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Abstract

Current treatments for chronic infection with the hepatitis B virus (HBV) rarely cure carriers from the disease.
Previously reported use of serotype 8 adeno-associated viral (AAV8) vectors to deliver expression cassettes
encoding anti-HBV artificial primary microRNAs (apri-miRs) has shown promise in preclinical studies. A recently
designed synthetic ancestral AAV (Anc80L65) with high liver transduction efficiency is a promising new addition
to the anti-HBV vector toolbox. This study engineered Anc80L65 to express HBx-targeting apri-miRs. Single dose
administration of the vectors to cultured cells and HBV transgenic mice effected reductions of secreted HBV
surface antigen (HBsAg). Circulating HBV particles and HBV core antigen (HBcAg) were also significantly diminished
in mice receiving the anti-HBV apri-miR-expressing ancestral AAVs. Downregulation of HBV biomarkers occurred
over a period of 12 months. Absence of inflammatory responses or liver toxicity indicated that the vectors had a
good safety profile. These data suggest that a single dose of apri-miR-expressing Anc80L65 is safe and capable of
mediating durable suppression of HBV gene expression. Targeting HBx, which is required for transcriptional activity
of covalently closed circular DNA of HBV, makes this Anc80L65-derived vector a promising candidate for functional
cure from chronic HBV infection.
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Introduction

Infection with hepatitis B virus (HBV) is endemic to sub-
Saharan Africa, east and southeast Asia, and remains
an important global health problem. It is estimated that
~300 million people are chronic carriers of the virus
and at risk for complicating cirrhosis and liver cancer
[1, 2]. Despite availability of an effective preventative
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(pgRNA), which also encodes viral proteins, and viral
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protein-encoding mRNAs [3-5]. A single transcription
termination signal located downstream of the HBV X
protein encoding sequence (HBx) in the cccDNA results
in HBx being present in all viral transcripts. The four
HBV open reading frames (ORFs), surface (S), polymerase
(P), core (C) and HBx, cover the entire cccDNA
sequence in a very compact arrangement. In addition,
cis-elements required for regulating transcription and
reverse transcription are embedded in the protein coding
sequences [6]. This compact arrangement, presence of
the HBx sequence in all transcripts and important role of
the encoded protein in regulating viral gene transcription
[7], make HBx a good target for RNA interference-
(RNAi-) based therapy.

Licensed drugs for treating chronic HBV infection,
which include derivatives of interferon-alpha and reverse
transcription-inhibiting nucleoside and nucleotide
analogs, effectively suppress viral replication but durable
curative effects are rarely achieved [8—10]. Advancing
new and effective anti-HBV therapy thus continues
to be an important global priority. Persistence of
extrachromosomal cccDNA is one of the main reasons
for poor curative efficacy of currently licensed drugs,
and a focus of research is developing strategies to reduce
cccDNA content of hepatocytes in infected individuals.
Although mechanisms responsible for formation and
maintenance of cccDNA are incompletely understood,
evidence indicates that HBx plays a central role, making
it an attractive target for anti-HBV therapy development
[7]. HBx interacts with several host factors to control
gene expression from cccDNA and viral replication, with
the interaction with DDB1-containing E3 ubiquitin ligase
to destabilize viral restriction factors comprising the
structural maintenance of chromosomes 5/6 (Smc5/6)
complex well established [11]. Normally, Smc5/6
complex inhibits transcription from extrachromosomal
DNA, but degradation of this restriction factor enables
viral gene expression and replication [12]. HBx has also
been implicated in mediating viral immune evasion,
persistence and carcinogenesis, by modulating interferon
responses and facilitating HBV genome integration [11,
13].

Several studies have shown that HBV is susceptible to
RNAi-mediated silencing. Both synthetic and expressed
exogenous RNAI activators can reprogram the RNAI
pathway and inhibit HBV replication in vitro and in
vivo [14-16]. Chemically modified synthetic short
interfering RNAs (siRNAs) against HBV, such as ARC-
520 developed by Arrowhead Pharmaceuticals, are now
in clinical trials and show promise [17, 18]. Although
chemical modification of siRNAs enhances durability of
viral gene silencing, it is not yet established whether the
silencing is sufficiently lasting to be curative. Renewable
transcription of RNAI activators produced from stable
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DNA templates within HBV-replicating hepatocytes is
thus appealing.

