV) were used as negative controls. Dotted line indicates the cutoff. B. DNA
extracted from HBV infected cells was amplified using cccDNA specific primers or primers capable of
amplifying all HBV DNA forms following treatment with Plasmid-safe DNase as detailed in SI M&M. PCR
products were separated by agarose gel electrophoresis. 2xHBV plasmid DNA, at the indicated genome
equivalents, was used as a positive control. Medium from infected cells (day 1 post infection) was used
as a negative control to show the specificity for cccDNA amplification. C. Time course of HBV infection in
MPCCs. (Top panels) HBsAg and HBeAg levels (average of triplicates) in supernatant; (Middle) cccDNA
levels; (Bottom panels) qRT-PCR for HBV 3.5kb mRNA and total mRNA. Expression relative to DMSO-
treated samples 7dpi, one pellet per condition per experiment, verified across independent experiments.
Dotted lines: limit of quantification (qRT-PCR), cutoff (ELISA).
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Temporal expression of ISGs following HBV infection

In response to intracellular pathogen sensors, an innate immune pathway typically activates a

set of ISGs, leading to autocrine/paracrine signaling by interferons. Based on our observation

that addition of a JAK pathway inhibitor improved HBV infection in MPCCs, we hypothesized

that the innate immune response may induce antiviral ISGs, at least in culture. To assay for this

response, we incubated MPCCs with HBV infectious serum and analyzed the relative

expression of type I IFNs, IFNa and IFNP, as well as two genes implicated in type III IFN

response, over the next 16 days (Figure 2.4, left). Both IFNa and IFNs were induced mainly late

during the course of infection, although a modest induction (>2 fold) was detected as early as

12h post infection. The expression of a variety of ISGs implicated in antiviral responses were

also detected following HBV infection, with a range of kinetic patterns, including several that

function as sensors and transducers of these pathways (Figure 2.4, middle), and a selection of

antiviral effectors (Figure 2.4, right). Consistent with our hypothesis, we found that blunting the

innate immune response with JAK inhibition blocked the expression of many downstream ISGs

but had no significant effect on the expression of either IFNa or IFNp, which are regulated

upstream of JAK-STAT signaling. We note that some exhibit a bi-phasic elevation over time,

possibly representing reinfection events, or expression in response to the emergence of later

stage viral components. In order to determine whether the IFN production and ISG induction

were dependent on HBV infection, rather than just immune activation due to the addition of the

human sera from which the HBV virions were derived, we pretreated MPCCs with entecavir

(the reverse transcriptase inhibitor) prior to HBV infection, and confirmed that this dramatically
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reduced viral load in the hepatocytes in MPCCs. We saw that using entecavir pretreatment to

abrogate HBV infection largely abolished the induction of most early and late stage interferons

and downstream ISGs detected in untreated HBV-infected cultures (Figure 2.5A), providing

stronger evidence that the ISG response was HBV-dependent.
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Figure 2.4: Temporal induction of ISGs in HBV infected MPCCs.

Primary human hepatocyte MPCCs were either mock- or HBV-infected with concomitant JAKi or DMSO
(vehicle control) treatment. RNA expression was analyzed for the indicated ISGs at 12h, 24h, 48h, 72h,
7d, 11 d, and 16d post infection and reported relative to the mock-infected cells, expressed as a mean
SEM (n=3).

Interestingly, although productive infection could be clearly detected in NTCP-expressing

HepG2 hepatoma cells, as evidenced by production of HBV 3.5kb mRNA (Figure 2.5B, left), no
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significant ISG induction was observed in these cells when compared to HBV non-permissive

HepG2 cells (Figure 2.5B, right). These data suggest that either HBV sensors or key transducers

in this sensing pathway are defective in hepatoma cells, highlighting a distinct opportunity of

the MPCC system in terms of its potential for studying virus-host interactions in HBV infection.
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Figure 2.5: HBV infection-dependent induction of ISGs.

A. HD4-derived MPCCs were either mock or HBV infected and treated with the RT inhibitor entecavir or

DMSO (vehicle control). Cells were harvested at the indicated times post infection and RNA was analyzed
for the indicated ISGs. Results are normalized to P-actin (and verified with GAPDH) and reported as
expression levels relative to the mock-infected cells for each time point. The experiment was done in
triplicate and the numbers reflect the mean SEM. B. HBV-infected naive or human NTCP-expressing
HepG2 cells were analyzed for 3.5kb mRNA (left) and ISG RNA expression levels at 9 dpi (right). Results
are reported relative to non-permissive, naive HBV-infected HepG2 cells (n=2).
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MPCCs offer the potential to study antiviral candidates

Following the demonstration that the MPCC format can support HBV infection, we asked

whether the platform could be applied for use as an anti-HBV drug testing tool. As a proof of

principle experiment, we incubated MPCCs with HBV-infected serum with or without

concomitant treatment with the HBV reverse-transcriptase inhibitor entecavir, or an alternate

antiviral, IFN-P. The addition of prophylactic entecavir or IFN-P to MPCCs abrogated HBV

infection, as indicated by a sharp decrease in the secretion of both HBV DNA and HBsAg into

the medium over time (Figure 2.6A). Consistent with these findings, levels of cellular 3.5kb

mRNA and cccDNA were also dramatically reduced in infected cells pre-treated with IFN-p or

with entecavir, as long as 21 days post infection (Figure 2.6B).

Having established that MPCCs can successfully model prophylactic drug protection against

HBV, we assayed their potential utility to model a more clinically relevant regimen, by starting

treatment with IFN-P and entecavir 7 days after establishing HBV infection. Both treatments

significantly reduced HBV DNA secretion into the medium by pre-infected MPCCs, indicating

an efficient inhibition of HBV replication (Figure 2.6C). In contrast, only IFN-P, but not

entecavir, abolished the levels of 3.5kb mRNA and cccDNA observed at 16 days post infection

(9 days after initiating drug treatment), consistent with published differences in the capacity of

reverse transcriptase inhibitors versus interferons to promote cccDNA elimination (159).

Collectively, these results demonstrate that the MPCC system can serve as a platform for

studying the efficacy and mechanism of action of diverse antiviral agents, and has the potential

to be expanded to a medium-to-high throughput drug discovery tool (148, 160).
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Figure 2.6: MPCCs as a platform for anti-HBV drug studies.

A. MPCCs treated with DMSO or JAKi, with or without entecavir or interferon beta (IFN3), were incubated
with HBV infectious serum for 24h, followed by continued drug treatment every 2 days. Collected
supernatants were analyzed for HBV DNA after three weeks (left), and for secreted HBsAg at the
indicated time points (right); results are expressed as a mean SEM, n=3. B. (left) At 21 dpi, cell pellets
were analyzed for HBV cccDNA (total copies per pellet). LOQ (dotted line). (right) Cell pellets analyzed for
HBV 3.5kb mRNA (expression levels relative to HBV infected DMSO treated cells, one pellet per
condition per experiment; convergent results were obtained in two independent experiments ). C. HBV-
infected MPCCs treated with JAKi were dosed with either IFNa or entacavir from 7 to 16 dpi, when cell
pellets were analyzed for 3.5kb mRNA expression relative to non-antiviral treated cells (1 cell pellet per
condition, verified across multiple experiments; left) and for cccDNA, expressed as an average (per cell
pellet) of duplicates range (right). Also at 16 dpi, medium (last changed at 14 dpi) was analyzed for
secreted HBV DNA, expressed as a mean SEM (n=3) (middle).

Hepatic donors that share differentiated phenotype exhibit variable pernissiveness

In order to establish a viable drug testing platform, it is ideal to identify a source of

reproducibly infectible hepatocytes. The advent of cryopreserved human hepatocytes partially

achieves this goal, in terms of offering a uniform donor. To examine the importance of host
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variability in HBV infection of MPCCs, we used MPCCs seeded with hepatocytes derived from

different hepatic donors (HD) (Table 2.1) and incubated them with patient-derived HBV

infectious serum. Analyzing markers of productive infection revealed a wide variation between

donors, with hepatic donor 4 (HD4) showing the most robust HBsAg production (Figure 2.7A)

and cccDNA formation (Figure 2.7B). Notably, blocking the type I interferon response by

treating the cells with JAK inhibitor generally resulted in increased HBsAg secretion, as well as

cccDNA production, although in some donors (such as HD2), even JAK inhibition was unable

to promote the production of detectable levels of cccDNA. Furthermore, the inter-donor

variation in infection levels did not correlate with other established biomarkers of hepatocyte

function (Figure 2.7C-D). Collectively, these results suggest that MPCCs support HBV infection

in a hepatocyte donor-dependent maimer. While technical factors implicated in hepatocyte

isolation and cryopreservation may play a role, it is also possible that a divergence in

genetically determined host factors may underlie this variation.

Donor information for Figure 2.7
Lot Vendor Lot Race Gender Age

number
HD1 Celsis OFA Female 78
HD2 Celsis TSM Female 49
HD3 TRL HUM4012 Caucasian Male 54
HD5 TRL HUM4037 Caucasian Male 8
HD6 TRL HUM4038 Caucasian Female 33
HD7 TRL HUM4040 Caucasian Female 23
HD4 Celsis NON Female 35
HD8 VWR 8148 Caucasian Female 55
HD9 VWR 4244 Caucasian Male 3

HD10 Celsis BHL Male 28
HD1 1 Celsis IZT Female 44
HD4 Celsis NON Female 35

HD12 Celsis TRZ Female 35
HD13 Celsis YEM Female 46
HD14 Celsis YJM Female 47

Table 2.1: Hepatocyte donor characteristics for HBV experiments
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Figure 2.7: Variation in HBV infection across human hepatocyte donors.

A. JAKi or DMSO-treated MPCCs bearing primary human hepatocytes from different donors were
incubated with HBV infectious serum and assayed at 16 dpi for HBsAg, expressed as average of
duplicates, and B. cccDNA quantification, total copies per cell pellet. Dotted lines indicate limit of
quantification (qRT-PCR) or cutoff (ELISA). C. Hepatocytes screened for their HBV permissiveness were
also tested for major hepatocyte functions, i.e, albumin secretion, urea production and induced CYP3A4
activity. The set of hepatocyte donors in this experiment is non-overlapping with the set from Fig 2.7 A-B,
except for HD4, which was used for the majority of experiments in this study. A comparison is presented
with the value of 1 representing the most robust activity observed for each of the analyzed parameters. D.
MPCCs created with hepatocytes from the donors in panel A were pretreated with DMSO, JAKi, or TBK1i,
and infected with HBV. At 16 days post infection, cell pellets were harvested and total HBV DNA was
extracted and quantified. LOQ (dotted line).
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iPSC-derived iHeps as a candidate HBV host in vitro

To overcome the variability in HBV permissiveness observed amongst donors of primary

human hepatocytes, we considered options for generating a physiologically relevant in vitro

system on an isogenic background. iPSCs are renewable, can be derived from a single donor,

and repeatedly differentiated into iHeps that share features of human hepatocytes (150, 151,

160) (Figure 2.8A). To ascertain whether iHeps might be permissive to HBV infection, we first

investigated the expression kinetics of NTCP during the course of iHep differentiation. Using

immunostaining, we observed that while NTCP was barely detectable on day 15, it was readily

detectable three days later and increased throughout the remainder of the differentiation

protocol (Figure 2.8B, left panel). Consistent with the protein expression findings, quantitative

analysis of NTCP mRNA levels also showed a gradual increase throughout differentiation,

although the level achieved in day 20 differentiated iHeps remained less than that observed in

cryopreserved primary adult hepatocytes (Figure 2.8B, right panel).

In addition to the dependence on an entry receptor, iHeps must also exhibit the capacity to

support HBV transcription in order to support replication. Thus, we assessed the earliest stage

at which differentiating iHeps achieved this milestone by transfecting them with an HBV

luciferase reporter construct (Figure 2.8C). Although the liver-enriched transcription factor

HNF-4a, central to the activation of the HBV transcriptional program (161), is expressed early

during iHep differentiation [(156, 162) and Figure 2.8A], HBV transcriptional activity was not

detected until day 18, after which it continued to rise (Figure 2.8C).
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Figure 2.8: Expression of NTCP and HBV transcription during iPSC differentiation to iHeps.

A. (Top) Schematic representation of the stages of differentiation, including cell culture medium additives
used to stimulate the progression to each new stage. (Bottom) Bright field microscopy of cellular
morphology (top row) and immunofluorescence microscopy (bottom row) of stage-specific markers
expressed by iPSC-derived cells during differentiation steps. Albumin- and CK18- double positive cells
are the most functional iHeps, corresponding to a fetal-like hepatocyte phenotype. Scale bar = 50 pm. B.
iPSCs were differentiated in a step-wise fashion and immunofluorescent staining for NTCP (two
representative examples of each time point are pictured; scale bar = 100 pm) (left panel) as well as
qRTPCR for NTCP mRNA (right panel; n=3 expressed as mean SEM) were performed at day 15
(hepatoblast), day 18 (early hepatocyte-like cells), and day 20 (hepatocyte-like cells). C. iPSCs were
differentiated in a step-wise fashion and transfected with an HBV-luciferase reporter construct (upper left
panel). Cells were visualized in 6-well plates by IVIS imaging (lower left panel) and luminescent intensity
was measured 72-96h post transfection (right panel). Luminescence intensity is reported as radiance
(photons/second/cm 2/steradian). Dotted line, background luminescence. Data are shown from one
representative experiment of three independent replicates yielding similar results.

iHeps support productive HBV infection during late stages of differentiation

To investigate whether iPSC-derived illeps are permissive to productive HBV infection, we

incubated differentiating iPSCs with HBV infectious serum and assayed for markers of the viral
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life cycle. Analysis performed at 16 days post infection revealed signs of productive infection in

fully differentiated iHeps (day 20 of differentiation), but not in cells infected at earlier stages of

differentiation, as evidenced by 3.5kb mRNA expression, HBsAg secretion and cccDNA

accumulation (Figure 2.9A-C). To examine both the specificity and kinetics of HBV infection of

day 20 iHeps, we incubated cells with HBV infectious serum with or without JAK inhibitor and

the anti-viral drug entecavir. When analyzed over a 3 week period, only JAKi-treated iHeps

maintained significant secretion of HBsAg over time, in contrast to a rapid loss of HBsAg

produced by vehicle-treated or entecavir treated cells (Figure 2.9D). However, HBV DNA, both

quantified (Figure 2.10) and also analyzed by Southern blot (showing mainly relaxed circular

replicative forms migrating at around 3.2kb) (Figure 2.9E) as well as HBV core protein (Figure

2.9F) were detected in Day 20 iHeps, largely independent of JAK inhibition. Given this

discrepancy, we analyzed the effect of HBV infection in innate immune activation in iHeps,

where we detected induction of many of the same ISGs that were observed in HBV-infected

MPCCs (Figure 2.9G). However, most of the ISG transcripts produced by infected iHeps were

rarely elevated to the same magnitude, with the exception of viperin, which was induced over

15-fold in day 20 iHeps, relative to day 7 iHeps - which were essentially uninfected by HBV.

