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Introduction 

1.1. Hepadnaviridae 

The human Hepatitis B virus (HBV) is a member of the Hepadnaviridae family, genus              

Orthohepadnavirus; its genome is a single molecule of linear, partially double-stranded DNA. The             

full-length virus genome is sized 3.2 kb. The Hepadnaviridae family has a recurrent structure and               

may conduct to persistent virus infections. In Table 1 are reported the members of the               

Hepadnaviridae family and their natural hosts. (6; 83).

Genera Virus Natural host

 
 
 
 
 
Orthohepadnavirus

Arctic ground squirrel Hepatitis Virus (AGBHV) Wild arctic ground squirrels

California ground squirrel Hepatitis Virus (GSHV) Chipmunks, squirrels, woodchucks

Hepatitis B Virus (HBV) Humans

Orang-Utan Hepatitis Virus (OHV) Orangutans

Woodchuck Hepatitis virus (WHV) Woodchucks

Wooly monkey Hepatitis Virus (WMHBV) Wooly monkeys

 
Avihepadnavirus

Duck Hepatitis B virus (DHBV) Ducks and geese

Heron Hepatitis B (HHBV) Herons

Table 1: Hepadnaviridae and their natural hosts
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 1.2. HBV: structure and characterization 

The HBV virion also referred as "Dane particle" (20), is the smallest enveloped animal virus, with a                 

diameter of 42 nm (Fig. 1). The envelope is the outer part of the virion, which consists of a                   

phospholipid bilayer and three proteins in a non-glycosylated and glycosylated form: the large (L),              

the middle (M) and the small (S) proteins. Under the envelope, there is the capsid, composed by the                  

HBV core protein (HBcAg), which contains the viral DNA and the reverse transcriptase             

(RNA-dependent DNA-polymerase). The core protein is highly conserved between all HBV           

genotypes; depending on which genotype, it consists of 183 or 185 amino acids (11). The               

fundamental unit of HBV is made up by an oligomerization between several HBV core protein               

dimers. In relation to the number of dimers which form the capsid, there are two different types of                  

viral particles: the particle with an icosahedral symmetry T = 3, with a diameter of 30 nm and                  

composed of 90 dimers, and the particle with the icosahedral symmetry T=4, with a diameter of 34                 

nm and 120 dimers.

Virus particles are present in the peripheral blood of HBV patients up to 10 11/1014 particles/ml (79).                

Empty spherical or filamentous particles, made of surplus envelope proteins (HBsAg), are present             

in even higher quantities (Fig. 1) and play a part in the relationship between host and virus.
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Figure 1: Schematic representation of different forms of infectious and non-infectious           

hepatitis B virus particles. On the top: infectious Dane particle with PreS1, PreS2 and S proteins.                

The HBV genome is contained in the capsid, composed of the HBc protein. On the bottom:                

Non-infectious filamentous and spherical particles.
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 1.3. The HBV genome 

The hepatitis B virus genome is a partially double-stranded circular DNA, of approximately 3,200              

nucleotides in length. It is one of the animal smallest replication-competent virus genomes. The              

virus has been classified according to 8 genotypes (from A to J), each with a distinct geographic                 

distribution (52). The viral genome contains a full-length negative-sense strand, that is            

complementary to the pre-genomic viral RNA, and a shorter positive strand, approximately 2.8 kb              

long. The viral genome harbors four overlapping open reading frames encoding: S (surface), C              

(core), P (polymerase), and X genes (Fig. 2). The HBV polymerase (P) protein is covalently joined                

to the 5` end of the minus strand (27). The P-polymerase and core open reading frames are in the                   

same orientation, but the S translational reading frame overlaps the pol-reading frame. The HBV              

genome evolves quickly over time, because of the high error rate of the reverse transcriptase. It is                 

estimated a nucleotide substitution rate of 1.4-3.2 × 10 -5/site per year (14). 

 

Figure 2: Hepatitis B virus genome map.
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 1.4. The viral replication cycle 

The viral replication takes place mainly in hepatocytes. Other types of cells have been found to                

allow HBV replication, even if to lesser extents (70; 72). Viral entry of Hepadnaviridae into               

hepatocytes depends on the N-terminus of the large (L) surface antigen (30; 49; 96). Recently,               

hepatitis B virus attachment and entry into hepatocytes has been visualized (64; 82).             

Simultaneously, another group of researchers identified the sodium taurocholate co-transporting          

polypeptide (NTCP) as a hepatocyte receptor, which allows the entry of the virus (95). After the                

viral entry, the nucleocapsid, containing the relaxed circular partially double-stranded DNA           

(rcDNA), with its covalently linked polymerase, is released into the cytoplasm. The nucleocapsid             

moves to the cell’s nucleus, along microtubules. Accumulation of the nucleocapsids in proximity to              

the nuclear membrane facilitates the interactions with adaptor proteins of the nuclear pore complex.              

After the release of rcDNA into the nucleoplasm, the positive strand is “repaired” by the cellular                

DNA polymerase kappa (76) and converted into covalently closed circular (ccc) DNA. In this form,               

the cccDNA may serve as a viral persistence reservoir, and is refractory to current antiviral               

therapies. This plasmid-like DNA serves as a template for transcription of viral RNAs (9). The               

transcripts from the cccDNA consist of two species of 3.5 kb long molecules (pre-genomic and               

pre-core RNAs) and 2.4 kb, 2.1 kb and 0.7 kb long subgenomic RNAs (50). After transportation                

into the cytoplasm, the viral RNAs are processed by ribosomes into the core protein, the surface S,                 

M and L proteins, and the X-protein. The surface proteins differ in their N-terminal sequences, that                

are longer in the case of L and M proteins, and have a common S domain. M has an additional                    

preS2 domain, and L has additional preS2 and preS1 domains. These proteins assemble the viral               

envelope. Further, surface proteins can be secreted as non-infectious filamentous and spherical            

particles that do not contain a functional nucleocapsid. The pre-genomic (pg) RNA is a template for                

both core and viral DNA-polymerase. The viral DNA-polymerase binds the pgRNA and induces the              
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packaging of pgRNA into the core protein, which forms the basis of the capsid, and also plays an                  

active role in binding and packaging of pgRNA (10). After transcription of pgRNA into the minus                

strand DNA, the capsid interacts with L-proteins and finally acquires the envelopment of the core               

with the surface proteins.