Expression cassettes encoding RNAi activators
have the added advantage of compatibility with highly
efficient recombinant viral vectors, such as recombinant
adeno-associated viral (AAV) vectors. These thoroughly
investigated vectors are safe and efficient for use in vivo
[19-21]. To deliver expressed HBV-targeting RNAI
activators, AAV8 has been widely used. The vector has
excellent hepatotropism and gene silencers are expressed
for a prolonged period [22, 23]. To advance hepatotropic
vectors for gene therapy, bioinformatic analysis has been
used to generate putative ancestral sequences, such as
Anc80L65, that retain liver targeting but lack epitopes
that feature on the capsid of AAV8 [24]. To evaluate
utility of Anc80L65 for delivery of anti-HBV sequences,
we have incorporated sequences that encode artificial
primary microRNAs (apri-miRs) that use the scaffold
of natural pri-miR-31 and contain a guide or multiple
guides with cognates in the HBx ORFE. Evaluation in
cultured cells and in vivo demonstrates that the ancestral
vectors are highly efficient and safe.

Methods

Plasmids encoding HBV genome targets, reporter gene or

anti-viral sequences

Plasmids carrying the inverted terminal repeats (ITRs)
and expressing apri-miRs targeting single or multiple
coordinates of the HBx (pAAV31/5 or pAAV31/5,8,9
[22]) or multiple sites in the HCV genome (pBS-
mTTRBCDE-pA [25]), were used to produce self-
complementary AAVs (scAAVs). Plasmid pCH-9/3091,
which carries greater-than-genome length of HBV [26],
or psiCHECK-HBx, which bears the HBx sequence
downstream of Renilla luciferase ORF and a separate
Firefly luciferase expression cassette [27], were used to
assay silencing of HBV targets.

Production and propagation of scAAVs

The scAAV vectors were produced using standard
methods as previously described [24, 28-30]. Briefly,
anti-HBV monocistronic (pri-miR 31/5), or polycistronic
(pri-miR 31/5,8,9) apri-miRs were packaged into capsids
of serotypes AAV2, AAVS8 (Packaging plasmids kindly
donated by Dirk Grimm, University of Heidelberg [30])
or Anc80L65 (Packaging plasmids kindly donated by Luk
Vandenberghe, Havard Medical School [24]) to produce
scAAV2, scAAVS or scAnc80 vectors (Fig. 1). Anti-HCV
polycistronic apri-miR (mTTR BCDEpA) sequences were
similarly packaged to produce control vector. AAVs were
propagated in HEK293T cells by employing triple and
quadruple transfection methods. Vectors were purified
on an iodixanol gradient and titrated using quantitative
PCR (qPCR). Viral genomes were purified from vector
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Fig. 1 Study design. (a) The scAAV vector genome was engineered to carry mono- or polycistronic artificial primary microRNA (apri-miR) sequences
under control of a mouse transthyretin receptor (mTTR) promoter. ITR (inverted terminal repeats), int (intron) and TTS (transcription termination signal) are
indicated schematically. (b) Engineered scAAV genomes were packaged into AAV2, AAV8 or Anc80L65 capsids. c-f. Upon administration, vectors mediate
expression of pri-miRs (c) which are processed in several steps to generate pre-microRNA (pre-miR, d), and miR guides 5, 8 and 9 (e). Produced miRs then
target all four HBV transcripts (green, purple and orange arrows shows target sites (f)) (created with Biorender)

stocks using Qiagen’s DNA and Blood mini kit (Qiagen,
Hidden, Germany) and qPCR reactions carried out using
Roche FastStart Essential DNA Green Master kit (Roche
Applied Science, Penzberg, Germany) according to the
manufacturer’s instructions.