Collectively, these results suggest that iPSCs at advanced stages of the hepatic differentiation

program support productive HBV infection, which can be maintained over a period of weeks

with the addition of an innate immune response inhibitor.

61



A
ZU)

LC)

c)

C

1.OK

0.5K

E

3K

2K

50-

40-

30-

20-

10-

0-

B 00-
5 0.8-

0.6-

0.4-

7 10 15
Day of differentiation

20

D

L - 7 10 15 20 ++ +
Day of differentiation

P HBV-specific probe

JAKi - + - + - + - +

Day7 Day 10 Day 15 Day20

15-

10-

5-

0

Interferons
IL28B
IL29

Day 10

Transducers (
IRF3

- IRF9

0.2-

0.0

0.8-

7 10 15 20
Day of differentiation

-0-DMSO
-e- JAKi

JAKi+Entec
Mock

) 0.4-

02-

0.0 I
6 12 18 24

Days post infection

F DAPI ( K I(.,

DMSO

FFs) Antiviral Effectors
Viperin
ISG15
ISG20
MX2

- ~rLU~
Day 15

JAKi

I .
Day 20

Figure 2.9: HBV infection of iHeps is drug-sensitive and differentiation-dependent.

(A-C) iPSCs were differentiated in a step-wise fashion, treated with JAKi and incubated with HBV
infectious serum upon treatment at the indicated days of the differentiation protocol. A. At 16 dpi, HBV
3.5kb mRNA was quantified by qRT-PCR, shown relative to DMSO-treated cells infected at day 10 of
differentiation, and expressed as the mean SEM across two separate experiments. B. Also at 16 dpi,
medium (last changed at 14 dpi) was analyzed for secreted HBsAg (mean SEM, n=3). C. Agarose gel
separation of amplified cccDNA products (16 dpi) on a single gel with high (++) and low (+) expression
positive controls (size mismatch due to slight curvature between distant lanes). D. Differentiated iHeps
(day 20 of differentiation) treated as indicated were incubated with HBV infectious serum, followed by
HBsAg measurements in media, expressed as a mean SEM (n=3). (E-F). iPSCs were incubated with
HBV infectious serum at the indicated days of differentiation with DMSO or JAKI. E. Southern blot of
cellular DNA extracted at 16 dpi (see SI) using an HBV specific probe; arrow indicates bands
corresponding to HBV DNA (predicted to be relaxed, circular DNA at this size). F. HBcAg
immunofluorescent staining of DMSO- or JAKi- treated 16 dpi iPSCs infected at day 15 and 20 of
differentiation; scale bar = 50 pm. G. ISG mRNA expression by qRT-PCR of HBV-infected iHeps at 16
dpi, normalized to the expression of HBV infected cells at day 7 of differentiation.
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Figure 2.10: Analysis of intracellular HBV DNA in iHeps.

iPSCs were differentiated and incubated with HBV infectious serum at day 7, day 10, day 15, or day 20 of
the differentiation protocol concomitant with treatment with either DMSO (vehicle control) or JAKi. DNA
was extracted at day16 post infection, and quantified by qPCR (1 pellet per condition per experiment,
confirmed in two independent experiments).

2.3 Discussion

In this study, we report, for the first time, HBV infection in two complementary patient-derived

hepatocyte systems in which infection is limited by an innate immune response, and

demonstrate the utility of these systems for studying virus-host interactions. The establishment

of two complementary HBV model systems represents an opportunity to tackle questions

regarding major components of the viral entry process and viral life cycle, including host factors

underlying establishment and persistence of a nuclear cccDNA pool, the key viral reservoir that

leaves patients susceptible to viral reactivation (163).

The MPCC system utilizes micropatterned primary human hepatocytes co-cultured with

stromal fibroblasts, a format that ensures the prolonged viability and functionality of these

delicate cells (147). By comparing the HBV permissiveness of MPCCs to that of co-cultured cells

seeded in a random format, we show that the patterning provided by the MPCC format is
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essential to maintaining productive infection for up to 3 weeks. An advantage of the MPCC

system is its facility for interrogating the identity of host factors responsible for the observed

permissiveness, in that cryopreserved donor cells that exhibit comparable hepatocyte functions

in culture but disparate permissiveness to HBV infection can be subjected to systematic

molecular analysis. In this manner, candidate host factor pathways and drug targeting

strategies may be explored in vitro. Indeed as an outgrowth of this HBV work, we have

undertaken this exact experiment in human malarial infection, using natural variation across

human hepatocyte donors in order to identify pathways that can predict malarial infection

permissiveness and provide clues about which liver-specific host factors the parasite requires

(data not shown).

We can also leverage inherent strengths of the iHep system in order to identify candidate

essential host factors that confer HBV sensitivity. In the differentiating populations, we observe

that HBV transcriptional activity increases over time, and can be overlaid with the step-wise

process of hepatocyte-specific factor acquisition. Thus far, our differentiation time course data

tracking both NTCP expression and HBV promoter/enhancer element-driven luciferase

expression demonstrate that the upregulation of both entry factors and other transcription-

related host factors are essential for successful infection by HBV. We observe a tipping point for

permissiveness at around days 18-20 of the iHep differentiation process, corresponding to a

switch from a hepatoblast-like phenotype to one resembling fetal hepatocytes. A comparison of

populations on either side of this time point may identify candidate pathways, to be filtered

based on findings from the MPCC system, and interrogated via directed mutagenesis or
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selective generation of iPSC lines from desired genotypes. In addition, the stage-specific

acquisition of permissiveness to hepatotropic pathogens may offer a novel method for assessing

the relative success of candidate in vitro differentiation protocols.

One important suite of host factors consists of the proteins involved in the hepatocyte innate

immune response, whose role in restricting HBV infection has been difficult to pin down (142).

Much of this debate has resulted from deficiencies in the model systems used for HBV studies,

since commonly used hepatoma cell lines possess well-documented defects in innate immune

sensing and signal transduction (138, 139). In our systems, the establishment of productive and

long-lasting infection was aided by inhibiting the innate immune response with inhibitors of the

JAK family, or the signaling intermediate TBK1. However, our data show that JAK inhibition

boosted infection much more in MPCCs than in day 20 differentiated iHeps, as evidenced by

the similar levels of viral replication achieved with and without JAK inhibition in differentiated

iHeps (Fig. 4). This difference may be due to the weaker induction of ISGs observed in HBV-

infected iHeps as compared to MPCCs, reflecting differences in host innate immune response

between fully differentiated primary human hepatocytes and iPSC-induced hepatocyte-like

cells (164, 165). Still, the differential effect of JAK inhibition on different markers of viral

replication (e.g. large effects on HBsAg secretion but minor effects on replicative intermediate

formation) observed in iHeps is not entirely clear and requires further study.

Our observation that innate immune activation restricts HBV infection is consistent with studies

showing that HBV can be cleared from the liver in a cytokine-mediated, non-cytotoxic manner

(159, 166), and that HBV replication is significantly reduced in chimpanzees chronically infected
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with HCV due to the induction of the type I IFN response (167). In contrast to the robust

induction of ISGs in HBV infected MPCCs and to a lesser extent in iHeps, no ISG response was

observed in HBV-permissive HepG2 cells overexpressing NTCP. This finding emphasizes the

advantage of both MPCCs and iHeps over hepatoma cell lines and traditional hepatocyte

culture systems in the analysis of virus-host interactions, in particular innate immune

responses. A similar induction of the type I interferon response accompanied by up-regulation

of ISGs was previously observed in HBV-permissive HepaRG cells, but not in HepG2 cells upon

induction of a baculovirus expressing HBV (168). However, even in HepaRG cells, the bi-

potential nature of the cells suggests an immature state in which the innate immune axis may

not be fully developed. Similarly, our observation that iHeps display more modest,

differentiation stage-dependent ISG induction relative to MPCCs, may be explained by the

finding that the innate immune axis matures in concert with the hepatic phenotype of

differentiating iHeps (169). Thus, our initial results support the model that the innate immune

system plays a role in HBV infection and suggests that HBV may be less of a "stealth virus"

than previously thought (170). As described in more detail in Chapter 3, this conclusion seems

to bear some caveats, since infection with cell culture-derived virus in an optimized setting does

not lead to prominent ISG upregulation, which may delineate an important difference between

culture-derived/culture-adapted and native human infectious virus.

Notably, in the MPCC platform, we observed that a constant fraction of around 25% of the cells

were HBc positive between 7 and 19 days post infection. This absence of apparent viral spread

raises the possibility that viral production is not robust enough to support reinfection, or that
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the rate of new infection is offset by viral clearance from other cells. In addition, given the

prolonged maintenance of normal hepatocyte function in the MPCC system, it is not clear why

levels of HBV surface antigen and DNA secretion drop precipitously by 21 days post infection.

One possible explanation is that a gradual reduction in host factors essential to the viral

transcription/replication machinery induces an eventual block at the level of gene expression or

replication. The observation that the cccDNA level remains relatively stable even after the sharp

decline in the viral gene expression and replication raises the intriguing possibility that these

kinetics represent a switch from a more acute stage of infection to one that is more chronic and

low-level.

2.4 Materials and methods

The experimental conditions used to generate MPCCs, maintain iPSCs and differentiate iHeps

have all been previously described (147) (150, 151, 154). For HBV infection of MPCCs and

iHeps, cultures were pretreated for 24h with dimethyl sulfoxide (0.01% v/v), Janus Kinase

inhibitor (1 pM) (EMD Millipore), TANK-binding kinase I inhibitor (1iM) (EMD Millipore),

Interferon P (1000 U/mL) (R&D Systems), or entecavir (120nM) (Cayman Chemicals), as

indicated, followed by infection with HBV-positive patient plasma. Additional details are

described below, including techniques used to assess HBV infection, such as total DNA,

cccDNA, RNA analysis, IF and ELISA for HBsAg and HBeAg.
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Primary human adult hepatocytes

Primary human hepatocytes were purchased from vendors permitted to sell products derived

from human organs procured in the United States by federally designated Organ Procurement

Organizations. Vendors included: Celsis In vitro Technologies, BD-Gentest, and CellzDirect.

Human hepatocytes were pelleted by centrifugation at 50-100 x g for 5-10 min at 4'C, re-

suspended in hepatocyte culture medium, and assessed for viability using trypan blue

exclusion (typically 70-90%).

Inducible pluripotent stem cell (iPSC) culture and induced hepatocyte-like cell

(iHep) generation

In brief, iPSCs were cultured in monolayers on Matrigel (Becton Dickinson), and directed

differentiation was achieved by sequential exposure to activin A (R&D Systems), bone

morphogenic protein 4 (R&D Systems), basic Fibroblast Growth Factor (FGF) (Invitrogen),

Hepatocyte Growth Factor (HGF) (R&D Systems), and oncostatin M (OSM) (R&D Systems)

(150).

Micropatterned co-cultures (MPCCs)

Off-the-shelf tissue culture polystyrene (24-) or glass bottom (24-) multi-well plates, coated

homogenously with rat tail type I collagen (50 pg/ml), were subjected to soft-lithographic

techniques to pattern the collagen into micro-domains (islands of 500 tm in diameter with 1200

pm center-to-center spacing). To create MPCCs, cryopreserved adult human hepatocytes were
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seeded on collagen-patterned plates that mediate selective cell adhesion. The cells were washed

with medium 2-3 h later (-4x10 4 adherent hepatocytes in 96 collagen-coated islands in 24-well

plate and incubated in hepatocyte medium overnight. Hepatocyte culture medium was DMEM

with high glucose, 10% FBS, 0.5 U/ml insulin, 7 ng/ml glucagon, 7.5 ag/ml hydrocortisone and

1% penicillin-streptomycin. 3T3-J2 murine embryonic fibroblasts were seeded (9x104 cells in

each well of 24-well plate) 24 h later. Hepatocyte culture medium was replaced 24 h after

fibroblast seeding and subsequently replaced every other day. Randomly cultured cocultures

(RCCs) of hepatocytes and 3T3-J2 fibroblasts were created as described previously (147). Briefly,

RCCs were generated by seeding 2x105 hepatocytes per well of a collagen-coated 24 well plate,

followed by addition of 9x10 4 J2-3T3 cells the next day, all in the same hepatocyte culture

medium as used in MPCCs. There is a 5-fold increase in hepatocytes/well in RCCs compared to

MPCCs, but these numbers were chosen because hepatocyte survival is improved in denser

culture.

HBV infection of MPCCs and iHeps

The concentration of entecavir was chosen as 30x the EC50 according to the literature (171). De-

identified plasma positive for HBV but negative for HCV and HIV was obtained from the Red

Cross. For all the experiments presented in this study, three stocks of plasma derived from three

different donors were used. Two stocks were genotype D the other genotype A. Genotypes

were determined using DNA extracted from plasma by PCR using primers (F)

5'CTCCACCAATCGGCAGTC3' and (R)5'AGTCCAAGAGTCCTCTTATGTAAGACCTT3'.

PCR products were sequenced using the following primer:
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5'CCTCTGCCGATCCATACTGCGGAAC3' and genotypes were determined using the NCBI

genotyping online tool (http://www.ncbi.nlm.nih.gov/projects/genotyping/formpage.cgi). For

infection, calcium chloride was added to the plasma at a final concentration of 1.25mM and

incubated for 30 minutes at 37oC. The gelled plasma was then spun at 14000 x g for 5 minutes,

and the prior two steps are repeated until no gelled clots remained. The supernatant remaining

(serum) was then used to inoculate MPCC or iHeps at a 1:10-1:20 dilution in standard culture

medium for 24h. The calculated MOI, based on initial viral (DNA) titer and cell number was

between 300-350 HBV genomes/cell. Cells were washed five times with DMEM then new

hepatocyte culture media or iHep culture media added. Every 48h, medium was collected and

stored at -80 0C for subsequent analyses, and replaced with fresh medium.

Quantification of intracellular or secreted HBV DNA in iPSC-derived and

primary hepatocytes

Cell pellets or media were collected and DNA was extracted using the QIAamp DNA blood

mini kit (QIAGEN, cat No 51104) or QIAamp Minielute Virus spin kit (QIAGEN, cat No 51104),

respectively. DNA was extracted according to the manufacturer's protocol, and final product

eluted in 60ul of water. Sul was taken for a qPCR.

Quantification of total HBV DNA

qPCR for HBV DNA was performed using the TaqMan@ Universal PCR Master Mix (Applied

Biosystems, cat No 4304437) and the following primers and probe:
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5'CCGTCTGTGCCTTCTCATCTG3' (sense), 5'AGTCCAAGAGTCCTCTTATGTAAGACCTT3'

(antisense), 5- /56-FAM/CCG TGT GCA /ZEN/CTT CGCTTC ACCTCT GC/3IABkFQ/ -3 (probe).