Figure 3: Life cycle of Hepatitis B Virus. (16) 
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 1.5. Immunopathogenesis of chronic Hepatitis B Virus  

The hepatitis B virus is spread by parenteral and mucosal contacts with contaminated blood or other                

HBV-infected body fluids (i.e. vaginal fluid and semen). The incubation time can vary from about               

30 to 180 days. The 65% of infections in young persons and adults are asymptomatic, while in 35%                  

of infected patients, the infection results in liver inflammation. Symptoms of the acute hepatitis are               

tiredness, dark urine, icterus and an enlarged liver. The symptomatic acute infection continues for              

two to three weeks; after this period, a convalescence phase occurs. If the expression of HBsAs                

persists for more than six months, the acute disease will evolve into a chronic infection (5/10% of                 

all infected adults). The risk of contracting a persistent infection is patient age-related. Infection in               

newborns turns in 90% of cases to a chronic disease (up to 98% of newborns infected peripartum).                 

In young children, chronic manifestation occurs in 50% of infections and 60% of the chronically               

infected persons live normally, without symptoms, with a chronic persistent hepatitis (CPH). The             

remaining chronic infections result in chronic active hepatitis (CAH). CAH can spontaneously            

evolve to CPH (66). Once into the human body, the virus reaches and infects the hepatocytes in the                  

liver. Activation of the innate immune response against HBV is weak. Nevertheless, liver pathology              

and HBV clearance are mediated mostly by adaptive immune response (14). Before virus             

replication in hepatocytes, most probably the Kupffer cells recognize HBV patterns and activate the              

NF-ĸB pathway, which induces the production of proinflammatory cytokines (37). Further,           

interleukin-6 seems to be responsible for HBV suppression.

In the early steps after hepatocytes infection, HBV activates mitogen-activated protein kinase            

(MAPK) and c-Jun N-terminal kinase (JNK), which downregulate the expression of hepatocyte            

nuclear factor 4α (HNF4α) and HNF1α, the key transcription factors regulating HBV gene             

expression (77). Moreover, the lack of interferon response in the first steps of the infection is                

responsible for HBV expansion in the liver. It has been demonstrated in transgenic mice that               
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interferon (IFN)-α and β reduce the expression of HBV genes in the early infection phase (94). As                 

stated previously, disease pathogenesis and viral clearance are mediated mostly by the adaptive             

immune response. The HBV-specific CD8 T cell response is especially vigorous and multispecific             

in patients with self-limited infection, but mostly weakly detectable in patients who develop chronic              

hepatitis B virus infection (14). Nonetheless, a study suggests that induction of an effective CD8 T                

cell-specific immune response to HBV is dependent on early CD4 T cell priming, which might be                

controlled by the load of viral inoculum (3). In acute hepatitis infection, HBV is detectable already                

in the incubation period. Interferons upregulate the expression of major histocompatibility complex            

(MHC) class I antigens on the cell surface, which allows the elimination of infected cells, while the                 

MHC class II immune response is directed against the capsid proteins (HBcAg and HBeAg). The               

immune response to HBsAg is lower than that against capsid proteins. Neutralizing antibodies             

(anti-HBs) block the spread of HBV and infection of hepatocytes. These antibodies to HBsAg              

protect also from reinfection with the virus (66).

The chronic HBV infection is due mainly to the lack of HBV-specific adaptive T-cell immune               

response and HBsAg-specific humoral immune response.
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 1.6. Acute and chronic HBV infection diagnosis 

A series of blood tests are available for HBV diagnosis. These tests are based on the evaluation of                  

several virological and serological markers (Table: 2), which are also essential to distinguish             

between acute and chronic viral infection (51).

Marker HBV marker for:

HBsAg HBV infection (acute and chronic)

HBeAg High level HBV replication and infectivity
(also marker for treatment response)

HBV DNA Level of HBV replication
(also primary marker for treatment response)

Anti-HBc (IgM) Acute HBV infection
(sometimes also in flare of chronic infection)

Anti-HBc (IgG) Recovered chronic HBV infection

Anti-HBs Recovered HBV infection and marker of HBV       
vaccination (The level reflects vaccine efficacy)

Anti-HBe Low-level HBV replication and infectivity
(also marker for treatment response)

Anti-HBc IgG and (and no) Anti-HBs and HBsAg        

neg 

Recovered HBV infection

Anti-HBc (IgG) and HBsAG (6 > Months) Chronic HBV infection

Anti-HBc (IgG and/or anti-HBs and HBV-DNA Latent or occult HBV infection

Table 2: HBV diagnostic markers

A series of the blood tests are available for the HBV diagnose. These tests are based on the                  

evaluation of several virological and serological markers (Table: 2) which are also essential to              

distinguish between acute and chronic viral infection(51). The typical pattern of serological markers             

during the course of acute HBV infection is presented in figure 4A. The first serological marker of                 

acute HBV infection is HBsAg, which is detectable six weeks after infection. From week eight               

onward, anti-HBc-IgM and HBeAg are slight expressed. IgG antibodies against HBcAg can be first              
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detected after the peak of viremia, and corresponds to the increase of transaminases. The first               

indicative parameters of the recovery from infection are the decrease of viral load and, short               

afterward, the reduction of HBsAg and HBeAg levels in peripheral blood (27).

The chronic HBV infection starts with a serological pattern similar to that of the acute disease (Fig.                 

4). However, chronically infected subjects do not loose HBV DNA, and rarely HBsAg and HBeAg.               

If HBsAg is detectable in the host for over six months, it is confirmed a diagnosis of chronic HBV                   

infection. The viral DNA is a marker of active HBV, in both acute and chronic infections. Anti-HBc                 

is an important parameter to define the infection rate of HBV in a community, but it is not used to                    

produce vaccines, since the corresponding antibody is not neutralizing, and is detectable only after              

infection with HBV.

 

Figure 4: Serological profiles of acute (A) and chronic (B) HBV-infection.
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 1.7. Therapy of chronic HBV infection 

Chronically HBV-infected patients are at risk of developing liver cirrhosis and hepatocellular            

carcinoma (HCC), especially if the load of HBV DNA is high. HCC occurs predominantly in               

populations with a high prevalence of HBV. Currently, therapy is recommended for patients with              

evidence of ongoing chronic hepatitis B disease (i.e., elevated aminotransferase levels, positive            

HBV DNA findings, negative or positive HBeAg). Thirty percent of the chronic infections can be               

treated successfully with this medication. Because of that, therapy with peg-IFNα has become the              

first-line treatment (84).