MTTR Forward (5 GCACTGGGAGGATGTTGAGT
3’) and MTTR Reverse (5 CCCCTGTTCAAACATGT
CCT 3’) primers targeting mouse transthyretin receptor
(mTTR) promoter sequence present in all recombinant
AAV genomes were used for qPCR [22].

Measurement of HBV gene silencing in cultured cells

To evaluate inhibition of HBV gene expression in
cultured cells, HepG2-hNTCP [31] or Huh7 lines were
used. Huh7 cells were either transfected with 100 ng of
a plasmid carrying HBV greater than genome length
(pCH-9/3901 [26]), or a plasmid carrying HBx target
sequence upstream of Renilla luciferase encoding
sequence and a firefly luciferase encoding sequence in
a separate cassette (psiCHECK-HBx [32]),. Five hours
post transfection scAAVs were administered to cells
using an MOI of 10°. ELISA or Luciferase assay was
performed 48 h after scAAV transduction according to
the manufacturers’ instructions using the Monalisa® Ag
HBs Plus immunoassay kit (Bio-Rad, CA, US) or Dual-
Luciferase® Reporter 1000 Assay System (Promega, WI,

US) respectively. HepG2-hNTCP cultures were infected
with HBV at an MOI of 10 and incubated until the HBsAg
ELISA reached an ODyyy _gs5 nm Of 0.3. The cells were
then infected with scAAVs at an MOI of 10°. Forty eight
hours later, secreted HBsAg, VPEs, intracellular HBcAg
and HBV RNA levels were assessed using Monalisa® Ag
HBs Plus immunoassay, q-PCR, immunocytochemical
staining and RT-qPCR respectively.

The qPCRs were carried out using Roche FastStart
Essential DNA Green Master kit (Roche Applied Science,
Penzberg, Germany) according to the manufacturer’s
instructions. HBV surface ORF-specific primers (HBVs-F
and HBVs-R [33]) were used for DNA amplification. An
AcroMetrix® HBV Panel (Thermo Fisher Scientific, CA,
US) was used as the standards for quantification. To
measure HBcAg, cells were fixed with cold methanol
and immunohistochemical staining was performed
using anti-HBV core antigen (HBcAg) primary antibody
(Abcam, Cambridge, UK) and an Ultra-Sensitive ABC
Peroxidase Staining Kit (Thermo Fisher Scientific, CA,
US). All procedures were carried out according to the
manufacturers’ instructions and accredited guidelines.

RT-qPCR was performed to determine HBV transcript
levels relative to GAPDH transcripts using previously
described surface and human GAPDH specific primers
[33]. RNA was extracted using Trizol™ Reagent (Sigma,
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MO, US) from infected cells and Luna® Universal One-
Step kit (New England BioLabs, MA, US) was used
according to the manufacturer’s instructions.

Detection of transgene expression from scAnc80 in vivo
HBV transgenic mice that carry replication competent
greater-than-genome length HBV viral sequences were
used for all in vivo studies following protocols approved
by University of the Witwatersrand Animal Research
and Ethics Committee [34]. To detect expression and
processing of apri-miRs in vivo, 1 x 10" VPEs of scAAVs
were administered to 3 HBV transgenic mice per group
via the tail vein. One or 12 months thereafter, livers
were extracted for RNA isolation using Trizol™ Reagent
(Sigma, MO, US). Radioactively labeled probes were
used to detect mature guides as has previously been
described [22]. Northern blot hybridization analysis
was performed on 45 pg of total liver RNA according to
methods described previously [33]. Band intensities were
quantified using Image] software [35].