PCR was performed using the Roche LightCycler @480 and the following conditions:

1. Denaturation- 50*C 5min (1 cycle).

2. QPCR- 95*C 15sec, 56'C 40sec, 72'C 20sec. (40 cycles).

3. Melting- 65*C 10sec, 95'C (cont).

Quantification was done by using a standard curve composed from 2xHBV plasmid in a

concentration range of 109 -101 copies.

HBV cccDNA quantification

DNA extracted from cells was subjected to overnight digestion with a plasmid-safe DNase

(Epicentre) as previously described (137). Following enzyme inactivation at 70*C for 30min,

DNA was subjected to real-time PCR using SYBR® Premix Ex Taq (TaKaRa) following a

protocol previously described (137) and using the cccDNA specific primers described by Glebe

et al (172).

The primers used for cccDNA amplification were 5'TGCACTTCGCTTCACCTF3' (sense) 5'

AGGGGCATTTGGTGGTC3' (antisense). For quantification, a standard curve derived from

decreasing concentrations of 2xHBV plasmid was used.

PCR was performed using the Roche LightCycler @480 and the following conditions:
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1. Denaturation- 95*C 2min (1 cycle).

2. QPCR- 95*C 10sec, 63*C 20sec, 72*C 45sec. (40 cycles).

3. Melting- 95*C 10sec, 65*C 10sec, 95*C (cont).

Analysis of HBV DNA forms

Total DNA was extracted using the QIAamp DNA blood mini kit (QIAGEN, cat No 51104) in a

procedure involving cell lysis and proteinase K treatment (without prior DNaseI treatment).

Total DNA was later run on 0.8% agarose-TAE gel, followed by denaturation and Southern

blotting to a Hybond N nylon membrane (Amersham). Viral DNA was detected by

hybridization with a 32P random primed HBV probe, using the Prime-It II Random Primer

Labeling Kit (Agilent Technologies, Cat No 300385). Following incubation and washing,

hybridized species were visualized by phosphorimaging and film exposure.

Analysis of viral and cellular mRNAs in MPCC and iPSC-derived iHeps

Total RNA was isolated with the RNeasy Plus Mini Kit (Qiagen) or via TRIZOL RNA/DNA

extraction. RNA was quantified using a NanoDrop. and first-strand cDNA was synthesized

using Moloney murine leukemia virus RT (Bio-Rad) or SuperScript@ III RT kit (Invitrogen).

qPCR for various genes/mRNAs including HBV 3.5kb and total transcript, interferon stimulated

genes, NTCP, and differentiation factors was carried out with Taq polymerase and SYBR Green

in the supplier's reaction buffer containing 1.5 mM MgC2 (Bio-Rad). For amplification of HBV

3.5kb mRNA or total HBV mRNAs we used primers spanning the 5' end common only to the
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HBV long transcript or the region upstream to the poly A signal spanning the 3' of all mRNAs,

respectively, as previously described (137). To rule out HBV DNA contamination, total RNA

was pre-treated with DNaseI prior to first strand synthesis and for every qRTPCR analysis, a

negative control (w/o reverse transcriptase) was included. qRTPCR results for HBV transcripts

were normalized to human RPS11 housekeeping gene, other qRTPCR results were normalized

to P-actin (and verified with GAPDH). Oligonucleotide primer sequences are available by

request. Amplicons were analyzed by 2% (wt/vol) agarose gel electrophoresis (BioRad).

Detection of secreted hepatitis B surface antigen (HBsAg)

100ul medium was loaded on ELISA plates coated with mouse monoclonal anti HBsAg

antibodies (Bio-Rad, GS HBsAg EIA 3.0, Cat. No. 32591). ELISA was carried out according to the

manufacturer's instructions. Plates were read using the FLUOstar Omega luminometer (BMG

LABTECH). HBsAg positivity (cutoff) was calculated as an average of 3 negative controls + 0.07.

Detection of secreted hepatitis B e antigen (HBeAg)

50ul medium was loaded on ELISA plates coated with mouse monoclonal anti HBeAg

antibodies (AbNova KA3288). ELISA was performed according to the manufacturer's

instructions using HRP detection with 3,3',5,5'- tetramethylbenzidine (Thermo Scientific)

substrate.
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HBV transcription during iHep differentiation

1.3xHBV-Luc. in which a luciferase cassette is cloned downstream of the EnhI and pre-C/C

promoter, was a kind gift from Y. Shaul (Weizmann Institute, Israel) (173). 10 ug HBV-Luc

plasmid DNA was transfected using TransIT-2020 reagent (Mirus) to 1.0 x 106 iPSC/iHeps at

varying stages of differentiation. Cells were analyzed 72-96h post-transfection for luciferase

expression. Briefly, cells were incubated with D-luciferin (Invitrogen) for 10 min and then

imaged using an IVIS Spectrum optical imaging system. Bioluminescent images were acquired

using the auto-exposure function. Data analysis for signal intensities and image comparisons

were performed using Living Image software (Caliper Life Sciences). To calculate radiance for

each well, the well size was delinated and each signal was expressed as radiance

(photons/second/cm 2/steradian). To rule out variations in transfection efficiency, cells were

cotransfected with a GFP expressing plasmid and GFP positive cells quantified by fluorescence

microscopy 72h post transfection. In addition, intracellular DNA was quantified by

amplification of the luciferase fragment and normalization to 0 globin DNA.

Immunofluorescence analyses

Cells were fixed in 4% (wt/vol) paraformaldehyde (Electron Microscopy Services) and/or -20 0 C

methanol. After washing and blocking in 0.1% donkey serum/0.1% Triton X- 100 in PBS, cells

were incubated in primary antibodies overnight at 4'C (mouse or rabbit anti-human albumin

(Sigma Aldrich); goat anti-human alpha-1-antitrypsin (Bethyl Laboratories); mouse or rabbit

anti-human cytokeratin 18 (Sigma Aldrich); rabbit anti-human alpha-fetoprotein (Santa Cruz);
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mouse anti-human SOX17 (R&D Systems); goat anti-human HNF4u (Santa Cruz); polyclonal

rabbit anti HBV Core (generously provided by Y. Shaul (174) ). Secondary antibodies were

donkey anti-mouse DyLight 594, donkey anti-rabbit DyLight 488, donkey anti-mouse DyLight

488-, or donkey anti-rabbit DyLight 594 conjugates (Jackson Immunoresearch). Cells were

counterstained with Hoechst dye (Invitrogen).

Western blot analysis of NTCP

Total protein was extracted with radioimmunoprecipitation assay lysis buffer, and samples

were separated by electrophoresis on 12% (wt/vol) polyacrylamide gels and electrophoretically

transferred to a PVDF membrane (Bio-Rad Laboratories). Blots were probed with NTCP

antibody (Aviva Biosystems) followed by HRP-conjugated anti-rabbit secondary antibodies

(Amersham), and developed using SuperSignal West Pico substrate (Thermo Scientific).

Albumin and transferrin ELISA

Media samples were stored at -20'C. Transferrin and albumin concentrations were measured

by sandwich ELISA using HRP detection (Bethyl Laboratories) and 3,3',5,5'-

tetramethylbenzidine (Thermo Scientific) substrate.

Generation of an NTCP expressing HepG2 cell line

HepG2 cells (p25) in collagen coated 6-well plates were transduced with VSV-G pseudotyped

TRIP-based lentiviral pseudoparticles expressing either FLAG-hNTCP1-GFP or FLAG-

mNTCP1-GFP. Transduced cells were expanded to a P100 plate then scaled to a T175 flask.
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Transduction efficiency was confirmed by flow-cytometry. GFP-positive cells were sorted by

FACS to intermediate and high GFP positive populations. Intermediate and high GFP

expressing cells were singly sorted in 3x collagen-coated 96 well flat-bottom plates and

monitored for growth under the microscope. Multiple clones were tested for HBV infection

permissiveness, with clone 3E8 demonstrating the highest infectivity.

2.5 Conclusion

In summary, we show that MPCCs and pluripotent stem cell derived iHeps are both permissive

to and support productive HBV infection. We envision these platforms to be complementary,

each with their own advantages, and also each with the capacity to inform further optimization

of the other. Thus, the combination of our HBV infectious systems will open new avenues to

more fully characterize the HBV life cycle and its interaction with the host, thereby promoting

the identification of potential drug targets for a disease infecting 400 million people globally.
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CHAPTER 3. DELINEATING THE HOST HEPATOCYTE
RESPONSE TO HEPATITIS B VIRUS INFECTION

3.1 Introduction

The profound negative consequences of chronic HBV infection on the human liver only develop

over decades of productive infection, suggesting that they are the result of a long-term cascade

of molecular and compositional changes in the infected liver that lead eventually, and to

varying degrees, to liver damage, fibrosis, and hepatocarcinogenesis (4, 6, 7, 11). As only one

third of patients with CHB eventually progress to severe liver disease, it is important to

understand the molecular patterns that lead to this degeneration and provide targets for

intervention. While HBV secreted factors such as HBsAg are thought to be immunosuppressive

and directly inhibit adaptive immune (and especially T-cell, NK, and DC) responses in CHB (55,

175-179), the majority of molecular changes upon chronic infection occur in the hepatocyte, the

cell in which HBV selectively replicates. Given the dearth of model systems that fully

recapitulate the viral life cycle, to date these studies have focused mostly on the direct

interaction partners of specific viral proteins.

The HBV X protein (HBx), named thusly due to its lack of homology to other known proteins

(180), is a promiscuous interactor in both the cytoplasm and nucleus of infected cells, using its

multitude of protein-protein interactions to broadly co-transactivate a number of genes in

actively transcribed regions (20, 46-48, 180-185) through binding the ubiquitous transcriptional

machinery (45, 46, 186) and some specific transcription factors (186). HBx also promulgates

more specific interactions, such as with IPS-1 (183) to inhibit RIG-I dependent production of

78



itnerferon, NF-AT (184), and cyclins/CDKs to modulate the hepatocyte cell cycle (182, 187).

Outside of the X protein, HBV's Polymerase also performs a number of surveillance functions to

prevent activation of innate immunity (40, 43, 188), and HBV Core protein binds to a number of

host cell promoters in order to modulate transcription (189). Unfortunately, it is difficult to

discern the importance of these molecular interactions in systems where one viral protein is

overexpressed, as especially promoter-binding activity and possibly innate immune inhibition

are very concentration-dependent phenotypes. Indeed, most pertinent to the work described

here, the question of whether HBV prevents IFN-induced gene expression is an open one that

has been subject to ambiguity.

In order to accurately delineate the host hepatocyte response to HBV, it is important to use

model systems that enable longitudinal analysis of robust infection in authentic host cells. While

the recent advent of human liver chimeric mice (190) - which are competent models of

hepatotropic infectious diseases (191, 192) (including HBV infection (193, 194)) - have provided

a niche in which human hepatocytes can stably engraft and function for months on end, these

models are ideally used as downstream verification for studies that do not require in vivo

context owing to their limited throughput. As a complementary approach, an in vitro system

permitting robust infection of numerous hepatocyte donors (134) with a diverse panel of varied-

genotype hepatitis B viruses would enable the study of the diversity of outcomes (both

stochastic and genetically determined) of natural infection.
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Here, we aimed to build upon our previous model system development approaches to enable

high-level, robust infection of a number of hepatocyte donors with HBV virions of diverse

origin, and to begin an unbiased assessment of the response of host hepatocytes to authentic

infection. We show that RNA-sequencing of infected and control hepatocytes, in both bulk

mode and in single-cell format, can provide global information about pathways that the virus

manipulates in order to maximize its replication and immune evasion. Interestingly, while the

sequencing results provide strong evidence in one case, showing that HBV infection does not

significantly alter the host cell response to interferon treatment (at least acutely), the results

beyond this point raise crucial questions that are worthy of further study. Specifically, we show

that 1) the response of hepatocytes to high-level HBV infection diverge significantly across two

healthy hepatocyte donors, and 2) the response of hepatocytes to patient-derived vs. culture-

derived virus is somewhat divergent, prompting questions of how universal any observed

response is across all patient genetic backgrounds and virus genotypes, and perhaps signifying

the utility of patient-specific disease models in the future. However, even in the face of this

marked variability, we show that systems-level insights gleaned from patient-derived virus

infections can still be used to nominate pathways that modulate viral infection, and validate the

importance of these pathways to maintaining viral replication in host hepatocytes.
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3.2 Results

Single-cell analysis of patient-derived HBV infection

We showed in Chapter 2 that our primary hepatocyte-based micropatterned coculture system

enables long-term infection with patient-derived HBV, and that there was significant

transcriptional induction of immune response genes in a temporally dynamic fashion. Building

upon this initial work, we sought to take an unbiased approach to delineate the global response

to infection. Since the heterogeneity of HBV infection in infected cell populations had been

hitherto unexplored, we aimed to take advantage of recent single-cell transcriptional analysis

approaches (195, 196) to answer this question. We first performed a standard HBV infection

using diluted HBV+ patient serum (the same protocol as in Chapter 2) in MPCCs, using

entecavir-pretreated, HBV-exposed MPCCs as a control to normalize for the effects of human

serum exposure on hepatocytes. Sorting single hepatocytes into individual culture plate wells

on human CD81, we prepared single-cell cDNA libraries using SMART-seq (197) and subjected

them to next-generation sequencing (Figure 3.1A). Using an analysis method tailored to single-

cell sequencing (198), we identified HBV-induced differentially expressed genes.