Further, treatment with nucleoside analogs (NUCs) has been currently approved. In the past, the              

most commonly used nucleoside analog was lamivudine (3TC; 2’,3’-Dideoxy-3’- Thiacytidine).          

Lamivudine is an inhibitor of pyrophosphorolysis activity of the viral reverse transcriptase, and has              

been developed, and used, for the treatment of HIV infection. In contrast to retroviral infection, the                

HBV pre-genomic RNA is transcribed into the DNA before the release of the virus particle into the                 

plasma. Since HBV particles half-life is about 1.5 days in the plasma, the decrease of the HBV load                  

can be achieved very fast after medication. However, treatment with NUCs cannot eradicate the              

virus, due to the presence of viral cccDNA in the nucleus of hepatocytes. Further, only one/fifth of                 

patients lose HBeAg one year after therapy. The same proportion of patients develops resistance to               

lamivudine, due to mutation in the tyrosine-methionine-aspartate-aspartate (YMDD) locus of the           

HBV polymerase gene, resulting in a viral rebound (91). The rise of resistance to lamivudine led to                 

the development of new less resistance-susceptible NUCs, like entecavir and tenofovir (Tab. 3).             

Currently, the first choice therapy drugs approved globally for the HBV treatment are tenofovir              

diisopropyl, fumarate pegylated interferon, and entecavir. A final therapeutic option for patients            

with hepatocarcinoma and liver failure is the liver transplantation. Unfortunately, the treatment of             

HBV-infected patients after transplantation may be difficult, due to the parallel immunosuppressive            
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treatment drugs and the reinfection of the new organ, mediated by the infectious virus circulating in                

the blood (86). 

Drug Structure

Lamivudine Cytidine analogue

Adefovir Adenosine analogue

Entecavir Guanosine analogue

Telbivudine Thymidine analogue

Tenofovir Adenosine analogue

     Table 3: Approved nucleoside analogues (NUCs) for HBV treatment 
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 1.8. Hepatitis B virus vaccines 

In the 1980s, spherical and filamentous HBsAg particles purified from plasma of HBsAg carriers              

have been used as the first vaccine against HBV (62). Second generation vaccines were based on                

recombinant, non-glycosylated small surface proteins (S), produced in yeast (63). These vaccines            

have been proven to be very immunogenic, and are still used in vaccination programs in more than                 

150 countries, worldwide. However, the seroprotection rate for this kind of vaccines changes in              

relation to the age at immunization. It was estimated that second generation vaccines do not give the                 

immunity in the 4-8% of subjects treated in the first 30 years of life ;this percentage increases up to                   

10% in people treated thereafter (63; 2).

A new generation of vaccines was developed, which contain, not only the S protein, but also the                 

middle (M) and the large (L) surface proteins (36). This third generation of vaccines is produced in                 

mammalian Chinese hamster ovary (CHO) cells and can induce an immune response, which occurs              

earlier and is stronger than that induced by S alone (79). Even in many so-called “non-responders”                

to S protein, a protective immune response was induced (80).
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 1.9. Animal models for Hepatitis B research 

Chimpanzees are the only permissive animals for hepatitis B virus infection. Conversely, their use              

for research analysis is rigorously restricted by the high costs and ethical limitations. In general,               

most of the progress against the hepatitis B virus is based on infection studies with HBV-related                

animal models. The Woodchuck hepatitis virus (WHV) is member of the same Hepadnaviridae             

family (55), and induces persistent infections of hepatocytes, viremia, and antigenemia in            

woodchuchs. Therefore, WHV infection of woodchucks is a relevant model to study pathogenesis             

and immune reactions caused by HBV in humans (80; 81). Most preclinical testing of anti-HBV               

treatments is carried out in WHV-infected woodchucks (55).

The genome of WHV is, similar to that of HBV, circular and partially double-stranded, with a                

length of approximately 3.3 kb. Also the WHV envelope proteins consist of the small, the large, and                 

the middle proteins. The WHV genome is contained in the capsid, constituted by the core protein                

(WHcAg). Similar to HBV core, the WHV core was shown to induce a strong humoral and cellular                 

immune response. Furthermore, protection against the virus was observed in woodchucks           

immunized with WHcAg (30). Moreover, viral-like-particles (VLPs) based on the WHcAg were            

described (4). However, neutralizing antibodies to the PreS1 epitopes of the WHV were not              

examined, sofar. If a protective effect is proven, this type of chimeric VLPs might be considered as                 

a prototype of a new HBV prophylactic and therapeutic vaccine for the use in humans.
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 1.10 CRISPER/CAS9 system  

The CRISPR system is the adaptive immune mechanism present in the majority of characterized              

Archaea. The concept behind the CRISPR system is based on the acquisition of invading              

bacteriophage DNA and then transcription of it into CRISPR RNAs (crRNAs). The resulting             

crRNAs will be used as a guide by a nuclease to the cleavage of invading RNA or DNA (25). This                    

CRISPR immune system works in cooperation with many different Cas proteins. CRISPR systems             

have been divided into two major classes, according to the difference in their elements and               

mechanisms of action. In the class 1 systems, RNA-guided target cleavage (types I, III, and IV) use                 

a complex of several Cas proteins to degrade foreign nucleic acids. Class 2 systems use a single                 

large protein for the same purpose, called Cas9 (Type II); Cpf1 in type V is needed to mediate the                   

cut of invading nucleic acids. (82). During the first steps, or acquisition stage, the immune response                

system captures fragments of viral DNA of invading plasmids or phages (Fig. 5). These DNA               

fragments are called protospacers, and their insertion is catalyzed into the microbe CRISPR locus in               

the form of spacers between crRNA repeats. In the second step, the system prepares itself for the                 

defense, by expressing the Cas proteins and transcribing the CRISPR array into its long precursor:               

CRISPR RNA (pre-crRNA); then the pre-crRNA will be cleaved into crRNA by Cas proteins (82).
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Figure 5: Incorporating process of foreign genome fragments inside the CRISPR locus.            

Credits Biolabs, New England.

The resulting crRNA is a guide that contains a targeting sequence, able to recognize the invading                

genome. In the third step, Cas proteins, recognizing the appropriate target with the guidance of the                

crRNA, mediate the cleavage of the foreign genome, thus protecting the host cells from infection.               