Measurement of immune response induction markers in
scAAV-injected mice
Inflammatory cytokine concentrations were measured in
serum of mice at six hours after administration of 1 x 10'!
scAAV VPEs per mouse. Each group comprised six mice
and negative and positive controls received saline or an
immunogenic poly (I: C) respectively. Cytokines, namely
interleukin 6 (IL-6), interleukin 10 (IL-10), interleukin
12p70 (IL-12p70), interferon gamma (IFN-y), monocyte
chemoattractant protein-1 (MCP-1) and tumor necrosis
factor-alpha (TNF-a) were analyzed using cytometric
bead array (CBA) according to the manufacturer’s
instructions (BD Biosciences, CA, US). CBA reactions
were processed with Fortessa FSR flow cytometer using
BD FACSDiva software and data were analyzed with
FCAP Array software 3.0 (BD Biosciences, CA, US).
Previously described methods were used to detect
transcript concentrations of interferon beta (IFN-fS),
Oligoadenylate synthase 1 (OAS-1) and IFN-induced
protein with tetratricopeptide repeats (IFIT-1) relative
to murine glyceraldehyde-3-phosphate dehydrogenase
(mGAPDH) [33]. Livers from a group of 4 mice were
harvested 6 h after AAV injection, and RNA extracted
using Trizol™ Reagent (Sigma, MO, US). To perform
mRNA quantification, RT-qPCR was carried out using
Luna® Universal One-Step kit (New England BioLabs,
MA, US) according to the manufacturer’s instructions.

Determination of HBV gene silencing in mice

To assess HBV gene silencing inhibition in mice, eight
mice per group were injected via the tail vein with either
scAAV vectors at 1x 10" VPEs/mouse or saline. Serum
samples were harvested over a 12-month period. HBsAg
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expression was measured in 50x diluted serum samples
using the Monolisa® Ag HBs Plus immunoassay kit
(Bio-Rad, CA, US). To quantify circulating HBV VPEs
in transgenic mice, HBV genome copy numbers were
quantified by qPCR as described above. To measure
intrahepatic HBcAg, 3 mice per group were sacrificed
at 1 or 12 months after scAAV administration and livers
fixed in 10% neutral buffered formalin (Sigma, MO, US).
Fixed liver tissues were processed by the National Health
Laboratory Services (NHLS, Johannesburg, South Africa)
using accredited procedures and HBcAg staining was
performed as above.

RT-qPCR was performed to determine HBV transcript
levels relative to GAPDH transcripts using previously
described core and mouse GAPDH specific primers [33].
RNA extracted using Trizol™ Reagent (Sigma, MO, US)
from livers harvested from a group of 4 mice at 1 and 12
month post AAV injection and Luna® Universal One-Step
kit (New England BioLabs, MA, US) was used according
to the manufacturer’s instructions.

Evaluation of scAAV-induced liver toxicity in mice
Elevation of alanine transaminase (ALT) activity is
specific for liver toxicity and was measured in serum
samples harvested from 3 mice per group over an
8-week period following scAAV injection. Samples were
processed in the accredited facilities of the South African
NHLS (Johannesburg, South Africa) using an Advia 1800
Chemistry System. To assess infiltration of inflammatory
cells and fibrosis, sections from livers harvested at 1- or
12-months post scAAV administration were stained with
hematoxylin and eosin (H&E) or Sirius red according to
approved methods (NHLS, Johannesburg, South Africa).

Statistical analysis

Data are expressed as standard error of mean. GraphPad
Prism software (GraphPad Software Inc, CA, USA) was
used to perform one-way ANOVA or Student’s two-
tailed paired t-test or Tukey’s multiple comparison test
where pvalues<0.05 (*), < 0.001 (**), < 0.0001 (***) were
regarded as statistically significant.