As an initial systems-level analysis of the transcriptional changes induced by HBV infection, we

used Ingenuity Pathway Analysis (IPA) to identify transcriptional patterns that were correlated

with numerous biological processes. Interestingly, opposite from the response seen upon e.g.

infection of epithelial or monocytic cells with the flavivirus West Nile Virus (WNV), we saw

that HBV induced a transcriptional profile that left hepatocytes more vulnerable to viral
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infection. Diving deeper, we saw that HBV induced upregulation of 88 genes (out of ~610)

annotated as proviral and viral modulatory factors (x2 test p-value < 0.0001) (Figure 3.1B), which

formed a deeply connected network connected at its core by a group of chaperone proteins and

transcriptional regulators. Since we are also interested in potential single targets of inhibition in

HBV infection, we performed systems-based and database-driven searches of the upregulated

gene list for centrally-located regulators that could antagonize multiple arms of the innate

immune system simultaneously. Under these criteria, we identified one gene in particular, TNF

activation-induced protein 3 (TNFAIP3), coding for the protein A20, which was highly

upregulated (log2 fold change > 4) and can inhibit both NF-kB and interferon response factor

(IRF) 3/7-dependent innate immune signaling (Figure 3.1C), and represents a potentially

interesting target for intervention (199). Stepping back out into the pathway-level analysis, we

identified in our data a strong upregulation in autophagy pathway genes (Figure 3.1D), which

corroborates other evidence that HBV relies upon the autophagic machinery for some parts of

its envelopment (200). Finally, while many regulator effects identified in our data (e.g. an

induction of LXR signaling) corresponded to the known literature on HBV host interactions, we

sought to compare our results to another global analysis of HBV infection. To this end, we

found a GEO dataset containing microarray data on HBV-infected and naive human

hepatocytes isolated from uPA-SCID human liver chimeric mice (GSE 52755), and analyzed this

dataset side by side. Here, we determined that three of the most significantly activated

pathways corresponded between the two datasets (Figure 3.1E). In all, this evidence suggested

specific molecules and pathways that play significant roles (both immune and non-immune) in

HBV infection, and may be targets for intervention.
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Figure 3.1: Single-cell sequencing of MPCCs infected with patient-derived HBV

A. Schematic of single-cell sequencing approach: MPCCs were either productively or abortively infected
with HBV (+ or - entecavir), after which cultures were dissociated at 7 days post infection and
hepatocytes were sorted using an APC-conjugated anti-CD81 antibody into wells of a 96-well plate with
lysis buffer. RNA/DNA Cleanup and library preparation were performed in-well using the SMART-Seq
protocol followed by sequencing on a HiSeq 2000 and alignment with a STAR-based pipeline, followed by
analysis with Single Cell Differential Expression. B. Connectivity diagram of 88 genes upregulated by
HBV infection that are annotated as putative proviral factors in the Ingenuity Pathway Analysis database.
The hairball diagram highlights the core position of members of multiple heat shock protein families, as
well as multiple other families comprising pathways like autophagy (highlighted in D). C. Highlighted
interactions of the protein TNFAIP3 (A20), of TNF-activation induced protein 3, which negatively regulates
several innate immune pathways as shown in the diagram (top left, TNF and receptor family; bottom left,
NF-kB signaling; right, signaling upstream and downstream of IFN production). D. Pathway diagram of
autophagy pathway (annotated in Ingenuity), showing the upregulation of many family members (in red;
downregulation in green) by HBV infection. E. Comparison of highly activated pathways between the data
procured here by single-cell RNA-Seq, and in dataset GSE52755 in GEO which sequenced infected and
uninfected hepatocytes from human liver chimeric mice on the uPA-SCID model.

Modifying MPCCs for robust infection by culture-derived HBV

While our initial experiments were performed with HBV virions derived from infected patient

serum, the limited availability of these samples, lack of control over quantities and viral titer,

and inability to control the virus genotype may make this source suboptimal for controlled

experiments. In addition, the presence of human clotting factors in the serum samples often

presents a problem for in vitro use, causing cell death or detachment upon incomplete calcium

ion-based removal of these factors. To solve these various issues, we next aimed to move our

MPCCs to an infection system where cell culture-derived HBV (ccHBV) is used as the infectious

agent. On our first several attempts to infect MPCCs with ccHBV, we observed a rapid decline

in HBeAg during the washout of the initial inoculums, followed by stabilization at quite a low

level of viral infection (Figure 3.2A). When we attempted to use either an entry inhibitor or a
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pathway modulator identified from the single-cell data to perturb infection, the low dynamic

range made results difficult to interpret.

In order to remedy this, we sought to optimize the ccHBV-based infection protocol to promote

higher-level infection, with the goal of infecting the majority of hepatocytes in MPCCs under

basal conditions with a reasonable viral titer. To perform this optimization, we first

incorporated protocols that had been used for previous HBV and other viral systems. First, we

added a continuous dosing of 2% DMSO, which has been shown to promote infection in other

HBV models through a mechanism partially dependent on hepatocyte differentiation state (103,

201), and incorporated PEG8000 into the inoculum in order to precipitate the virus onto

hepatocytes as a way to increase the local virion concentration (90, 144). We then looked to

other virus infection models, where it is known that "spinoculation" (centrifugation during

virus inoculation) increases the infectivity of HIV-1 (202) through a process partially dependent

on cytoskeletal remodeling in response to the centrifugal forces (203). Since HBV infection has

been shown in proteomics studies to interact with cytoskeletal state (204), we reasoned this

approach may work in HBV as well. Finally, we examined the expression and localization over

time of the HBV receptor NTCP, and observed that at later timepoints, the localization of NTCP

was more pronounced on the hepatocyte membrane (e.g. compare Figure 2.1B to 2.2A). In order

to take advantage of this time-dependent relocalization, we tested later infection timepoints out

to 5 days post seeding hepatocytes. When combining all of these improvements, we observed

large improvements in infection efficiency, seeing over 100-fold increases in HBeAg production

and over 50-fold increases in viral RNA (Figure 3.2B). This effect enabled high-level infection of
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many hepatocyte donors (Figure 3.2C) with even low-permissivity donors yielding significant

HBsAg and HBeAg production, and from this screen we selected another hepatocyte donor

(Donor 'D') to test side-by-side with our previous HD4.
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Figure 3.2: (Re)Optimization of culture-derived HBV infection in MPCCs

A. Standard infection protocol (Chapter 2) using cell culture-derived virus at 300 GEq/hepatocyte yields

extremely low levels of productive infection after eAg washout (1 dpi), making comparison to pathway
modulator-treated cells difficult (SREBPi). B. Techniques adapted from other HBV culture models (DMSO
treatment and PEG-based inoculation) and virus concentration protocols (spinoculation) were tested for
their ability to improve the infection efficiency of cell culture-derived HBV (ccHBV) in MPCCs, both

individually and in tandem. HBeAg production increased over 100-fold and pgRNA production increased
over 50-fold with the optimized infection system. C. A new hepatocyte donor screen (see Chapter 2) was
performed to evaluate optimized ccHBV infection in MPCCs, yielding a second donor with high infectivity
for further transcriptional studies. D. After optimized HBV infection, subsequent cycles of infection were
blocked by continuous incubation with the entry inhibitor Myrcludex B starting at 1 day post infection.
(Left) HBc-positive cells per 20x field were quantified (either high staining or high + low staining) during

infection with or without the HBV entry inhibitor, showing over 30% fewer core-positive cells to indicate
active viral spread post-inoculation. (Right) Secreted HBeAg was quantified to confirm that post-
inoculation inhibition of HBV entry resulted in decreased viral infection. E. In order to benchmark the

ability to use this infection platform for further medium-throughput studies, dilution experiments were
performed in 96-well format and compared to infection in 24-well plates, at 10, 100, and 500 GEq/cell.
Infection rates were similar in 24- and 96-well formats, and were clearly dependent on initial inoculums

viral load, although productive infection was seen even at as low as 10 GEq/cell.
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Taking advantage of this improved infection efficiency, we tried to determine whether we could

visualize the spread of HBV infection from infected to uninfected hepatocytes in MPCC islands.

Using the entry inhibitor Myrcludex B to prevent new hepatocyte entry after the initial

inoculation, we saw that both by staining for HBc and by measuring HBeAg levels, significant

levels of viral reinfection occurred after the initial infection (Figure 3.2D), highlighting the

ability of our infection system to measure viral spread and strategies used to counter these

cycles of reinfection; this spread of HBV in vitro has not been easily seen in other systems (205).

In order to extend the spectrum of experiments enabled by this model system, we also titrated

the initial viral inoculum and compared the infection efficiency in a scaled down 96-well model

to our original 24-well layout, finding significant (albeit decreased) infection even down to 10

GEq/cell and comparable infection levels in a 96-well medium-throughput format (Figure 3.2E).

Host responses to ccHBV are variable and partially transient

With the infection system optimized for ccHBV, we next wanted to explore the host

transcriptional response to this virus. First, in order to benchmark the system and determine

whether hepatocytes in MPCC format respond appropriately to molecular stimuli, we dosed

MPCCs with either 1000 U/mL IFN alpha or a vehicle control, extracted total RNA and

produced cDNA libraries using the Illumina Tru-Seq protocol. After sequencing, we were able

to accurately separate human and mouse transcript reads, and analyzed the hepatocyte

response to IFN. Here, we were able to see a strong upregulation in interferon-stimulated genes

(ISGs) (Figure 3.3A), and analysis by IPA correctly identified IFN alpha as the top upstream

regulator for this transcriptional signature.
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Figure 3.3: ccHBV infection is characterized by transient and variable host responses

A. Confirmatory schematic of response of MPCCs to IFN alpha stimulation, showing strong upregulation

of numerous interferon-stimulated genes and signal transducers. This control was performed in order to

ensure that hepatocytes in MPCCs exhibit physiological responses to stimuli, that IFN-dependent

transcription can be detected by RNA-Seq in MPCCs, and that bulk sequencing of human transcripts from

MPCCs is viable experimental approach. B. Plot of the number of upregulated and downregulated genes

across multiple timepoints upon HBV infection, showing that strongest response occurs at 1 dpi followed
by a tapering in viral regulation of host transcription at least in the two-week window studied. C. Plots of

HBV-induced transcriptional changes across two different hepatocyte donors that both show high levels

of infection at 1 (left) and 3 (right) days post infection. Responses to HBV infection are not highly
correlated across these two donors, meaning that analyses of host-viral interactions may be confounded

by host genotype, and highlighting the importance of multi-donor studies of host interactions. D. Log2 fold

change of all genes passing expression cutoff upon IFN stimulation of HBV-infected or uninfected

hepatocytes, suggests that HBV infection does not significantly impact the transcriptional response to

IFN, corroborating other data that viral antagonism of this pathway is mostly upstream of IFN production.

We then moved forward to characterize the host response to HBV over time in this system.

Using two separate hepatocyte donors across 3 timepoints (1, 3, and 10 days post infection), we

extracted RNA from HBV-infected and uninfected samples at each timepoint, made libraries
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and subjected them to next-generation sequencing followed by human transcript identification

and quantification. Interestingly, using ccHBV, we did not observe any of the ISG activation

that we saw in previous experiments, coinciding with observations from another group on the

immune evasion capacity of culture-derived HBV (T.J. Liang, unpublished). HBV infection did

result in significant changes in gene expression for hundreds of genes across the different

timepoints, but a sharp transient response (both in number and magnitude) led to a more

muted response at later timepoints (Figure 3.3B), although HBV transcripts made up over 1.5%

of all transcripts identified in hepatocytes from both donors at the 10 days post infection

timepoint. A signature of TNF activation emerged, consistent with the earlier identification of

TNFAIP3, and LXR signaling was recapitulated, along with a transient upregulation of SOCS3

which is thought by some to blunt JAK/STAT signaling and immune activation in infected

hepatocytes (206).

Still, the magnitude of these effects was relatively modest, with few genes showing absolute

log2 fold changes above 1, which we partially attributed to the fractional infection of cells (-50-

60% infected based on immunofluorescent analysis of HBV Core antigen staining), but partially

to differences being obscured by variation between the two hepatocyte donors, based on the

observation that on multidimensional scaling plots, samples from each donor strongly clustered

together (data not shown). In order to dig into this finding further, we plotted the log fold

changes (LFC) between infected and uninfected samples for each donor, using the LFC for

donor 'D' as the independent variable. Here, we see that responses between the donors are not

correlated at 1 or 3 dpi (Figure 3.3C), suggesting that there is sharp variance in responses to
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HBV across donors, or that HBV-induced transcriptional changes are dwarfed by natural

variation across and within donors; this data strongly suggests the importance of studying

several human donors to understand the range of response to HBV infection. In addition to

studying the direct effects of HBV on host transcription, we then sought to understand whether

HBV infection reduces the magnitude of the hepatocyte response to IFN, as has been postulated

by some molecular studies (43, 206). At 9 days post infection, we treated infected or uninfected

MPCCs with 1000 U/mL IFN alpha, and then extracted RNA, made libraries and analyzed the

transcriptional response by RNA-Seq one day later. We observed that in one day of IFN

treatment in Donor 'D', the fraction of HBV transcripts fell from 2.0% to 0.6% of all identified

human transcripts, a 70% drop. In addition, the correlation between IFN responses in infected

and uninfected samples was quite high (R2 > 0.77 for the correlation between LFCs), with little

evidence for the blunting of an IFN response (m = 0.92, suggesting a minor 8% decrease in IFN

sensivitity) (Figure 3.3D).

Perturbation of pathways modulated by patient-derived HBV affect ccHBV

While the preceding data were somewhat ambiguous and require more in-depth

experimentation across several donors (preferably at the single-cell level), we sought to

determine whether the pathways highlighted in our initial single-cell study would still have

significant effects on ccHBV viral infection, even though the expression data in this model

system was ambiguous. First, we probed the single-cell expression data in order to find gene

families that were a) upregulated and b) susceptible to pharmacological inhibition with well-

validated tool compounds. Upon performing this analysis, we found 4 families of interest
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(Figure 3.4A): Hsp70 (with the inhibitor VER-155008; EC5o ~ 500 nM), Hsp90 (with the inhibitor

17-DMAG; EC5o ~ 50 nM), SREBPs (with the inhibitor Fatostatin A; EC5o - 5 pM), and the

autophagy pathway (with the Type III P13K inhibitor 3-methyladenine, used for this purpose at

2.5 mM) to move forward with.

We then performed infections with ccHBV including either a vehicle control, MyrB

pretreatment, 1000 U/mL IFN, or the inhibitor compounds listed above at 4-10x their ECO or the

stated concentration (4x for SREBP, 10x for Hsp families) beginning at 2 dpi. Monitoring HBeAg

production over time, we found that the Hsp70 and Hsp90 inhibitors, as well as the autophagy

pathway inhibitor, yielded significant reductions in HBeAg, even stronger than that seen with

IFN treatment (Figure 3.4B). While SREBP inhibition in this system did not yield an anti-HBV

effect, this may be due to SREBP inhibitors' efficacy being strongly tied to media nutrient

density and serum concentration (A.M. Naar, personal communication). At 10 dpi, we

harvested RNA from MPCCs and performed qRT-PCR to quantify levels of viral pgRNA. In

this analysis, we found that inhibition of both heat shock families reduced viral RNA by ~50%,

while inhibiting autophagy did not affect HBV at the RNA level, which corresponds to its

mechanism of action blocking HBV and viral protein product secretion. Interestingly,

chaperone family inhibition inhibited pgRNA more effectively than continuous IFN treatment -

while IFN treatment over 8 days only reduced terminal pgRNA levels by 15%, a 70% drop was

seen in pgRNA upon 1 day of treatment with the same IFN dose (previous paragraph). This

raises the intriguing possibility that IFN resistance, due to upregulation of ISG inhibitory factors
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(207-209) or due to viral inhibition at a post-transcriptional level, may be the cause of poor viral

clearance rates upon long-term treatment.
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Figure 3.4: Antagonism of pathways induced by patient-derived virus inhibits replication of ccHBV

A. Multiple members of various protein families or pathways were strongly upregulated in MPCCs infected

with patient-derived HBV, suggesting potential targets for intervention. Here, Hsp70 family members

(blue, left), Hsp90 members (blue-green), fatty acid/sterol synthesis pathway members (green), and

autophagy pathway members (dark blue) were implicated in the HBV-induced host response. B. HBeAg

ELISA showing repression of viral protein production by inhibition of Hsp70, Hsp90, and Type III P13K (to

inhibit autophagy); interestingly, with this treatment time course, even IFN has only transient effects on

HBeAg production, similar to effects we see with IFN in Chapter 4. C. Terminal levels of HBV pgRNA at

10 days post infection upon treatment with various inhibitors, shows that inhibiting chaperone function

reduces viral transcription rate (-50% reduction for both Hsp70 and Hsp90 inhibition) while autophagy

inhibition does not; here as well, IFN treatment only marginally reduces viral transcription. D. Small

molecule inhibitors from B-C were tested in a dose response curve in HepG2-NTCP cells which are

susceptible to HBV infection. At various doses, strong inhibition of HBeAg production was observed;

interestingly, the inhibition of HBeAg is much more pronounced in these cells than in MPCCs, and the

required dose for efficacy relative to MPCCs varies significantly (e.g. Hsp70 inhibition).
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Finally, in order to compare these results to those observed in a more standard model of HBV

infection, we performed dose-response experiments using these small-molecule pathway

modulators in HepG2-NTCP cells, which are susceptible to HBV infection. We performed 5-

point dose curves around the EC5o and MPCC dose, and measured secreted HBeAg at 5 days

post infection (Figure 3.4D). Confirming our MPCC results, a dose-response and severe HBeAg

inhibition was observed with the three effective compounds from Figure 3.4B-C, as well as an

again weaker response to IFN treatment. Interestingly, while autophagy inhibition (using the

Type III P13K inhibitor) and inhibition of Hsp90 resulted in strong HBeAg inhibition at doses

only a few times the EC5O of the drugs, Hsp70 inhibition did not result in HBeAg inhibition in

this model under a 10-fold higher dose than was effective in MPCCs. Since chaperone inhibition

can have antitumor effects and most cell lines (including HepG2 hepatoblastoma cells) may be

sensitive to these agents, the magnitude of response may be somewhat confounded,

highlighting the utility of testing host-directed antiviral strategies in primary human cells.