The action of many CRISPR systems depends on the presence of PAM sequence             

(protospacer-adjacent motif), sequence-specific protospacer-adjacent motif, adjacent to the crRNA         

target site in the invading genome (83). The lack of the PAMs in the host genome at the CRISPR                   

locus allows type I and type II CRISPR systems to discriminate between self and not-self sequences                

(87). The editing of genomic information at the DNA level requires a molecular machine, composed               

of two main parts: a domain to bind the DNA and mediates the sequence-specific DNA recognition                

and an effector domain, which can cut the DNA or regulates the transcription near the binding site.                 

Meganucleases (Fig. 6), or homing nucleases, are among the first classes of nucleases, which were               
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engineered to mark precise genomic sites for gene editing purposes (88).

 

Figure 6: Four families of designer nucleases

Meganucleases are a group of nucleases, which recognize long nucleotide sequences and induce a              

double strand break at their target site. The long recognition sequence allows Meganucleases to edit               

DNA in a more accurate way, since the target sequence may occur just once in the invading                 

genome. Engineered Meganucleases can be developed to specifically alter different sequences           

through usually labor-intensive procedures, as protein engineering, structure-based design, and          

molecular evolution. (33). Zinc-finger nucleases (ZFNs) and the transcription activator-like effector           

nucleases (TALENs) are other examples of programmable genome editing machines (9). In contrast             

to previously cited genome-editing machines, Cas9 is an RNA-guided nuclease, whose target            

specificity derives from the interaction between Cas9 and PAM and the pairing between guide              

RNAs and the related target DNA site (42). Thus, Cas9 can be programmed, by changing its guide                 

RNA sequence, to target almost everywhere in the host genome, in a simple and relatively cheap                

way, making it an ideal platform for high-throughput applications. With the aim to make the               

genome editing easier, in the last decade, the CRISPR/CAS9 bacterial immune system was             

engineered in a simple RNA-guided platform, which was used for this work.
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2. Aim of the thesis  

HBV infection remains an important global health problem, concerning 248 million people            

worldwide (72). Despite an effective vaccine, more than 780,000 people die yearly because of              

HBV-related secondary diseases, primarily cirrhosis, and hepatocellular carcinoma. Antiviral         

therapies, such as nucleoside analogs (NA) and interferon-α (IFNα), are effective but rarely can              

eliminate established, persistent HBV infections (13). IFNα may help degrade nuclear viral DNA,             

but the effect is limited, and less than 10% of patients show a sustained virological response,                

measured as loss of hepatitis B surface antigen (HBsAg) (17). Nucleoside analogs are effective              

inhibitors of the HBV reverse transcriptase and can prevent the release of infectious virus from               

HBV-infected cells. However, cessation of treatment often results in viral relapse, since NAs alone              

have little or no effect on the elimination of the replicative template of HBV, i.e. the covalently                 

closed circular DNA (cccDNA) (56). Consequently, to remove completely HBV infection and            

induce a complete remission, there is an imperative need for a different approach criterion, to               

repress HBV replication and eliminate cccDNA, the latent viral reservoir. The aim of the present               

thesis is to verify whether Type II bacterial clustered regularly interspaced palindromic repeat             

(CRISPR)-associated (Cas) 9-based genome editing technologies may provide a potential solution           

to this issue. 

 

 

 

  

Gabriele Ibba, Eradication of persistent HBV genomes using SaCas9/3xgRNAs based gene therapy , tesi di dottorato in scienze della vita e 

biotecnologie, Università degli studi di Sassari. 



 
3. Materials and Methods  

Cloning of CRISPR/SaCas9 Constructs.

To create all in SaCas9/gRNA/shRNA construct targeting HBV genome we used existing            

pX601-AAV-CMV::NLS-SaCas9-NLS-3xHA-bGHpA;U6::Bsa1-sgRNA plasmid (Addgene   

#61591) consisting of adapted to use in mammalian cells Staphylococcus aureus derived            

SaCas9/gRNA system. Protospacer regions corresponding to selected target sites were ordered as a             

pair of 5’-G(N19)-3’ complementary oligonucleotides containing Bsa1 overhangs at their respective           

5’ ends (Table 4). After annealing and phosphorylation using T4 polynucleotide kinase (NEB)             

double stranded protospacers were ligated into Bsa1 digested, dephosphorylated with Calf Intestine            

Phosphatase (CIP, NEB) pX601 backbone plasmid. Bacterial clones were screened for the presence             

of gRNA protospacer inserts by PCRs using top, forward gRNA oligos in combination with reverse               

primer from scaffold gRNA segment of U6-gRNA cassette (Table 4). Successful clones were             

further verified by sequencing using the same reverse primer. To create HBV3xgRNA construct             

motif 2 and 3 gRNA expressing cassettes were PCR amplified from their respective pX601              

plasmids using primers containing Xba1 (in forward) and Spe1 (in reverse) restriction sites and              

ligated into Xba1 digested pX601-HBVmotif1 plasmid in two cycles of Xba1 restriction            

digestion/ligation. In the final step, to add to our construct HBV X shRNA expressing cassette, we                

used Xba1/Spe1 extended oligos containing minimal 24bp U6 promoter allowing direct cloning of             

annealed double-stranded hairpin coding sequence into Xba1 digested pX601-HBV3xgRNAs         

plasmid resulting in pX601-HBV3xgRNAs/shRNA vector.
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Purpose Name  Sequence  

 
 
 
 
 
gRNAs prorospacers

gRNA HBV m1 f CAAGAATCCTCACAATAC

gRNA HBV m1 r GTATTGTGAGGATTCTTG

gRNA HBV m2 f GGACGTCCTTTGTTTACG

gRNA HBV m2 r CGTAAACAAAGGACGTCC

gRNA HBV m3 f GTCCTTTGTTTACGTCCCGTCGGCG

gRNA HBV m3 r CGCCGACGGGACGTAAACAAAGGAC

 
Cleavage Detection

HBV 68-89 cut f TCCAGTTCAGGAGCAGTAAACC

HBV 1476-96 cut r AGAAGGGGACGAGAGAGTCTC

 
 
 
qPCR analysis

HBV X1805 f TCACCAGCACCATGCAAC

HBV X1896 r AAGCCACCCAAGGCACAG

HBV pol 2270 f GAGTGTGGATTCGCACTCC

HBV pol 2392 r GAGGCGAGGGAGTTCTTCT

 
 
 
qPCR references

Hs b-globin f CCCTTGGACCCAGAGGTTCT

Hs b-globin r CGAGCACTTTCTTGCCATGA

h/m b-actin f CTACAATGAGCTGCGTGTGGC

h/m b-actin r CAGGTCCAGACGCAGGATGGC  

 
gRNA verification

gRNA scaffold r CTCGCCAACAAGTTGACGAGATAA

pX6O1 U6 XbaI f CTATCTAGAGAGAGGGCCTATTTCCCATG

 