Results

The scAnc80 vector mediates HBV gene knockdown in
cultured cells

The integrity of plasmids used in AAV production was
confirmed by restriction map analysis which showed
expected banding patterns (Figure S1). To assess the
effects of scAnc80 on HBV gene expression in vitro,
Huh7 cells were transfected with psiCHECK-HBx or
pCH-9/3901 before transduction with scAAVs expressing
mono or polycistronic anti-HBV or anti-HCV aprimiR
at MOIs of 10°. Luciferase assays were performed on
lysates of psiCHECK-HBx-transfected cultures 48 h post
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transduction with either scAAV2 miR-31/5, scAAV2
miR-31/5,8,9, scAnc80-31/5 or scAnc80 miR-31/5,8,9,
which showed decreases in Renilla luciferase activity
relative to controls, confirming that the miRs specifically
target the HBx sequence (Fig. 2a). Vectors carrying
polycistronic anti-HBV apri-miR performed better
than vectors carrying monomeric apri-miR. HBsAg
measured in supernatants of Huh7 cultures that had
been transfected with pCH-9/3901 then transduced with
scAAVs corroborated results using the psiCHECK-HBx
reporter. Again, vectors carrying polycistronic anti-HBV
apri-miRs performed slightly better than vectors carrying
monomeric apri-miR (Fig. 2b).
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To model HBV infection in humans more closely,
the hNTCP-HepG2 cell line was infected with HBV at
an MOI of 10 before infection with scAAVs at an MOI
of 10°. Fouty eight hours after scAAV administration,
ELISA showed a reduction in HBsAg concentrations
relative to negative controls. However, the differences
between HBsAg values following administration of
vectors carrying polycistronic anti-HBV apri-miR and
those carrying monomeric apri-miR were not statistically
significantly different (Fig. 2c). Further validating the
efficacy of the vectors against HBV is the reduction in
secreted HBV particles (Fig. 2d), HBV RNA (Fig. 2e)
and HBcAg (Fig. 2e) levels in hNTCP-HepG2 cells
infected with apri-miR expressing scAAV2 and scAnc80
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Fig. 2 Assessment of scAAV activity in culture. a. Assessment of HBV gene expression knockdown by scAAV vectors following transfection of Huh7 cells
with psiCHECK-HBx. Data are represented as a mean ratio of Renilla to Firefly luciferase reporter activity. b. Transfection with pCH 9/3901 then transduction
with scAAVs was performed before measurement of HBsAg. c-f. Evaluation of HBsAg (c), secreted HBV viral particle equivalents (d, VPEs), intracellular HBV
RNA (e) and HBcAg levels in HepG2-hNTCP cells infected with HBV and then transduced with scAAVs. Data shown are relative to control vectors encoding
anti-HCV apri-miRs. The means (+ SEM) were derived from n=3-4 samples. The Student’s two-tailed paired t-test or Tukey’s multiple comparison test
was used to ascertain statistically significant differences relative to controls. pvalues<0.05 (*), < 0.001 (**), < 0.0001 (***) were regarded as statistically

significant
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as compared to negative controls. Similarly, vectors
carrying polycistronic anti-HBV apri-miR performed
better than vectors carrying monomeric apri-miR in
reducing HBV VPEs. Although a decrease in HBV levels
by scAnc80 vectors was observed, it was not statistically
significant. Although AAVs transduce liver-derived cell
lines inefficiently [36, 37], and anti-HBV effects are lower
than silencing following transduction with adenoviral
vectors bearing the same cassettes [22, 38], these data
indicate that scAnc80 transduces cells in vitro and reduce
HBYV gene expression.

scAnc80 administration mediates a prolonged transgene
expression in vivo

To confirm activation of the RNAi pathway in HBV
transgenic mice following scAAV administration,
Northern blot hybridization analysis was performed
on RNA extracted from liver homogenates prepared at
1 or 12 months after mice received the AAVs. Probes
complementary to guide sequences 5, 8 or 9 were used to
detect mature miRs. The guide 5 sequence was detected
in all mice treated with scAAVs carrying pri-miR 31/5
or pri-miR 31/5,8,9 and showed abundance at both time
points of analysis. As expected, guide 8 sequence was
only detected in extracts from mice that were treated
with scAAVs carrying polycistronic primiR 31/5,8,9.
However, because of low-level production of the guide 9
sequence, it was undetectable in mice receiving scAAVs
expressing miR-31/5,8,9 (Fig. 3, S2). This observation is

a b

Page 6 of 12

in accordance with previously reported data showing that
processing of individual pri-miR is affected by its position
within a polycistronic pri-miR [22, 32]. High molecular
weight bands representing unprocessed pri-miRs or
pre-miRs were also observed (Figure S2). Supported by
12 months hepatic stability of scAAV genomes (Figure
S3), these results show that scAnc80 vectors achieve
an impressive long-term hepatic transgene expression,
which was still detectable a year after single dose AAV
injection.