3.3 Discussion

The response of human hepatocytes to HBV infection is multifactorial and complex, due to the

numerous interactions of HBV X protein with host proteins and transcription machinery, and

the ability of HBV Core to directly bind host promoters. To date, global analyses of the effects of

HBV infection on hepatocytes have been limited due to the lack of appropriate model systems

recapitulating the in vivo context of infection, such as, for example, quiescence/low cycling rates.

Previously, we developed the micropattemed coculture (MPCC) system for primary
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hepatocytes as an HBV model system that enabled long-term infection with patient-derived

viral isolates; here, we have evaluated the response of hepatocytes to this infection model, and

compared this to the response to cell culture-derived virus in an infection system. In re-

optimizing our system to permit infection by cell culture-derived HBV, we demonstrated

significant improvements over existing HBV model systems. Specifically, we showed the ability

to achieve robust infection down to 10 GEq/cell, where typically >100 GEq/cell is required for

quantifiable infection, and more importantly showed that primary human hepatocytes, when

robustly infected, can spread HBV infection to surrounding cells in vitro, which has not

convincingly been shown in other systems (205).

In our initial single-cell dissection of patient-derived HBV infection, we observed

transcriptional changes that followed the known transcription factor binding site proclivities of

HBV proteins, such as upregulation in hepatocyte-enriched nuclear hormone receptor-driven

transcription, and also saw the virus' propensity to reshape host transcription to make it more

hospitable for viral replication, as evidenced by upregulation of numerous proviral factors

around a core network of chaperone and other proteins. Reconciling this response with bulk

sequencing done on hepatocytes infected with cell culture-derived virus, however, we saw that

in the latter system, both the induction of ISGs (Chapter 2 and here) and the manipulation of

overall host innate immunity were deficient, with a transient and waning response to the virus

over time even at very high viral loads with HBV transcripts at 2% of all hepatocyte

polyadenylated RNA (or > 3% of polyadenlyated RNA from infected hepatocytes). This

divergence between patient-derived and culture-derived virus is challenging due to a dearth of
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information, but we and others have shown that these two viral sources exhibit other qualitative

differences as well, such as the dependence on PEG for ccHBV and lack of this effect in patient-

derived virus (210). This discrepancy suggests a differing virion composition between the two

sources, which may affect host responses to infection. For example, other DNA viruses have

been shown to package the innate immune second messenger cGAMP in virions when

produced from virus sensing-competent cells (211, 212).

We also found that host responses to HBV infection can diverge dramatically across hepatocyte

donors, with these results in total emphasizing the importance of capturing both human and

pathogen genetic diversity in delineating this response - something completely lacking in

current studies of HBV infection. We also were able to use the transcriptional data upon IFN

stimulation to observe that culture-derived HBV does not acutely inhibit hepaotycte responses

to interferon, although the rebound in viral transcription over medium-to-long term IFN

treatment in our model suggests refractoriness due to either endogenous or viral mechanisms.

Lastly, we were able to use the systems-level analysis from patient-derived HBV to intervene in

ccHBV infection by inhibiting various classes of proteins, and show (for what we believe may

be the first time) the efficacy of small-molecule Hsp70 and Hsp90 inhibitors on viral protein and

viral RNA production. Interestingly, while these responses were recapitulated in a cell line

model of HBV infection, the pharmacological and dose responses showed differences in some

key areas (such as effective doses of Hsp70 inhibition), highlighting the importance of using

authentic host cells to avoid cancer line-specific confounding factors. Numerous inhibitors in

these classes have been developed across, multiple companies for cancer treatment (213, 214),
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and later-generation compounds have demonstrated low levels of toxicity even upon chronic

dosing in clinical trials in oncology. Thus, with more testing, these compounds may be

interesting candidates for repurposing as part of anti-HBV therapeutic regimens. The extension

of our work here, to better understand host hepatocyte responses to viral infection, may yield

even more attractive host targets for which useful chemical matter already exists, speeding a

potential path to developing new therapeutics against HBV. In all, this study should contribute

to both the knowledge base and experimental best practices for studying responses to HBV

infection, and how these can be perturbed to antiviral effect.

3.4 Materials and methods

The large majority of methods described in this section overlap with those used in Chapter 2.

The additional methods used here are provided below.

Cell culture-derived HBV infection

MPCCs were maintained as described in Chapter 2. At 5 days post seeding primary human

hepatocytes, HBV infection was performed. For HBV sequencing experiments or negative

control wells, MPCCs were preincubated for 45 min with 500 nM Myrcludex B prior to

infection. HBV virions, concentrated from supernatant of HepAD38 cells (see Virus production

section), were diluted into standard MPCC medium (ITS medium) with 4% PEG8000 (Sigma)

and 2% DMSO to a final concentration of 10-500 GEq/cell, depending on the experiment. 24-well

MPCCs were infected with 500 uL and 96-well MPCCs were infected with 80 uL media volume,

followed by centrifugation at 1000 x g for 60 min, and 23 hr incubation. Following this, cultures
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were washed 5x with DMEM and ITS medium + 2% DMSO was replaced and used for the rest

of the experiment.

Cell culture-derived HBV production

HepAD38 cells (215) were plated and grown on collagen-coated culture plates at 30%

confluency in DMEM supplemented with 10% FBS, 2mM L-glutamine, 1 mM sodium pyruvate,

and 1% nonessential amino acids (2 ml medium per well of 6-well plate). When HepAD38 cells

were confluent, they were cultured without splitting in Williams E medium supplemented with

5% FBS, 2mM L-glutamine, 1 mM sodium pyruvate, 1% nonessential amino acids, 2.4 ug/ml

hydrocortisone, 0.5 ug/mL inosine, and 0.75% v/v dimethyl sulfoxide (DMSO) (2 ml medium

per well of 6-well plate) without tetracycline/doxycycline. Cell culture supernatant was

harvested each day and replaced with 2 mL fresh medium per well, and after 3 days, all

supernatant was pooled. Each 15-70 mL was concentrated down to 350 jaL using Centricon 70

Centrifugal Filter Units (according to manufacturer's instructions). Aliquots from Centricon

filters were stored in Cryovials at -80 oC for up to 12 months until use.

Single-cell sequencing

MPCCs were infected (with or without pretreatment to prevent productive infection) and

cultured until 7 days post infection. At 7 days post infection, cells were washed 3x with sterile

PBS, followed by dissociation with 0.25% Trypsin into single cells and filtration through FACS

tubes. Cells were incubated for 30 min with an APC-conjugated anti-CD81 antibody (clone 5A6,

BioLegend), followed by washing 3x and sorting of individual CD81+ hepatocytes into
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individual wells of a flat-bottom 96 well plate with pre-loaded lysis buffer. SPRI bead-based

cleanup and library preparation was performed using the SMART-Seq method (197), with RNA

and DNA quality analyzed by Bioanalyzer and a Qubit 2.0 fluorimeter. Following library

preparation to contstruct 40 nt single-end reads, samples were sequenced on a HiSeq 2000,

followed by alignment using a STAR-based method to derive counts for each transcript across

all cells. Quality filters were used to select cells to analyze (> 4000 unique genes, along with

minimum read depth), and genes with log2(TPM + 1) > 1 were used for analysis. Differential

expression between infected and nonproductively infected cells was tested using the Single Cell

Differential expression (SCDE) package (198), followed by gene set analysis, upstream regulator

analysis, and pathway mapping using Ingenuity Pathway Analysis (Qiagen).

Bulk sequencing

RNA from MPCCs was isolated immediately upon lysis using the Nucleospin RNA kit

(Clontech), and eluted into 40 pL of H20. RNA quantity and quality were measured using an

Advanced Analytical Fragment Analyzer, and cDNA library preparation was performed using

the Illumina TruSeq RNA library preparation kit, followed by 40 nt single-end sequencing on a

HiSeq 2000. An RSEM-based pipeline was used to generate counts for each sample, and

limma/voom was used for data analysis, followed by gene set analysis, upstream regulator

analysis, and pathway mapping using Ingenuity Pathway Analysis (Qiagen).
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3.5 Conclusion

Here, we have used our primary human hepatocyte models of HBV infection in order to explore

the transcriptional response to HBV, and how this response varies with viral source and human

genetic background. Using patient-derived virus, we identify core protein families and

networks that correspond to previous literature and seem to optimize the host cell environment

for continued infection. Unexpectedly, re-interrogating this question across human donors with

culture-derived virus yields a weak virus-specific response, and one confounded by host

background, although we provide strong evidence that HBV does not suppress transcription of

IFN-induced effectors. Even with this ambiguity, however, pharmacological inhibition of

pathways and proteins identified in our initial analysis yield strong anti-HBV activity

potentially surpassing that of IFN, in both primary hepatocytes and cell line models of infection.

In all, this work both provides methods to interrogate host responses in HBV and how to

exploit these to attack the virus, and sounds a cautionary note about design and interpretation

of efforts to more fully delineate these responses.
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CHAPTER 4. DIRECT TARGETING OF HEPATITIS B VIRUS
LONG-LIVED CCCDNA USING CRISPR/CAS9

4.1 Introduction

The global burden of HBV infection has been delineated throughout this thesis, and chronically

infected individuals are at an increased risk for deadly complications, including cirrhosis, end-

stage liver disease and hepatocellular carcinoma, resulting in approximately 600,000 deaths per

year (216). While a safe and effective vaccine exists, one main reason that HBV cannot be

eradicated HBV is that, by and large, no curative therapies exist that eliminate the virus

completely from chronically infected individuals. As a member of the Hepadnaviridae family,

HBV's life cycle involves both DNA and RNA intermediates., and as previously mentioned the

HBV genome exists in the nuclei of infected hepatocytes as a 3.2kb double-stranded episomal

DNA species called covalently closed circular DNA (cccDNA). cccDNA is a key component in

the HBV life cycle, since it is the template for all viral genomic and subgenomic transcripts

(136). Currently approved HBV therapies act post-transcriptionally to inhibit viral replication

and thus fail to target or eliminate the cccDNA pool, which exhibits extraordinary stability and

persistence (217). Consequently, these drugs must often be taken indefinitely to prevent viral

rebound. Agents that act directly on viral DNA to deplete this reservoir may represent more

desirable and possibly curative therapeutic alternatives (159).

To this end, targeted nucleases, which were briefly reviewed in Chapter 1, may provide an

efficient and specific way to damage the HBV genome while sparing host genomic DNA (218-

220). Targeted nucleases catalyze double-stranded DNA break (DSB) formation, which leads to
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the formation of mutagenic insertions and deletions (indels) through error-prone

nonhomologous end-joining (NHEJ) at the target DNA locus. Recently, the type II CRISPR-Cas

system of Streptococcus pyogenes SF370 has been adapted as an RNA-guided, sequence-specific

DNA nuclease for use in mammalian cells (120, 122). CRISPR/Cas9 and other genome

engineering technologies have been employed to design candidate therapeutics via gene

targeting, knockout of beneficial host genes, mutation of integrated viruses (221), and we

sought to further study the application of CRISPR/Cas9 to direct targeting and cleavage of HBV

cccDNA. We hypothesized that by directly targeting the HBV genome for cleavage using

CRISPR/Cas9, we could suppress HBV by mutagenizing critical genomic elements, or

decreasing the stability of cccDNA and other viral intermediates through repeated linearization

of the circular genomes (Figure 4.1A).

4.2 Results

CRISPRICas9 design and validation

Using the CRISPR online design tool (http://www.genome-engineering.org/crispr/), we

generated 24 single guide RNAs (sgRNAs) targeting the HBV genome (Figure 4.1B, Table 4.1).

Target sequences were chosen in order to maximize conservation across viral genotypes (Figure

4.1C) and minimize homology to the human genome, in order to minimize the probability of

creating off-target DSBs in the host genome. Based on these criteria, we only designed guides

targeting the core, polymerase and X ORFs, but numerous Cas9 target sites also exist in the S

ORF (Figure 4.1B).
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Figure 4.1: Proposed mechanism and feasibility for targeting HBV with CRISPR/Cas9

A. Schematic of HBV life cycle and putative anti-HBV effect of CRISPR constructs; Cas9-mediated DSB

formation should linearize the small, episomal cccDNA repeatedly, potentially leading to indel formation

(generating less-fit viral mutants) or even degradation. B. (left) HBV genome organization and location of

target sequences for several tested guide RNA constructs. (right) Table of all possible CRISPR target

sites in each HBV ORF, including number of possible target sites in conserved genomic regions. C. Guide

RNAs targeting conserved regions target large majority of patient-derived virus genomes. All whole-

genome sequences from HBV isolates were queried from GenBank to determine the conservation of 23

nt target sequence (20 nt spacer + 3 nt PAM) for 3 guides (6, 17, and 21). x-axis denotes number of

allowed mismatches, and y-axis denotes the percentage of sequenced isolates that fall within this number

of mismatches to native sgRNA target site.