 
 
 
 
 
 
 
 
 
 
Off Target analysis

FM1chr20f AAGTGGGGCATTGGTGACAT

FM1chr20r TAAGGACAGTGGGCTCTGGA

FM1chr13F AGCCTGCTCAGAACATGGTTA

FM1chr13R TTGCACACCAGTAGAACATCAGA

FM1chr6F TTCAGGGTCAACGGACTGAG

FM1chr6R GCAGGATGAAAATTCTGTGGGC

FM2chr14F CTTGATAAAGCACGGGCACC
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FM2chr14R GCCTAGGGTAGACCTGGAAGA

FM2chr19F GAAGTGGGTGGGAATGAGCG

FM2chr19R TAATTGGCCAAGGCTGAGAGA

FM3chr6F CTCGAGCTCGCCGAAGATGT

FM3chr6R CTGCCCGCCTGCAAACTTC

FM3chr12F TTGGCTTCGGCTTTATGGCT

FM3chr12R GATGCAGCCGCACAAAGAAC

Table 4: List of the primers used in the study.

Cell Culture. 

HepG2.2.15 and TC120 cell line cells were cultured in Dulbecco’s Modified Eagle’s Medium             

(DMEM) (Life Technologies, NY) supplemented with 10% fetal bovine serum (FBS), 2 mM             

glutamine and 400 μg/ml of Gentamycin (Life Technologies, NY). To promote cell attachment all              

culture dishes and plates were precoated with poly-D-lysine prior plating cells. For puromycin             

selection, cells were incubated in growth medium containing 3ug/ml of puromycin           

(Sigma-Aldrich). The medium was changed every day for one week to achieve maximum selection              

strength.  

Antibodies. 

To detect NLS-SaCas9-NLS-3xHA HA-tag antibody was used (1:1000, Abcam) for Western blot            

loading control anti-tubulin clone B512 from (1:5000, Sigma Aldrich ). 

Transfection. 

Cells were plated in 6 well plates at density 150000 cells per well. Next day cells were transfected                  

using Lipofectamine 2000 reagent (Invitrogen) according to manufacturer protocol. Briefly, 7.5ul           

Lipofectamine 2000 was resuspended in 100ul of Opti-MEM medium (Gibco) and incubated for 5              

minutes. Meantime, plasmid DNA mixtures were prepared: 2ug of control empty pX601 or             
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pX601-HBV3xgRNAs/shRNA together with 0.5ug of pKLV-U6gRNA(BbsI)-PGKpuro2ABFP      

(Addgene #50946, to provide puromycin resistance for selection and BFP for transfection efficiency             

control) plasmids were added to 100ul of Opti-MEM medium mixed and then combined with 100ul               

Lipofectamine 2000/Opti-MEM and incubated for 15 minutes at room temperature          

(DNA:Lipofectamine ratio: 1:2.5). Next to DNA/Lipofectamine complexes (200ul) were vortexed          

and added dropwise into 800ul Opti-MEM per well in culture plates. After 4 hours incubation,               

1ml/well of growth medium was added and left overnight. Next day medium was replaced with               

fresh growth medium and cells were incubated for another 48h before harvesting.

Viral DNA extraction and analysis.

Cell pellets were collected and DNA was extracted using NucleoSpin kit (Macherey-Nagel)            

according to the manufacturer’s protocol, and the final product was eluted in 60 μl of water. For                 

standard PCRs, 250ng of genomic DNA was used. Reaction mixtures were prepared using Fail Safe               

Kit enzyme mix, PCR buffer J (Epicenter) and primers designed to amplify the targeted region of                

HBV genotype D (see Table 4 ). Quantification of HBV intracellular DNA was performed with               

50ng of genomic DNA per well using SybrGreen real time PCR (Roche) with primer sets specific                

to pol and X viral genes and human beta-globin as a reference (Table 4).

Analysis of RNA

Total RNA was extracted from cell pellets using RNAesy kit (Qiagen) according manufacturer             

protocol. Next 2.5ug of RNA was used for reverse transcription reactions using M-MLV reverse              

transcription (Invitrogen) and different reverse primers depending on the purpose of experiment.            

For detection/verification of gRNAs expression in transfected cells, gRNA scaffold reverse primer            

was used (Table 4) followed by standard PCR using top gRNA specific oligo as a forward primer                 

and the same gRNA scaffold reverse primer. In case of quantification of intracellular viral RNA               

levels, oligo-dT primer mix was utilized in reverse transcription and primer sets specific to viral               
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polymerase and reference human beta-actin (Table 4) were used in SybrGreen real time PCR              

reactions (Roche).  

Quantification of virus level in cell culture supernatants

SybrGreen real time PCR was used to quantify viral DNA levels in supernatants of infected cells.                

Culture medium was collected and spun down for 10 minutes at 3000 RPM to remove floating cells                 

and cell debris. Next supernatants were incubated for 5 minutes at 95oC to denature/destroy              

infective viral particles. Standard curve was prepared using serial dilutions of PCR amplified             

fragment of HBV genome spanning core and X genes (primers Table 4). qPCR reactions were               

performed using 5ul of deactivated, ten times diluted in water supernatants and HBV X specific               

primers.

CRISPR/Cas9 design and validation. Using the CRISPR online design tool available on            

(http://www. benchling.com), 12 single guide RNAs (sgRNAs) were generated, targeting the HBV            

genome (Fig. 1). Target sequences were chosen in order to maximize conservation across viral              

genotypes, and minimize homology to the human genome. Based on these criteria, only guides              

targeting pol, pres1 gene and derivates, and X ORFs were designed.