scAnc80 mediates downregulation of HBV genes in
transgenic mice

To assess ability of scAnc80s to reduce HBsAg in vivo,
HBV transgenic mice were injected with anti-HBV
scAAVs or vector controls. ELISA analysis performed
at regular time points for the 12-month duration of
the experiments revealed a significant and sustained
decline of HBsAg by about 80% 90% in mice receiving
scAAVs carrying anti-HBV apri-miRs. Notably, efficacy
of scAnc80 and scAAVS8 vectors carrying apri-miRs
was similar. With both vectors, HBsAg concentrations
were reduced as early as 2 weeks until 12 months after
vector administration (Fig. 4a, S4a). Quantification of
circulating HBV particle equivalents showed a significant
decline at 1 month after injection with anti-HBV apri-
miR-expressing vectors. The viral particle reduction
achieved at 1 month by scAnc80 was similar to that
achieved by scAAV8 vectors. The HBV load showed a

C

Probe 5 Probe 8 Probe 9
o Reowm 9 AR o) A  ou o A ) RN ue @ A
S2SgE83naa NSt ESaT S IRt asSeS
N DD pxxpn D M DO o Op M M e NN pxxep™ D
€ EEFfegEE o EEFfeecEs g EcpFlfecegxx
EE EEEEEEEE EEEEEEEEEE EEEEEEEEE E
Q9 o o O o O o o O o O o o O
we>288332288 3238283388 238283238
(b )%gcc%:%%cc %%:c%:%%:: %%::%:%g:c
asesmm§§m§mm§§ Wm§§m§"’m§§ Ww§§m§mgé§
30
penh 088 4 o L
20
Ub st s s i e s i e v DB BNEALL v EBBE -
Month 1 Month 12 Month 1 Month 12 ~Month1 Month 12

Fig. 3 Expression and processing of artificial primary microRNA from scAnc80. Northern blot hybridization was performed on total RNA extracted from
murine liver samples at 1 or 12 months post infection with scAAVs using probes complementary to sequence for guides (@) 5, (b) 8 or (c) 9. The figure
shows data from a representative of 3 mice per group. After stripping miR probes from the blots, rehybridization with a probe complementary to U6 small
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Fig. 4 HBV gene silencing in transgenic mice. Eight HBV transgenic mice per group were injected intravenously with saline or 1x10'" scAAV genome
copies. a. Serum HBsAg and (b) HBV particles were measured over a 12-month period using ELISA or gPCR respectively. Immunohistochemical staining
was performed on mouse liver sections at (c) 1 or (d) 12 months post scAAV infection. Liver sections from a representative of 3 mice per group taken
at 20 x magnification are shown. Graphs on the right show quantification of HBcAg-positive cells (brown) from 10 randomly selected fields per group.
All values were normalized and presented relative to anti-HCV vectors. e. HBV transcript levels relative to GAPDH transcripts determined using RT-qPCR.
RNA was extracted from livers harvested from 4 mice per group at 1 and 12 month post AAV injection. The means (+SEM) were derived from groups
comprising 4 to 6 mice. One-way ANOVA was used to ascertain statistically significant differences relative to anti-HCV vector controls. pvalues < 0.05 (¥), <

0.001 (**), < 0.0001 (***) were regarded as statistically significant

sustained downward trend over the remainder of the
12month period and HBV VPEs were not significantly
different in mice receiving scAnc80 or scAAV8 vectors
(Fig. 4b, S4b).