We first looked to evaluate the efficacy of selected sgRNAs (Figure 4.1B) in targeting their

cognate HBV sequences, since sequence context is a strong determinant of Cas9 cleavage

efficiency. To do this, we co-transfected the HepG2 hepatoma cell line with an HBV-expressing

plasmid and constructs expressing Cas9 and individual sgRNAs, and measured the production

of HBV 3.5kb RNA (encoding pre-genomic RNA (pgRNA), the template for reverse

transcription) as well as the secretion of HBV surface antigen (HBsAg) into the medium, two
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reliable indicators for viral gene expression and replication (Figure 4.2A). sgRNAs 17 and 21

(sg17 and sg2l) consistently led to a decrease in pgRNA levels and HBsAg production (Figure

4.2B-C). While other sgRNAs (sg14 and sg19) generated similar decreases in HBV pgRNA, these

guides did not have as large an effect on HBsAg secretion as did sg17 and sg2l. This source of

this discrepancy is not entirely clear, but may be related to targeting different locations along

the HBV genome that exert effects on pgRNA transcription but do not suppress HBsAg

expression. Since HBsAg is thought to be immunosuppressive in CHB patients, reducing levels

of this viral protein, even without directly targeting the S ORF sequence, was important.
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Figure 4.2: Transiently transfected CRISPR constructs exhibit anti-HBV activity.

A. Experimental schematic for B: HepG2 cells are co-transfected with 1.3x WT HBV and sgRNA/Cas9-
2A-mCherry construct, and B. intracellular HBV pregenomic RNA and C. secreted HBsAg are quantified
after 72 hours. Data shown are from one representative experiment, and consistent across multiple
experiments. D-E. Multiplex targeting of HBV improves antiviral potency of CRISPR/Cas9. HepG2 cells
were co-transfected with 1.3x WT HBV and sgRNA/Cas9-2A-mCherry construct, where the sgRNA is an
untargeted control (UT), sg17, sg2l, or a combination of sg17 and sg2l. The combination of sg17 and
sg2l reduces D. HBsAg production and E. HBV 3.5kb RNA relative to single targeting with sg17 and
sg2l. *p < 0.05 vs. all other groups, ***p < 0.001 vs. indicated groups. UT: 'untargeted' guide RNA (no
target sequence in HBV genome).
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Given their strong effect on both viral parameters measured, we proceeded with sg17 and sg2l,

as well as sg6 - identified from previous pilot experiments (not shown). In addition, to

investigate the effect of multiplex targeting of HBV DNA in order to impact multiple viral

elements, we co-transfected HepG2 cells with control sgRNA, sg17, sg2l, or a combination of

sg17/sg21. The combination of two guide RNAs targeting HBV led to stronger reductions in

HBsAg and HBV 3.5kb RNA as compared to the single guide RNAs (Figure 4.2D-E), perhaps

because simultaneous repair at two cleavage sites could not occur fast enough to maintain the

integrity of the HBV plasmid.

Confirmation of anti-HBV effect in vivo

We next sought to evaluate the antiviral effect of Cas9 in vivo, to ensure that our anti-HBV

constructs functioned appropriately in primary hepatocytes. To do this, we used a mouse model

of HBV, where HBV and Cas9/sgRNA plasmids were introduced to the liver of

immunodeficient mice (NRG) by hydrodynamic injection (HDI) (222) (Figure 4.3A). In the case

of proof-of-concept studies such as this, we endeavor to minimize the use of animal subjects.

Thus, the complete battery of in vivo experiments described below were performed with only

sg2l and its mutated control, although similar results were replicated with other guides (data

not shown). Animals expressing Cas9 and sg2l in this model showed a progressive suppression

of HBV expression as compared to controls expressing Cas9 and a mutated sgRNA (sg21M; 3' 5

bp mismatch), reflected by a decrease in HBsAg secretion and a 4-fold decrease in viremia at

day 4 post injection (Figure 4.3B-C).
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Figure 4.3: Transient CRISPR delivery inhibits HBV protein and DNA production in vivo

A. Experimental schematic for B-C: 1.3x WT HBV and sgRNA/Cas9-2A-mCherry are delivered to the
livers of immunodeficient NRG mice via hydrodynamic injection, and B. HBsAg and C. secreted HBV titer
are quantified in mouse blood at 2 and 4 days post injection. 21M: guide RNA with 5 bp mismatch from
g21. Data shown are from one representative experiment, and consistent across multiple experiments.
UT: 'untargeted' guide RNA (no target sequence in HBV genome). *p < 0.05 for selected comparison; **p
< 0.01 for selected comparison; *** < 0.001 for selected comparison as assessed by two-tailed t-test.

Sus tainied Cas9/sg RN A expression dramatically inhibits H BV

Recent genome-wide CRISPR knockout studies have shown that sustained Cas9/sgRNA

expression induces progressively greater indel formation over time in mammalian cells (223).

Based on this information and encouraged by our initial results, we evaluated the efficacy of

sustained Cas9/sgRNA expression in inhibiting HBV using a model that more reliably

recapitulates HBV life cycle components. For these studies, we used the HepG2.2.15

hepatoblastoma cell line, which harbors both a functional HBV integrated form and cccDNA,

and constitutively produces infectious virions (224) (Figure 4.4A). Because cccDNA cannot be

reliably quantified or detected in plasmid co-transfection or HDI systems, the HepG2.2.15

system is more ideal for investigating CRISPR/Cas9-mediated clearance of this viral species.

We transduced HepG2.2.15 cells with Cas9-2A-Puro lentiviruses encoding Cas9 and individual

sgRNAs (sg6, sgl7, sg2l) chosen based on our initial results, and treated cells with puromycin
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to select for transduced cells (Figure 4.4B). As controls, cells were also transduced with

constructs containing sgRNAs and a nuclease deficient Cas9 (D10A/H840A; dCas9) to control

for nuclease-independent effects of Cas9 on viral fitness, or WT Cas9 with mutated sgRNAs

(gXM) to control for guide sequence-independent effects. All 3 selected Cas9/sgRNAs induced

robust suppression of HBV DNA release (77-95% decrease across different sgRNAs) (Figure

4.4C), HBeAg secretion (Figure 4.4D), and viral mRNA production (>50%) (Figure 4.4E).
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Figure 4.4: Lentiviral transduction of anti-HBV CRISPR in constitutively HBV-replicating cells

A. The HBV life cycle within HepG2.2.15 cells. HepG2.2.15 cells contain genomically integrated linear
1.3x WT HBV sequences, from which viral proteins and cccDNA are constitutively produced via
transcription followed by translation (proteins) or reverse transcription and nuclear re-import (cccDNA).
The persistent HBV production in this system enables us to assay the long-term anti-HBV effects of
CRISPR/Cas systems targeting viral DNA. B. Schematic of lentiviral vector and experimental strategy for
sustained CRISPR expression. C-E: HBV products are reduced upon long-term CRISPR/Cas expression.
Stable lines of HepG2.2.15 cells expressing 3 different on-target guides with nuclease-active or nuclease-
dead Cas9, along with 3 non-HBV targeting guides, were seeded at consistent cell densities (20,000
cells/cm2) and allowed to secrete virions and viral proteins into the supernatant. 72h later, supernatant
was collected and C. viral titer and D. HBeAg (a secreted protein produced from the C ORF, used
clinically as a marker of active viral replication) were quantified. UT stands for untargeted guides, where
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scrambled sgRNAs were used instead of those targeting HBV. E. Total HBV RNA and 3.5kb RNA
(consisting of pregenomic RNA and the longest translated HBV RNA species, which are difficult to
distinguish) were quantified at 36 days post transduction, with HBV RNA suppression continuing out to
this late time point. (a-b) *p < 0.05 vs. UT; **p < 0.01 vs. UT; ***p < 0.001 vs. UT as assessed by one-
way ANOVA followed by Dunnett's post-hoc test.

We next analyzed the effect of Cas9-mediated cleavage on the abundance of non-integrated

viral forms, composed mainly of cccDNA (See Methods). Quantitative PCR showed a robust

reduction in total HBV DNA and in cccDNA. Pooling the data from sg6, sg17, and sg2l,

cccDNA reduction progressed from 71 +/- 7% reduction at day 21 to 92 +/- 4% at day 36 post

transduction (Figure 4.5A-B, data for individual sgRNAs in Figure 4.5C-D), confirming both a

strong reduction in viral DNA, and the progressive nature of this reduction with increased

Cas9/sgRNA exposure over time. These results were confirmed by directly analyzing low

molecular weight DNA from transduced cells by Southern blot (Figure 4.5F). cccDNA and its

deproteinated relaxed circular form (dpRC DNA) precursor were greatly depleted in

Cas9/sgRNA transduced cells.

In contrast, when total HBV DNA was analyzed, no substantial reduction in the levels of

integrated HBV DNA was detected (Figure 4.5E). Importantly in this analysis, the comparison

between WT Cas9 and nuclease-dead Cas9 (dCas9) shows that only the nuclease-proficient Cas9

mediates this strong reduction in both rcDNA and cccDNA over time (although in some guides,

the dead Cas9 mediates a much weaker effect). This helps to rule out the possibility that

cccDNA is depleted in this system just because of dilution as the HepG2.2.15 cells proliferate,

since dCas9 could potentially block transcription from the cccDNA template, which provides

evidence that cccDNA cleavage is driving anti-HBV activity.
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Figure 4.5: Long-term CRISPR exposure causes large drops in HBV DNA and cccDNA.

A-B: CRISPR constructs targeting HBV cause progressive reduction in A. cccDNA and B. total HBV DNA
levels dependent on successful targeting of viral DNA and Cas9 nuclease activity; data shown are from
one representative experiment pooled across 3 separate HBV-targeting guides (sg6, sg17, sg2l), and
consistent across multiple independent transduction experiments. C. cccDNA reductions at 21 and 36
days post transduction across 3 guides (6, 17, and 21); large reductions are seen in each. D. Total HBV
DNA reductions at 21 and 36 days post transduction are also large across these 3 guide RNAs. E.

Southern blot analysis confirms that CRISPR-mediated reduction in viral DNA is specific for nonintegrated
forms. At 36 days post transduction, DNA was isolated from HepG2.2.15 cells transduced with guide 17
or 21 or appropriate controls and a Southern blot was performed to detect HBV DNA. Comparing lanes 1
and 4 to the control lanes, it is clear that cccDNA and free linear double- and single-stranded HBV DNA
are dramatically decreased, while the chromosomally integrated HBV DNA remains intact. F. Southern

blot of HBV DNA forms using Hirt's extraction (to deplete high-molecular weight DNA), shows HBV-

targeted sgRNAs with nuclease-active Cas9 generate near-total reduction in cccDNA. G.
Immunofluorescent imaging of HBV Core protein demonstrates large reduction in Core staining upon

targeting by sg17 specifically against the Core ORF.
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We then performed the Surveyor assay on HBV, to directly determine whether the viral DNA

was cleaved and repaired via error-prone NHEJ similar to genomic targets of CRISPR/Cas9.

Interestingly, analysis of total HBV DNA forms for indel formation, an indirect measure of

Cas9-mediated cleavage, revealed a substantial mutagenesis rate (Figure 4.6A, top). When we

performed the same analysis after depleting integrated genomic HBV, we observed a lower rate

of indel formation (0% vs 32%, 62% vs 88% and 21% vs 66% for guides sg2l, sg17 and sg6,

respectively) (Figure 4.6A, bottom). Notably, however, this analysis method cannot detect Cas9-

mediated cleavage of cccDNA followed by exonuclease-mediated degradation from the newly-

formed free DNA ends (instead of re-ligation by NHEJ), which would in fact be the ideal

outcome for an HBV therapeutic. The analysis may also be limited by the very small amount of

episomal HBV remaining at late time points (Figure 4.5A-D). Consistent with high levels of

indel formation in the core ORF targeted by sg17, immunostaining for HBV core protein (HBc)

revealed a robust reduction in HBc levels in sg17-expressing cells as compared to controls

(Figure 4.5G).

Because long-term expression of Cas9 and guide RNAs can lead to off-target cleavage at sites

with homology to the target sequence, we then performed next-generation sequencing at

several computationally predicted off-target sites for sg6, sg17, and sg2l. Within the sensitivity

of our assay (< 0.3% based on read depth), we detected no indel formation at the 8 off-target

sites that we surveyed after constitutive expression of Cas9 and sgRNAs for over four weeks

(Figure 4.6B). This observed specificity may be due to the large sequence differences between

viral and human genomic DNA (Figure 4.6C), where target loci have at minimum 3 mismatches
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between viral sequence and the closest human genomic sequence, even without filtering the

analysis to coding or other regions of likely higher importance.
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A. Surveyor assay to detect indel formation in total HBV DNA (top) and episomal HBV DNA, enriched by
treatment with plasmid-safe DNase (bottom); lentiviral transduction enables high levels of cutting of HBV.
Arrowheads depict surveyor digestion products. Expected PCR product sizes for sg6, sgl 7 and sg2l are
respectively 599, 946 and 507 bp. Approximate sizes of surveyor digestion products for sg6, sg17 and
sg2l are respectively: 429 + 170, 570 + 376, 275 + 232. B. Viral and human genomic sequences around
computationally predicted on-target and off-target sites were amplified from HepG2.2.15 cells that were
lentivirally transduced with CRISPR/Cas9 constructs at over 4 weeks post transduction. Amplicons were
deep sequenced to determine indel generation at off-target sites, and no indels were captured in any of
the 8 off-target sites measured (with on-target indel fraction between 10-36%. C. Computationally
predicted off-targets for guides sg6, sg17, and sg2l with off-target rank on x axis and computationally
determined off-target score (blue) and number of mismatches (red) on y axis.

These encouraging results still did not exclude the possibility that some of the antiviral effects

of Cas9 in the HepG2.2.15 system occur through mutations in integrated HBV DNA, thereby
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reducing the fitness and/or persistence of virions produced from mutated loci rather than acting

directly on episomal DNA. Since integration of HBV DNA into the host human genome is not

part of the canonical HBV life-cycle, we next evaluated the effects of Cas9 targeting in the

context of de novo HBV infection, where episomal cccDNA serves as the only template for viral

gene expression and replication.