Off-target analysis. To verify specificity of our SaCas9/gRNAs we performed PCR/sequencing           

analysis of the top predicted off target regions in human genome (Table 4). Sets of primers were                 

designed to amplify these regions followed by subcloning into pCR2.2 TA vector (Invitrogen) and              

Sanger sequencing.
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4. Results 

4.1. CRISPR/Cas9 design: in silico definition of the twelve most fitting gRNAs 

For the eradication of the HBV virus we initially selected set of 12 candidate gRNAs, targeting the                 

most representative Hepatitis B virus genes. To design these gRNAs we used the CRISPR designer               

 

Figure 7 : Sequence and location in the HBV genome of the 12 candidate gRNAs designed by                

Benchling CRISPR design tool. The gRNAs are targeting five different genes: Pres1, Pres2, S,              

HBX and HBV Polymerase. Several gRNAs are designed to target different genotypes at the same               
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position. 

tool from Benchling web site. The HBV genotype A genome was used as an input sequence and                 

screened for the presence of 20 nucleotide protospacer regions followed by NNGRRT protospacer             

adjacent motifs (PAMs) which are specifically recognized by SaCas9 endonuclease. The twelve            

gRNAs showed (Fig. 7) are the gRNAs with the highest “on target” “off target“ score. Finally,                

three gRNAs were chosen based on the most conserved region among ten reported HBV genotypes               

in NCBI. All three gRNAs are targeting viral polymerase gene (P). Additionally, because of overlap               

of reading frames, the m1 gRNA targets also the surface protein gene (S), while the m2 and m3                  

gRNAs target the viral trans-activator protein gene (X). In order to block viral expression in treated                

cells, to improve gene editing efficiency of SaCas9/gRNAs complexes, a shRNA expressing            

cassette against X mRNA was added (Fig. 8). All the gRNAs and the shRNA were cloned into a                  

single pX601 vector. The pX601 plasmid is an AAV delivery vector, containing a 1 kb shorter                

orthologue of canonical Streptococcus pyogenes Cas9 (SpCas9), derived from Staphylococcus          

aureus (SaCas9). Shorter SaCas9 gene allows the combining of up to four different gRNA cassettes               

in a single “all in” vector, without exceeding the restrictive cargo size of AAV, which is around 4.5                  

kb.  

 

Figure 8 : Sequence of short hairpin RNA against Hepatitis B transactivator X. The shRNA              

targets and cleaves X gene mRNA through cellular RNA interference mechanisms.
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4.2 Cloning of the gRNA expressing cassettes targeting HBV genome into           

pX601-SaCas9-AAV vector  and verification final pX601-HBV3xgRNAs-shRNA construct.  

  

After the bioinformatics analysis, pairs of sense and antisense oligonucleotides, matching selected            

target protospacer regions and containing Bsa1 overhangs on 5’ ends, were ordered, annealed and              

cloned into a Bsa1 restriction site, located between U6 promoter and scaffold crRNA sequence in               

gRNA expressing cassette of pX601 plasmid. To create a multiplex “three in one” gRNAs              

construct, every single U6-gRNAs cassette was PCR amplified using primers with Xba1/Spe1            

extensions at their respective 5’ ends. Next the amplicons were cloned, by restriction digestion              

followed by ligation into pX601-HBVmotif1plasmid XbaI restriction site. The same process was            

used to add the shRNA-expressing cassette. The final construct is shown in Fig.9.

 

Gabriele Ibba, Eradication of persistent HBV genomes using SaCas9/3xgRNAs based gene therapy , tesi di dottorato in scienze della vita e 

biotecnologie, Università degli studi di Sassari. 



Figure 9: Map of pX601-HBV3xgRNAs-shRNA construct targeting the Hepatitis B Virus           

genome. gRNA protospacer regions in red, shRNA for HBX in green, NLS-SaCas9-NLS-3xHA in             

brown-orange.

The presence of all three gRNA and single shRNA expressing cassettes in the final construct was                

verified in set of gRNA specific PCRs and by restriction digestions as shown in the Fig 10.

 

 

 

Figure 10. Verification of the presence of gRNA/shRNA components in          

pX601-HBV3xgRNAs-shRNA plasmid. The presence of gRNAs expressing cassettes was checked          
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in standard PCRs using U6 promoter forward and reverse primers specific to each of cloned gRNAs                

(A). Additionally restriction digestion was performed using Sac1/ Spe1 restriction enzymes to            

confirm existence of gRNAmotif2/motif3/shRNA insert upstream of SaCas9 gene (B). Finally HBX            

shRNA presence was verified by Xba1/Spe1 restriction digestion ©. In the next step we checked if                

the final construct was able to express all the components of SaCas9/gRNA gene editing platform.               

The pX601-HBV3xgRNA-shRNA construct was transfected into TC620 cells and 48h later total            

RNA and proteins were extracted. gRNAs expression was verified in reverse transcription followed             

by PCR using forward primers specific to each gRNA and scaffold RNA reverse primer (Fig. 11                

A). To detect NLS-SaCas9-NLS-3xHA protein expression Western blot analysis was performed           

using HA-tag antibody (Fig. 11 B).

 

 

Figure 11: Confirmation of the correct SaCas9/gRNAs expression from         

pX601-HBV3xgRNAs-shRNA plasmid. TC620 cells were transfected with our final construct and           

48h later harvested for protein lysates and RNA. gRNAs expression was checked in reverse              

transcription followed by PCRs (A) using specific to each gRNA top oligos as a forward and gRNA                 
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scaffold as a reverse primers. NLS-SaCas9-NLS-3xHA protein expression was verified in Western            

blot using HA-tag antibody (B).  
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4.3 Biological validation of pX601-HBV3xgRNAs-shRNA construct on chronically HBV         

infected cells (HepG2.2.15) 

To test the ability of our construct to induce site specific cleavage and excision of HBV genome we                  

used the chronically HBV-infected HepG2.2.15 cell line. 70% confluent cell cultures were            

transfected with pX601-HBV3xgRNAs-shRNA plasmid, as reported in Materials and Methods.          

Two days after transfection cells were harvested and genomic DNA was prepared. Next the targeted               

region of the virus was PCR amplified and resolved by agarose gel electrophoresis. As shown in                

Fig. 12 we were able to detect two distinct HBV specific PCR products: 1454 bp and 355 bp long.                   

Longer, 1454bp band corresponds to unmodified full length (in case of control untreated cells) and               

single cut/end-joined region of HBV genome (in case of SaCas9/gRNAs treated cells). Shorter,             

355bp band represents double cutted/end-joined truncated form of viral sequence and is present             

exclusively in SaCas9/gRNA treated cells.
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Figure 12: Detection of the SaCas9/gRNAs induced excision of the HBV genome. The cleavage              

region was PCR amplified using two primers: forward, annealing 144 nucleotides upstream of the              

motif 1 and reverse, 191 downstream of motif 2 target site. Amplification using these primers               

yielded two products: full length 1454 bp long, representing the uncut/singly cut and end-joined              

HBV genomes and short 355 bp one corresponding to double cleaved/end joined viral sequences.