Immunohistochemistry to detect HBcAg was
performed on liver samples from mice sacrificed at
1- or 12-months post administration of scAAV. These
data revealed intrahepatic HBcAg levels that were
significantly diminished in animals receiving the anti-
HBV apri-miRs compared to controls (Fig. 4c, d). As
with observations using cultured cells, the scAnc80
and scAAVS8 vectors carrying polycistronic anti-HBV
apri-miRs performed better than vectors carrying
monomeric apri-miRs. At 1 month after AAV injection,
vectors carrying the trimeric apri-miRs achieved about
50% HBcAg reduction, which was greater than the 35%

reduction achieved by monomeric apri-miRs (Fig. 4c).
However, efficacy at 12 months was more impressive,
and all scAAVs carrying anti-HBV apri-miRs showed
HBcAg reduction of more than 95% (Fig. 4d). This
improved reduction in silencing efficiency at 12 months,
as compared to inhibition at 1 month, was not observed
with other HBV replication markers. Although these
differences are difficult to explain, they may be related
to the variance in the half-life and assay procedures used
to measure the viral replication markers [39-41]. To
validate HBV transcripts’ targeting by scAnc80 vectors,
HBV RNA levels were determined at 1 and 12 months
post AAV infection. As expected, significant reduction
of HBV transcripts was observed at 1 month and similar
trends were observed at 12 months post injection with
AAVs (Fig. 4e). Taken together, these results demonstrate
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that scAnc80 mediates long-term HBV gene suppression.
These observations are consistent with persistence of
scAAVs genomes in hepatic tissue (Figure S3) and long-
term expression of transgenes (Fig. 3, S2).

Inflammatory response markers are not affected by
administration of scAnc80

To quantify serum concentrations of pro-inflammatory
cytokines (IL-6, IL-10, IL-12p70, IEN- y, MCP-I,
and TNF-«), CBA was performed at 6 h after scAAV
administration. In groups of mice receiving these vectors
concentrations of all cytokines, with the exception of
MCP-1, were similar to those detected in mice injected
with saline (Fig. 5a-f, S5). The increase in MCP-1 was
modest for anti-HBV pri-miRs expressing scAAVS.
Although this modest MCP-1 elevation is difficult to
explain, it is not significant for scAnc80 vectors and
is in contradiction with previous studies using these
pri-miRs, hence it cannot be attributed to pri-miR
expression [22]. As expected, immunogenic poly (I: C)
elevated most cytokines except IFN- y and IL12p70.
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Evaluation of the activation of IFN response genes was
performed using RNA extracted from hepatic tissue
homogenates that were harvested 6 h after saline,
poly (I: C) or scAAV administration. Titration of RNA
from [FN-f and its associated IFIT-1 and OAS-1 genes
revealed similar expression levels in mice injected
with saline or scAAVs (Fig. 5g-i). Poly (I: C) induced
significant IFIT-1 expression, but JFNf§ and OAS-1 were
not similarly affected. Collectively, these findings indicate
that scAnc80 administration does not induce a pro-
inflammatory response in mice.

Administration of scAnc80 does not induce hepatic injury

Histological evaluation was carried out on hepatic
tissue extracted from mice at 1 or 12 months after
AAV injection. Although H&E staining revealed mild
inflammation in groups of mice injected with scAAVs, the
same observation was made in groups of mice receiving
saline (Fig. 6a). The source of inflammation could
therefore not be linked to scAAV infection. In addition,
staining with Sirius red revealed no signs of tissue
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Fig. 5 Measurement of pro-inflammatory response in scAnc80 infected mice. Cytokine quantification was performed 6 h after injection with scAAVs,
saline or poly (I: C). Cytometric bead array assay quantification of serum cytokines from 6 mice per group: (@) IL-12p70, (b) IFN-y, (c) IL-10, (d) IL-6, (e)
MCP-1 and (f) TNF-a. Concentrations of (g) IF/T-1, (h) IFN-B, (i) and OAS-T mRNAs in liver samples from 4 mice per group determined using RT-gPCR. The
means (£ SEM) were derived from six or four mice per group. The Student'’s two-tailed paired t-test was used to ascertain statistically significant differences
relative to the saline control. pvalues <0.05 (*), < 0.001 (**), < 0.0001 (***) were regarded as statistically significant and pvalues>0.05 were regarded as

statistically insignificant (NS)
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(+ SEM) were derived from 3 mice per group. d. Evaluation of weight changes in HBV transgenic mice. The means (+ SEM) were derived from 6 mice per

group

fibrosis in mice receiving scAAVs or saline (Fig. 6b). To
eliminate any possibility that expression of apri-miR from
scAnc80 in HBV transgenic mice might be hepatotoxic,
ALT activity was also measured. Similar ALT activities
were observed in serum from mice receiving scAAVs or
saline, and values were within the normal range (<100
U/L) (Fig. 6¢c). Supporting absence of toxicity is the
observation that body weights of mice were similar in
groups of mice injected with scAAVs or saline (Fig. 6d).
Moreover, all groups of mice maintained normal body
weights and exhibited no signs of physiological distress.