Cas9 cleaves cccDNA and inhibits de novo HBV infection

To evaluate our anti-HBV CRISPR/Cas9 strategy in a setting of de novo infection, we used

HepG2 cells overexpressing the HBV receptor NTCP (Hep-NTCP) (137), which are permissive

to infection with HBV. Because sg17 showed the highest levels of cccDNA mutagenesis in our

HepG2.2.15 experiments, these cells were transduced with Cas9/sgl7, Cas9/sgl7M, or

dCas9/sgl7 lentiviruses, co-cultured with HBV producing HepG2.2.15 cells, and selected with

puromycin to get rid of non-transduced Hep-NTCP and co-cultured HepG2.2.15 cells (Figure

4.7A left). Alternatively, Hep-NTCP cells were selected with puromycin following transduction

and subsequently infected with HBV-positive patient serum (Figure 4.7A right). When the

transduced Hep-NTCP were infected with cell culture-produced virus, Cas9/sgl7 greatly

abrogated productive HBV infection, as reflected by reduction of nearly 75% in HBsAg and over

a log decrease in HBV DNA secretion, as well as a sharp reduction in 3.5kb RNA levels and a

near complete reduction in cccDNA levels (down to below the lower limit of quantification),

compared to controls (Figure 4.7C). While nuclease-deficient Cas9 also reduced viral 3.5kb RNA

abundance in this system, this finding fits with other reports that dCas9 binding can inhibit

transcription in mammalian cells (225). Surveyor assay performed using DNA from cells
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infected de novo with HepG2.2.15-derived virus confirmed direct Cas9-mediated mutagenesis of

HBV episomal DNA (Figure 4.7D). Although some mutagenesis was also detected when the

mutated sg17M was used, this most likely was due to low-level cleavage with DNA bulge-

containing guide RNAs (226). This finding provides direct evidence that Cas9 is capable of

targeting episomal forms of the virus, and exerting anti-HBV effects by directly targeting

cccDNA. The activity of Cas9/sg17 against de novo HBV infection was confirmed by infection of

Hep-NTCP cells with patient-derived virus directly from infected patient serum, in which

reductions were also seen in 3.5kb RNA, cccDNA, and intracellular total HBV DNA (Figure

4.7B). While the magnitude of reduction was lower in this case, this may be due to the shorter

timeframe for the patient-derived virus study.

Finally, as multiple other groups reported anti-HBV efforts with Cas9 contemporaneously with

our study, we undertook an integrative analysis of the target sequences and anti-HBV effects

from these studies to date (Figure 4.8 top). In this analysis, we discovered that most successful

targeting sequences have clustered in the 3' end of Pol, X, and pre/Core region, close to the

Enhancer II element, with successful cccDNA-specific cleavage detected in two sites in

particular (one from our study). We then looked to a recent study delineating the histone

modification context on HBV cccDNA (227) (Figure 4.8 bottom), and correlated it to this

targeting analysis. From this study, we found that neither nucleosome occupancy nor histone

modification state seems to predict Cas9 targeting efficiency, at least from the sequences thus

far studied, which highlights the importance of saturation scanning for ideal target sequences in

attacking HBV.
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Figure 4.7: CRISPR-based treatment of HBV in de novo infection.

A. Hep-NTCP cells were transduced with Cas9/gRNA constructs containing either g17 or g17M (mutant
of g17, resulting in 5bp DNA bulge upon complexation to HBV DNA target), and either WT or dead Cas9,
and then selected with puromycin to generate stable lines. (Left) These cells were seeded in coculture
with HepG2.2.15 cells, which produce infectious HBV virions that then infect the transduced Hep-NTCP
cells. After transient coculture, HepG2.2.15 cells were killed by puromycin selection, and Hep-NTCP cells
were cultured for several days and then harvested to assay viral parameters. (Right) These cells were
infected with HBV virions derived from HBV+ patient plasma, then cultured and harvested to assay viral
parameters. B. Hep-NTCP cells (See Methods) were infected with HBV from infected patient serum upon
transduction of guide 17 and active or nuclease-dead Cas9. 9 days after infection, the cells were
harvested and viral products were quantified. Nuclease-active Cas9 caused decreases in HBV 3.5kb
RNA, cccDNA, and total DNA levels. C-D: Cas9/gRNA-transduced Hep-NTCP cells are cocultured with
HepG2.2.15 cells to infect them with HBV followed by depletion of HepG2.2.15 cells using puromycin
selection (Schematic in Fig 4.7 A left). C. From left to right, HBsAg secretion, cccDNA copies, levels of
HBV 3.5kb RNA relative to 5 bp mismatch control, and titer of HBV DNA in culture medium show that
Cas9/sg17 reduce HBV infection in de novo infection. 17M: 5 bp mismatch control. 17D: dead Cas9 with
g17. Data shown are from one representative experiment, and consistent across experiments. D.
Surveyor assay performed on DNA untreated (left) or treated (right) with Plasmid-Safe DNase to remove
non-episomal viral forms. Arrowheads indicate indel formation. (b-c) *p < 0.05 for selected comparison;
**p < 0.01 for selected comparison, as assessed by one-way ANOVA with Tukey post-hoc test.
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Figure 4.8: Compilation of Cas9 target sites on the HBV genome suggests vulnerabilities.

(Top) Linearized genome structure of HBV demonstrating the overlapping ORFs, as well as marginal and
fully successful target sites for Cas9 for inhibition of viral replication and, more importantly, cccDNA
cleavage and destruction (starred) based on data from (135, 228-231). The data suggest that sites in
pre/Core-X region may be uniquely susceptible to cccDNA cleavage. (Bottom) the nucleosome
occupancy profiles as well as histone marks across the HBV genome based on data from (227) suggest
that these markers do not correlate with Cas9 cleavage efficiency, meaning saturated tiling screens will
be necessary to identify optimal target locations.

4.3 Discussion

Although largely unexplored in mammalian systems, bacteria and archaea utilize sequence

specific DNA nucleases to interfere with viral replication (123). Inspired by CRISPR's

evolutionary origins, we aimed to exploit the antiviral activity of Cas9 to target HBV DNA in
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mammalian cells. We show that targeting multiple conserved regions of HBV with Cas9 results

in robust suppression of viral replication and direct mutagenesis and depletion of cccDNA.

While integrated forms of HBV DNA were not depleted by Cas9 cleavage, these forms should

not contribute to viral rebound in vivo (232), and Cas9-driven mutagenesis of these sequences

nonetheless would damage the viability of viral proteins generated from integrants. The unique

advantages of the CRISPR/Cas9 system (such as multiplexed targeting) are of interest in

developing antiviral applications, and indeed, very recently other groups have published

examples of Cas9 cleavage of HBV in multiple model systems (229, 233-235). Our work provides

an extension beyond these complementary studies, by demonstrating the anti-HBV effects of

sgRNAs specifically targeting highly conserved regions of HBV in vitro and in vivo, by directly

confirming mutagenesis in cccDNA in a de novo infection model of HBV, and extending this

antiviral activity to patient-derived virus. Additionally, our finding that appropriately chosen

virus-targeting sgRNAs can avoid inducing off-target cleavage, even upon sustained

Cas9/sgRNA expression, strengthens the case for selecting viral targets as good candidates for

CRISPR/Cas9 therapeutic use (236).

Interestingly, while Cas9/sg17 was efficient in suppressing infection and in directly cleaving

nuclear cccDNA, Cas9/sg21 efficiently cleaved only integrated but not episomal DNA, which

resulted in a lack of activity for Cas9/sg21 in de novo infection experiments (data not shown).

The reason for this is unclear and warrants further study. Cas9 is a large multi-domain protein,

and thus one hypothesis is that particular regions of the HBV genome are differentially

accessible to Cas9 because of the tightly packed physical architecture of cccDNA. Of course,
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even this explanation is lacking in light of our analysis of nucleosome occupancy and histone

context compared to Cas9 targeting efficiency, which suggests that those parameters may not

strongly affect the ability of Cas9 to cleave cccDNA. This underscores the importance of using

models of authentic cccDNA to investigate therapeutic applications of targeted nucleases for

HBV, and suggests that a careful and thorough selection of targets and guides will be required

to achieve a substantial mutagenesis and depletion of viral DNA. In addition, our proof of

concept experiments show that multiplexing sgRNAs can generate stronger antiviral effects

(Figure 4.2D-E), suggesting that this strategy may further maximize CRISPR-mediated

restriction of components of the viral life cycle, possibly including cccDNA stability.

This study provides a proof of concept, but clinical translation of CRISPR/Cas9 systems to cure

HBV will require some advances over the work described here. First, an exhaustive profiling of

possible Cas9 target sites on cccDNA can uncover optimal target sites based on cccDNA

accessibility and sgRNA binding properties. Secondly, delivery of Cas9/sgRNA constructs in

vivo will require the use of clinically relevant delivery vectors such as AAV, which may require

additional modifications such as switching to smaller Cas9 orthologs to save packaging size.

Finally, although we could not find evidence of off-target cutting in our directed sequencing,

possibly due to the low homology between viral and human genomic Cas9 targets, an extensive

genome-wide profiling of off-target effects is warranted.

The unusual persistence of cccDNA is currently the major obstacle for curing chronic HBV

infection. To eliminate the virus and to prevent possible re-activation, it is probably necessary to

eliminate all or at least the vast majority of episomal DNA from hepatocytes through a
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combination of exogenous treatment (presented here) and immune-mediated endogenous

clearance. CRISPR/Cas9-mediated therapy may synergize with currently-used RT inhibitors,

which should block the formation of new molecules of cccDNA via re-entry of newly

synthesized replicative forms to the nucleus. The developments proposed above represent an

active area of investigation for groups looking for ways to use CRISPR in a therapeutic fashion

more broadly, which may accelerate progress toward an anti-HBV CRISPR therapeutic.

4.4 Materials and methods

Tissue culture and transfection experiments

HepG2 or HepG2.2.15 cells were maintained in DMEM and 10% fetal calf serum (FCS) as

previously described (237). For transfection experiments, the 1.3xHBV plasmid was used as

previously described (238) . Briefly, an over-length HBV genome (adw strain) of 4195bp was

produced, harboring a 5' terminus of the unique EcoRV site (nt 1043, considering EcoRI unique

site in the original 3.2kb HBV construct as nt number 1) and a 3' terminus of the unique Taq1

site (nt 2017). This EcoRV-TaqI fragment was inserted between the SmaI-AccI unique sites of a

pGEM-3Z plasmid, respectively. This plasmid expresses all HBV gene products and generates

infectious virions secreted to the medium. Transfection was carried out using the TransIT- 2020

transfection reagent (MIRUS) according to the manufacturer's instructions.
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Total HBV and cccDNA extraction and analysis

Cell pellets or mediums were collected and DNA was extracted using the QIAamp DNA blood

mini kit (QIAGEN, cat No 51104) or QIAamp Minielute Virus spin kit (QIAGEN, cat No 51104),

respectively. DNA was extracted according to the manufacturer's protocol, and final product

was eluted in 60ul of water. 5ul was taken for a QPCR. PCR for total HBV DNA using the

TaqMan@ Universal PCR Master Mix (Applied Bio systems, Cat No 4304437) and the following

primers and probe: 5'CCGTCTGTGCCTTCTCATCTG3' (sense),

5'AGTCCAAGAGTCCTCTTATGTAAGACCTT3' (anti sense), 5- /56-FAM/CCG TGT GCA

/ZEN/CTT CGCTTC ACCTCT GC/3IABkFQ/ -3 (probe). PCR was done using the Roche

LightCycler @480 PCR machine. Quantification was done according to a standard curve

composed from 2xHBV plasmid in a concentration range of 109 -101 copies.

For cccDNA extraction and analysis, DNA extracted from cells was subjected to ON digestion

with a plasmid-safe DNase (Epicentre) as previously described (137). Following enzyme

inactivation at 700 C for 30min, DNA was subjected to real-time PCR using SYBR@ Premix Ex

Taq (TaKaRa) following a previously described protocol(137) and using cccDNA specific

primers previously described by Glebe et al. (172). The primers used for cccDNA amplification:

5'TGCACTTCGCTTCACCTF3' (sense) 5' AGGGGCATTTGGTGGTC3' (anti sense). For

quantification, a standard curve derived from decreasing concentrations of 2xHBV plasmid was

used. PCR was performed using the Roche LightCycler @480 PCR machine
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Hirt's extraction

Hirt's extraction was performed as previously described (239). About 60% of final DNA extract

derived from one well of a 6-well plate was run for Southern blot analysis.

Southern blot analysis

Total DNA or Hirt's extract were run on 0.8% agarose-TAE gel, followed by denaturation and

southern blotting to a Hybond N nylon membrane (Amersham). Viral DNA was detected by

hybridization with a 32P random primed HBV probe, using the Prime-It II Random Primer

Labeling Kit (Agilent Technologies, Cat No 300385). Following incubation and washing,

membrane was visualized by phosphorlmager and later exposed to film.

HBV mRNA analysis

Total RNA was isolated via TRIZOL RNA/DNA extraction. After being subjected to DNaseI

treatment, RNA was quantified using a NanoDrop and first-strand cDNA was synthesized

using SuperScript@ III RT kit (INVITROGEN). Quantitative PCR for 3.5kbRNA or total HBV

RNA was carried out with SYBR Green PCR master Mix (Applied Biosystems) and using

specific primers previously described (137). In each reaction an RT negative control was

included to rule-out DNA carry over.
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Immunostaining for HBV Core antigen

Cells were grown on chambered coverglasses (Lab-Tek, Rochester, NY), washed with PBS, and

then fixed with 4% paraformaldehyde. Cells were washed again (3x PBS) and treated with 100

mM glycine solution in PBS. After permeabilization with 0.1 % Triton X-100 in PBS and treated

with Image-iTTM FX signal enhancer (Life Technologies). Cells were blocked in PBS/10 % goat

serum (Jackson Immunosearch)/1 % BSA. HBV core staining was achieved by using a

polyclonal rabbit anti-HBV core antibody (Dako, CA) diluted 1:1000 in PBS/0.1 % BSA (18 h at 4

oC). As a secondary antibody a goat-anti-rabbit labeled with AlexaFluor594 (Life Technologies)

diluted 1:2000 in PBS/0.1 % BSA was used. Nuclear staining was achieved using DAPI

treatment. Image acquisition was performed in a Zeiss confocal microscope and image analysis

was done using ImageJ (NIH, Bethesda, MD).

Hepatitis B e Antigen and HBsAg ELISA

The HBV e Antigen ELISA was performed using the Hepatitis B e Antigen (HBeAg)

chemiluminescence Immunoassay kit (Autobio Diagnostics Co, Cat No.CL0312-2) according to

the manufacturer's instructions. For HBsAg detection, 100ul medium was loaded on ELISA

plates coated with mouse monoclonal anti HBsAg antibodies (Bio-Rad, GS HBsAg EIA 3.0, Cat.

No. 32591). ELISA was carried out according to the manufacturer's instructions. Plates were

read using the FLUOstar Omega luminometer (BMG LABTECH). HBsAg positivity (cutoff) was

calculated as an average of 3 negative controls + 0.07.
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Animal studies. NRG mice were injected with a mixture of 15ug 1.3xHBV plasmid, 20ug the

CRISPR expressing plasmid and 10ug of luciferase expressing plasmid (to control for expression

efficiency) using the hydrodynamic injection (HDI) technique, as previously described (222).

Plasmids were dissolved in PBS in a volume corresponding to 0.09 times the animal weight (in

grams) and the mixture was injected through the tail vein in 7-9 sec. To verify successful

injection and gene expression, animals were visualized by the IVIS machine at various time

points after HDD. Mice were housed in an AAALAC-accredited facility and all experiments

were performed in accordance with the Guide for the Care and Use of Laboratory Animals. All

procedures outlined in the study were approved by The Rockefeller University's Institutional

Animal Care and Use Committee (IACUC).