The truncated double cleaved/end-joined band was purified from the gel, cloned and sent for Sanger               

sequencing. The obtained sequences were aligned using Clustal-Omega software using Hepatitis B            

genotype D sequence as a reference (Fig. 13). All clones showed perfect CRISPR/Cas9 mediated              

signature-cleavage three nucleotides from PAM at target sites for motifs 1 and 2. At the target motif                 

3 no any cleavage was detected since this gRNA was designed to targets exclusively HBV genotype                

A and in present in HepG2.2.15 HBV genotype D there are 5 mismatches at this target sites                 

providing additional prove of SaCas9/gRNA specificity (Fig. 13).       

 

Figure 13: Verification of SaCas9/gRNA mediated excision of HBV sequences. The targeted            

region of HBV genome was PCR amplified and resolved in agarose gel. Truncated PCR products               

representing double cleaved/end-joined viral sequences (345bp band) were purified, subcloned in           

TA vector and sequenced. Representative three truncated sequences are shown in relation to full              

length intact viral sequence as a reference. PCR primers are shown in green, target sequences in red                 

followed my PAMs in yellow. The canonical, 3 nucleotides from PAM sequences, SaCas9/gRNAs             
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mediated cleavage sites were detected with deletion of 1216 bp long viral DNA fragment between               

target sites motif 1 and 2. There was no cut at target site motif 3 since HBV genotype D present in                     

HepG2.2.15 cells carries 5 mismatches in this region.
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4.4 Off-target analysis 

To verify specificity of our excision strategy in targeting the viral genome, we performed analysis               

of the predicted/possible off targets sites in the human genome. The closest to target sequences hits                

had at least 3 mismatches (Table 4) making cleavage at these sites highly improbable and               

un-efficient.

 

 

 Table 4: List of top predicted off-target sites for HBV specific gRNAs in human genome.  

With the Primer-Blast tool from the NCBI website, we designed primer pairs for PCR               

amplification of every genomic region with an off-target score even or above 0.5. After purification               

and subcloning into TA vector, amplified predicted off-target regions were sent for Sanger             

sequencing. No indel mutations were detected in the selected off-target genes.
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4.5 Expression of Cas9/gRNA suppresses Viral replication cycle

4.5.1 Analysis of SaCas9/gRNA mediated HBV genome cleavage efficiency.  

 

Figure 15: Analysis of the HBV genome cleavage efficiency in HepG2.2.15 cells . Cells were              

harvested at two timepoints: 3 and 7 days after transfection. Genomic DNA was prepared and               
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analysed in standard PCRs for detection of targeted region of HBV genome (A for 3 and B for 7                   

days timepoint). To allow semi-quantification of excision efficiency, PCRs for human beta-actin            

were performed as a reference genomic DNA loading control for 7 days timepoint (B). The               

intensities of PCR bands from agarose gels were analysed using ImageJ software (C) and plotted               

after normalizing to beta-actin levels (D).

To verify the real effectiveness of our construct in blocking viral replication, we set another               

experiment. HepG2.2.15 cells were transfected with pX601-HBV3xgRNAs-shRNA or control,         

empty pX601 plasmids. Additionally we added to transfection mixtures pKLV-puro-BFP-empty          

vector in ratio 4:1 (2ug pX601: 0.5 ug pKLV) to permit monitoring of transfection efficiency by                

BFP fluorescence microscopy and to allow puromycin selection of transfected cells (since pX601             

AAV vector does not contain any fluorescent label or selection marker). Half of transfected cells               

were left untreated and were harvested after 3 days. Rest of the cells were selected for one week                  

under rigorous puromycin regiment (3ug/ml, medium changed every day) in order to remove             

untransfected cells and promote stable expression of SaCas9/gRNA in transfected cells. For both             

populations, we checked the viral integrity and expression at DNA, mRNA and viral release level.               

First, genomic DNA was used in standard PCRs with primers specific to targeted region of HBV as                 

was done previously. Again we were able to detect two distinct HBV specific amplification              

products full length 1454bp and truncated 355bp (Fig 15 A/B). We noticed significant reduction of               

full length band intensity in treated cells which is a direct result of SaCas9/gRNA mediated               

cleavage and degradation of episomal HBV genomes. Additionally, as was shown before, in the line               

corresponding to treated cells we could detect characteristic truncated 355bp long band representing             

double cutted and end-joined viral genome. The ImageJ analysis of band intensities for day 7               

timepoint indicated drastic, 50% drop in the level of the full-length HBV DNA in the cells treated                 

with pX601-HBV3xgRNA-shRNA construct (Fig. 15C, D).
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4.5.2 Quantification of intracellular viral DNA levels.  

 

Figure 16: Quantification of intracellular HBV DNA levels in treated cells. Genomic DNA             

from transfected HepG2.2.15 cells was subjected to SybrGreen real time PCR reactions using             

primer sets specific to HBV pol and as a reference human beta-globin genes.

To quantify HBV DNA affected by cleavage, we performed a qPCR assay on genomic DNA               

extracted from HepG2.2.15 treated cells. Using primers specific to HBV pol and reference human              

beta-globin genes we were able to detect significant, close to 30% drop in intracellular viral DNA                

levels at seven days post-transfection time point (Fig 16). The levels of viral DNA at day 3 were                  

lower than at day 7 and only slight, statistically insignificant, decrease was observed in treated cells                
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for this time point. It is important to note that the primers used in qPCR can not discriminate                  

between episomal and integrated HBV DNA and they anneal outside of the targeted region of viral                

genome.
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4.5.3 Quantification of viral RNA expression after CRISPR/Cas9 treatment 

 

Figure 17: Quantification of intracellular viral RNA levels. Total RNA was extracted from cells              

transfected with empty pX601 (SaCas9, no gRNA) and pX601-HBV3xgRNAs-shRNA (SaCas9 and           

gRNAs) at three days post-transfection and after one-week selection with puromycin. After reverse             

transcription using oligo-dT primers, SybrGreen real time PCRs were performed on diluted cDNA             

samples using primer sets specific to HBV pol and human beta-actin as a reference.

SaCas9/gRNA mediated cleavage and mutagenesis of HBV genomes in infected cells should result             
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in the decrease of viral RNA levels. To quantify viral RNA levels in treated cells total RNA was                  

extracted and subjected to reverse transcription reaction followed by SybrGreen real time PCR             

assay using primers specific to HBV pol and human beta-actin as a reference. As shown in figure 17                  

we observed progressive, time dependent reduction of intracellular HBV RNA levels in treated             

cells. At 3 days after transfection the decrease reached 30% and at 7 days the levels went down to                   

50% of control, SaCas9/gRNA untreated control.
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4.5.4 Checking Hepatitis B virus release from treated cells.

Final step in viral replication cycle is release of progeny viral particles from infected cells. Viral                

pregenomic DNA is packaged into viral capsids by interactions with viral core proteins then              

enveloped and released from infected cells. We used SybrGreen real time PCR to measure the               

levels of viral DNA in supernatants from treated cells which should correspond with viral particles               

release. As shown in Figure 18 we observed drastic, more than 95%, depletion of viral DNA levels                  

in the supernatants from treated cells at 3 days post-transfection. At day 7 time point viral DNA                 

levels in supernatants were generally very low and only minimal decrease of was observed in               

treated versus untreated cells.

 

Figure 18: Quantification of viral DNA levels in cell culture supernatants. Supernatants from             

transfected cells were precleared by centrifugation and heat deactivated to destroy infective viral             

particles. Next SybrGreen real time PCRs were performed on 10 times diluted in water samples               
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using HBV X gene specific primers and standard prepared from serial dilutions of PCR              

amplification product corresponding to X gene of HBV.
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5. Discussion 

The Hepatitis B virus is still a significant threat for 240 million of people in the world. In this work                    

of thesis, we are describing a novel, CRISPR/SaCas9-based gene therapy, directed against the             

persistent HBV DNA genome conserved among all ten HBV genotypes spanning five of the total               

six viral genes: PreS1, PreS2, S, transactivator X and polymerase. Successful           

SaCas9/gRNAs-mediated cleavage at these target sites will have different consequences depending           

on the timing of the cleavage reactions, cellular DNA repair mechanisms and the form of viral                

genome. Cleavage of episomal cccDNA ordinary will lead to its linearization and degradation by              

cellular exo- and endonucleases. Less frequent end-joining repair and re-circularization will result            

in InDel mutations at the cut sites, in case of single cuts, or excisions/deletions of longer fragments,                 

in case of two or more simultaneous cuts, both resulting in defective viral genomes. In case of much                  

less frequent integrated form of HBV genome, the SaCas9/gRNAs-mediated cleavage will result            

exclusively in end-joining, InDels and deletions at cut sites. Since PCR primers do not distinguish               

between episomal cccDNA and integrated HBV genome forms, the products of PCR amplification             

shown in figures 12 and 15 represent a mixture of both forms. The full length 1454bp top band                  

consists mostly of episomal cccDNA, since it is the predominant form of viral genome present in                

the infected cells. As mentioned above, the Cas9/gRNAs activity will cause           

fragmentation/linearization and subsequent degradation of cccDNA, which can be observed as a            

decrease (up to 50% in case of 7 days time point) in the intensity of this band, in the sample of                     

treated cells (Fig. 15 A and B lane 2, top bands). On the other hand, the cleavage of the integrated                    

viral genome is promptly repaired by the cellular double strand break repair pathways, mostly by               

error-prone non-homologous end joining (NHEJ). As a result full length PCR product            
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corresponding to integrated HBV genome will contain InDel mutations at repaired cut sites, which              

will disrupt or completely block viral gene expression. In case of successful simultaneous cleavage              

at two sites, the DNA fragment located between them gets edited out leaving truncated defective               

viral genome, detected as a shorter 354bp PCR product in SaCas9/gRNAs treated cells (see Fig 12                

and 15, line 2). All mentioned above consequences of SaCas9/gRNAs mediated targeting and             

cleavage of viral genomes in infected cells will ultimately culminate in suppression of viral              

expression. Degradation of viral genomes will result in drop in viral RNA and proteins levels.               

Additionally expression from mutated/truncated sequences will lead to defective viral mRNAs and            

proteins as a result of premature transcription terminations and shifted open reading frames. As              

anticipated we observed significant decrease in viral RNA expression levels in SaCas9/gRNAs            

treated cells as shown in Fig. 17 which mirrors detected depletion of viral DNA. The decrease was                 

greater in cells selected for one week with puromycin what can be explained by longer period of                 

SaCas9/gRNA expression in the treated cells and death of untransfected (=untreated) cells. The last              

stage of viral replication cycle is release of the progeny viral particles from infected cells. Here                

again, consistently with diminished intracellular viral DNA and RNA levels we detected repression             

of viral release as measured by qPCR specific to viral DNA in supernatants from gene therapy                

treated cells. Surprisingly viral DNA level in supernatants of puromycin selected cells was very low               

in both control (SaCas9 only) and treated cells (SaCas9/gRNAs). Puromycin is aminonucleoside            

that inhibits translation by disrupting peptide transfer on ribosomes. Inhibitory effect on HBV             

virion release was not reported before and warrants further studies. Overall our data provide for the                

first time prove of successful targeting and cleavage of HBV genome by shorter Staphylococcus              

aureus derived Cas9/gRNA gene editing platform. Recently other groups reported successful using            

of canonical SpCas9/gRNA gene editing techniques to target HBV genome (Ramanan et al., 2015).              

Our approach combining triple gRNAs and shorter SaCas9 in single AAV delivery vector provides              

more robust and applicable system to use in clinical settings. To provide suitable for in vivo                
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delivery system we prepared our SaCas9/gRNA construct using as a backbone plasmid AAV             

delivery vector pX601. Adeno-associated virus (AAV) vectors are the most commonly used            

delivery vehicles in vivo, because of their low immunogenic potential, reduced oncogenic risk from              

host-genome integration, broad-range of serotype specificity, low toxicity and sustained gene           

expression. The AAV-mediated gene delivery system is already used, for treating human diseases             

caused by a gene loss or mutation, including cancer, heart failure, neurodegenerative diseases,             

cystic fibrosis, Canavan's disease, arthritis and muscular dystrophy, among others (41, 65, 67). By              

creating and validating in chronic hepatitis cell culture model our pX601-HBV3xgRNAs/shRNA           

construct we successfully completed first, in vitro phase of the project. In the next, pre-clinical stage                

we are planning to confirm anti-HBV activity of our unique SaCas9/triple gRNA design in in vivo                

settings, using immunodeficient mice model and AAV-mediated delivery. If successful our           

approach should provide base for developing gene therapy for treatment chronic HBV infection.
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