Lentivirus production

293T cells were co-transfected with the sgRNA-Cas9-2A-Puro lentiviral vectors (Fig. 2A) and a

2nd-generation lentiviral packaging system (psPAX2 and pMD2.G) at a ratio of 3:2:1. Cells were

washed 24h after transfection, supernatant was collected every 24h from 48-96h post

transfection, and cell debris was removed by centrifugation. Lentivirus was concentrated by

ultracentifugation for 1.5h at 16,600x g, incubated O/N in Optimem at 4C, then resuspended in

Optimem, aliquoted and frozen at -80C the next day, prior to use.

Transduction and drug treatment experiments

HepG2.2.15 cells were maintained as noted above until transduction, and then transduced with

sgRNA-Cas9-2A-Puro lentiviruses at a confluence of 50-60% with an MOI of 1. Transduction
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was performed by mixing lentivirus aliquots with standard HepG2.2.15 culture medium,

washing cells and adding lentivirus-containing medium at 2.5 mL/well in a 6-well plate,

centrifuging for 1h at 200 x g and then incubating for an additional 23h. 24h after addition of

lentivirus, cells were washed 3x and incubated in standard medium + 2.5 ug/mL puromycin to

remove untransduced cells. Puromycin selection was continued for 48h, then cells were washed

3x and maintained in standard medium. Transduced cells were then continually passaged upon

reaching 80% confluence; at each passage, cells were counted, cell pellets were harvested for

each condition, and a portion of the remaining cells were reseeded at 10% confluence.

Cloning of CRISPR Constructs

Cas9 constructs with guide RNAs targeting sequences present in the HBV genome integrated

into the HepG2.2.15 cell line were used for the described experiments. Guide RNAs were of the

form 5'-G(N19)-3' with their target sequences having the form of 5'-G(N19)-NGG-3'. Oligos to

create gRNAs were cloned into the lentiCRISPR construct described in (12) or PX330a described

in (21).Two sets of control constructs were generate: Mismatched guide RNA control constructs

for promising guide RNA molecules were created by ligating in oligos to PX330a or

lentiCRISPR that contained 5 basepair mismatches at the 3' end of the spacer, but were

otherwise identical to constructs designed to target HBV. Cas9 D10A/H840A nuclease dead

control constructs were generated by digesting lentiCRISPR plasmid guide RNA containing

constructs with BamHI and XbaI (ThermoScientific) and then inserting a PCR amplified

D1OA/H840A Cas9 using Gibson Assembly. D1OA and H840A are mutations that are sufficient

to abolish the nuclease activity of S. pyogenes SF370 Cas9 (120, 130).
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Surveyor Assay

Targeted loci were amplified by PCR using Phusion Flash (NEB) or Heruclase II (Agilent)

polymerases and primers listed in Table S2. For sg17 and sg2l, two separate sets of primers

were designed for each guide in order to optimize the PCR reaction; sets F2 and R2 are

recommended. PCR products were gel or PCR-purified using Qiagen kits and subject to the

Surveyor assay (Transgenomics) according to the manufacturer's instructions. Indel rate for

surveyor was calculated as described in reference (8).

Deep sequencing for on-target and off-target cleavage

Potential off target sites were identified using the CRISPR online design tool (crispr.mit.edu). 8

of the top chromosomal off-target sites for guides sg6, sg17 and sg2l, along with on-target sites,

were PCR amplified with primers designed to attached Illumina P5 adapters and sample-

specific barcodes. PCR products were purified using QIAQuick PCR Spin Columns (QIAGEN),

quantified with a Qubit 2.0 Fluorometer (Life Technologies) and pooled in an equimolar ratio.

Amplicons were then sequenced with the Illumina Miseq Personal Sequencer. Indel frequencies

for NGS reads were calculated in a manner similar to Hsu et. al. (240) in Geneious.

Target sequences against HBV genome

sgRNA Target sequence (20 nt)

1 GACTTCTCTCAATTTTCTAG
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2

3

4

5

6

7

8

9

GTTGGTGAGTGATTGGAGGT

GGCATAGCAGCAGGATGAAG

GGCTTTCGGAAAATTCCTAT

GCTGCCAACTGGATCCTGCG

GGGGCGCACCTCTCTTTACG

GAAGCGAAGTGCACACGGTC

GCAGAGGTGAAAAAGTTGCA

GTTGATAGGATAGGGGCATT

GTCGCAGAAGATCTCAATCT

GCCTGCTAGGTTTTATCCAA

GGAACAAGATCTACAGCATG

GGCGAGGGAGTTCTTCTTCT

GACCTTCGTCTGCGAGGCGA

CCTCCAAGCTGTGCCTTGGG

ATCGACCCTTATAAAGAATT

TAAAGAATTTGGAGCTACTG

CCCGTCGGCGCTGAATCCTG

GGGTTGCGTCAGCAAACACT

10

11

12

13

14

15

16

17

18

19
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20

21

22

23

24

TTTGCTGACGCAACCCCCAC

TCCTCTGCCGATCCATACTG

CCGCTTGTTGCTCGCAGC

AACCCCCACTGGCTGGGGCT

CCTGCTGCGAGCAAAACAAG

Primers used for Surveyor Assay

Guide 6-F: TATCCATGGCTGCTAGGCTG

Guide 6-R: AGTCAGAAGGCAAAAACGAGAG

Guide 17-Fl: TATCCATGGCTGCTAGGCTG

Guide 17-Ri: AGGGGCATTTGGTGGTC

Guide 17-F2: AAATTGGTCTGCGCACCAGC

Guide 17-R2: AGGTCTCTAGATGCTGGATCITCC

Guide 21-Fl: GGTTATCCTGCGTTAATGCCC

Guide 21-Ri: GTCCGCGTAAAGAGAGGTG

Guide 21-F2: TGAACCTTTACCCCGTTGCCC

Guide 21-R2: AGAGAGTCCCAAGCGACCCC

126



4.5 Conclusion

In summary, these results constitute the first example of CRISPR/Cas9 systems directly

targeting an authentic pathogenic virus with episomal DNA, and demonstrate the potential for

cccDNA-directed antiviral therapy using Cas9, which may represent a significant step towards

the cure of chronic HBV infection. The results demonstrated here may also be used to inform

the development of CRISPR/Cas9-based therapeutics for other DNA viruses, such as

herpesviruses and papillomaviruses that use an episomal DNA as a template for their gene

expression and replication.
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CHAPTER 5. PERSPECTIVE AND FUTURE DIRECTIONS

5.1 Contributions to HBV biology and therapeutic intervention

HBV is a major global health threat, and a leading cause of morbidity and mortality throughout

the world, with viral hepatitis recently overtaking HIV as the largest viral killer worldwide.

While a safe and effective vaccine exists, the high rate of perinatal transmission in areas of high

endemicity, combined with suboptimal global vaccine coverage, result in a consistent burden of

disease going forward, which serves to highlight the urgency of developing new therapies that

can yield full, or even "functional" cures for HBV infection. The development of novel

treatments for HBV can span both host and viral targets, and an integration of accurate model

systems with novel modalities for interrogation and perturbation of the host and viral genome

should aid the search for effective therapies.

This thesis sought to accomplish three main goals: (1) to develop novel model systems of

primary hepatocytes that accurately model liver infection and the host response in vitro, (2) to

use these systems to begin exploring the global transcriptional response to HBV and

weaknesses this may expose in the virus, and (3) to take advantage of new genome editing

techniques to directly target the long-lived viral genome.

Building HBV model systems

This work benefited immensely from previous work in our lab and others on developing both

primary hepatocyte model systems for infectious and other diseases (134, 241-246), and on
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identifying conditions for directed differentiation of pluripotent stem cells down the

hepatocytic lineage (151, 156) to generate liver-like cells permissive for hepatotropic pathogens

(112, 247). The model systems described in this thesis represent an advance in the study of HBV

in its authentic host cell, allowing for robust and long-term infection of both adult and

renewable stem-cell derived hepatocytes with HBV virions from patients or cell culture

factories. Studying HBV infection in nondividing, appropriately polarized and metabolizing

cells can provide appropriate context for host-targeting perturbations, and to study the effect of

the virus on hepatocytes in a way that may, for example, secondarily affect adaptive immune

responses. Extending the suite of HBV model systems to include iPSC-derived cells also enables

the interrogation of specific genetic determinants or pathway-based reporters in HBV infection,

which may help elucidate host responses to infection.

Exploring the hepatocyte response to HBV

The ability to perform primary hepatocyte infections that are susceptible to perturbation

provides a unique opportunity to study virus-induced biology in an integrative an unbiased

manner. Here, we describe two instances of this analysis: single-cell sequencing of hepatocytes

infected with patient-derived virus, and bulk sequencing of multiple hepatocyte donors using

cell culture-derived virus. Here the complexity and context-dependence of biology reared its

head, as we found that transcriptional response to HBV is highly dependent both on host

genetic background and virus source. However, we were able to use the pathway-level insights

gained from single-cell sequencing to prioritize targets for subsequent pharmacological

inhibition, and in this way identified multiple tool compounds that inhibit protein families with
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even more efficient antiviral activity in vitro than interferon, one option for current standard-of-

care. Further profiling using our model systems in conjunction with single-cell techniques of

ever increasing throughput should help to sort out some ambiguity we discovered here, and

improve upon the systems-level analysis we were able to accomplish here.

Genome editing with Cas9 to directly attack HBV

The recent dissection of the bacterial/archaeal CRISPR/Cas system and its subsequent

manipulation into a highly reconfigurable human genome edting tool has been an immense

boon for biology and genetics, but we must necessarily be more circumspect in its application

directly to treating human disease. Here, we provide a strong proof of concept for the rationale

of using CRISPR/Cas9 as a direct editing tool that can cleave and even eliminate the long-lived

HBV cccDNA in infected cells, with the added benefit that low viral homology to human

genomic sequence can preclude high levels of worrying off-target effects . We demonstrate the

importance of screening to identify high-efficiency guide RNAs to target DNA, and show that

appropriately chosen sgRNAs can direct Cas9 cleavage of true cccDNA, as well as its dramatic

reduction through either mutational inactivation or degradation subsequent to the Cas9-

directed linearization. Further, we compile the now not-insignificant set of studies using similar

approaches to ours in order to delineate the effect of viral DNA context (or the lack thereof) on

determining efficiency, and identify viral genomic regions that seem especially susceptible to

targeting by the Cas9 nuclease.
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5.2 Future directions

The first part of this work, on model system development and interrogation, in itself should

enable new studies of HBV infection and host-virus interactions, which indeed are ongoing in

our lab and the lab of collaborators. The second portion, targeting the HBV genome directly

with engineered nucleases, is indeed progressing further, currently in preclinical discovery and

validation pipelines within biotech companies that aim to develop genome editing tools into

human therapeutics. Nonetheless, both of these avenues present opportunities for fruitful

modifications and adaptations which we will briefly discuss below:

Single-cell analysis of inter-donor vs. intra-donor variability

The bulk sequencing analysis that we performed showed a high degree of variability across two

different hepatocyte donors in response to HBV. Since next-generation single-cell sequencing

approaches (248, 249) increase single-cell sequencing throughput by orders of magnitude, and

our optimized infection system yields HBV RNA up to 2% of total poly-A tailed RNA in the

bulk (meaning much higher for highly infected cells), hundreds (or more) of single cells of

varying levels of infection can be profiled transcriptionally across multiple hepatocyte donors,

as a way to find conserved transcriptional signatures that occur across donors at high viral load,

and quantify the degree of variation in HBV response more fully across hepatocytes of different

origin. This will enable the determination of the most highly conserved virally induced genes

and pathways, which may be more likely to be essential for viral fitness within a host cell.
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Genotype dependence in host responses to HBV

Thus far, our transcriptional analysis was limited to just the genotype D virus produced by

HepAD38 cells, and a genotype A virus from patient serum. Since the outcomes from infection

with various genotypes of HBV, and the response to treatment, can vary, one important future

study would be to identify similarities and differences in the responses to various HBV

genotypes. Our studies were not able to remove the ambiguity around HBV's nature as a

'stealth' virus, and given the difference in observed outcomes between the two viral sources, it

will be interesting to carefully study the effect of virus genotype on innate immunity induction

and, indeed, whole transcriptome modification in hepatocytes.

Host pathway targeting as HBV antivirals

Our pharmacological inhibition experiments against Hsp70 and Hsp90 family chaperone

proteins, and against the autophagic machinery, suggest that targeting of host pathways

essential to viral replication may serve as an attractive strategy to complement direct viral

inhibition in HBV infection. Indeed, the precedent for hyperresponsiveness to host pathway

inhibition has been observed for various other virus families, including ER translocon-

dependence in HIV and IAV (250), chaperone responsiveness in DENV and IAV (251, 252), and

more recently multiple pathway dependence identified for flaviviruses using CRISPR screens

(253). Our work provides one additional step in this direction for HBV, and further genomic

dissection of the host response to infection may yield additional targets that can be safely

modulated (at least acutely) in human to achieve strong antiviral effects.
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Next-generation CRISPR tools to directly attack HBV

Our proof-of-concept work using CRISPR/Cas9 to directly target, cleave, and inactivate/degrade

HBV cccDNA provides a starting point for further development and optimization of this

approach as a true clinic-ready therapeutic. While the first-generation preclinical development

is proceeding currently, a number of recent advances have opened the door to direct and even

indirect improvements to this approach. First off, the identification of novel Cas9 species and

orthologs (254, 255) may enable virally vectored delivery approaches that are known to be safe

in humans, and these along with directed evolution-type techniques (256) may broaden the

range of targetable HBV genomic sites by expanding the scope of PAM recognition.

Additionally, while we did not identify any off-target cleavage in our cursory search, the

introduction of higher-fidelity Cas9 variants (257) should improve the safety of this approach

even more for human clinical use. If the prospect of direct cccDNA cleavage proves to be

problematic, however, for example due to concerns that cleaved, linearized cccDNA may be

more prone to oncogenic integration into the host hepatocyte genome (258, 259), other

complementary approaches have been recently developed that may mitigate this risk. For

example, the fusing of DNA editing enzyme to a catalytically inactive Cas9 has recently been

reported to enable targeted base modifications in genomic DNA (260, 261), which could be

harnessed to edit and target cccDNA for cleavage similar to endogenous APOBEC enzymes

(159); or DNA methyltransferase fusions to dead Cas9 (262)could be used to induce long-term

silencing of cccDNA without needing to degrade the long-lived form. In all, the expanding
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CRISPR toolbox seems promising for the development of next-generation HBV therapies-

assuming the disease is not cured by an alternative approach first!

Conclusions

This work opens fruitful new paths for investigation, while providing a template for host-

directed and virally-directed strategies to clear chronic HBV infection. We developed two

complementary primary hepatocyte model systems of HBV, performed transcriptomic profiling

and systems-level analysis to try and identify host pathways for targeted antiviral intervention,

and repurposed the CRISPR genome editing system to directly attack viral episomal DNA. In

all, this work will hopefully accelerate the elucidation of HBV biology and the development of a

curative regimen for this deadly pathogen.
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