Discussion

The current treatment regimen for chronic hepatitis B
(CHB) has proven inadequate; hence, advancing more
effective management is urgent to prevent serious
complications. A gene therapeutic approach, adopted
in this study, offers advantages to improve treatment of
CHB. Earlier studies have demonstrated feasibility of

inactivating HBV replication by repurposing the intrinsic
RNAi pathway with exogenous synthetic miRs and
expressed apri-miRs [22, 32, 42, 43]. To address issues
related to the safety and efficiency of delivering HBV-
targeted gene silencing expression cassettes, we packaged
DNA into an ancestral AAV. Using these scAnc80
vectors, efficient hepatotropic delivery of anti-HBV apri-
miRs with sustained and significant inhibition of HBV
gene expression were observed in cultured cells and in
HBYV transgenic mice over a 12 month period.

The mechanism behind the observed 12-month long
silencing of HBV gene expression is interesting. Several
studies have reported nonspecific integration of AAV
genomes in vivo. Although the mechanism of integration
is not understood, enhancer elements within the ITRs,
promoter and 3’ UTR regions have been implicated
[44-47]. However, this is rare, especially with recent
generation of AAVs lacking these enhancer elements.
Formation of monomeric circular or polymeric circular
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concatemers of AAV genomes in host cells is well
established [48-51]. Whereas the monomeric circular
intermediates are short-lived, the high molecular weight
concatemers are highly persistent and may account
for the long-term therapeutic efficacy observed in this
study, as well as other investigations using animal models
and clinical studies [52, 53]. Safety is an important
consideration for developing therapy for use in humans.
Adverse events have also recently been reported in larger
animals following administration of a high AAV dose of
2x 10" viral particle equivalents per kilogram of body
weight [54]. The study showed that high dose of AAVs
caused physiological strain that necessitated sacrifice of a
non-human primate as well as a pig. In previous studies,
maximum cytokine concentrations were observed at 6 h
post viral vector administration [55], hence we assessed
the induction of inflammatory markers at 6 h post
AAV injection. We showed here that administration
of scAnc80 AAVs at doses that effectively suppressed
HBV gene expression in vivo did not result in an
obvious inflammatory response. Concentrations of each
cytokine from a panel comprising IL-6, IL-10, IL-12p70,
IFN-y and TNF-a, were similar in mice receiving the
scAnc80 vectors or saline. Assay of transcripts from
genes associated with the IFN response, IFIT-1, OAS-
1 and IFN-f3, corroborated the interpretation that the
ancestral vectors did not induce an innate inflammatory
response. Only MCP-1 was slightly elevated, but this
could not be linked to scAnc80 infection specifically.
Co-upregulation of IL-6 and IL-10 observed following a
challenge by immunogenic poly I: C was not surprising.
The role of IL-10 as an anti-inflammatory cytokine and
its function to maintain homeostasis and avoid excessive
tissue damage as a result of pro-inflammatory cytokine
(e.g. IL-6) driven inflammation is well established [56—
58]. Markers of inflammation based on histological
analysis were also not linked to administration of scAn80.
Similarly, there was no evidence of fibrosis, based on
Sirius red staining, in livers of mice receiving scAnc80
vectors. AAVs mediating RNAi activator expression
have previously led to toxicity and death of mice, caused
by saturation of Argonute-2, a mediator of the RNAIi
pathway. In these studies, AAVs bearing RNAI activator
expression cassettes elevated ALT levels beyond normal
range by 4 weeks and levels started to stabilize at ~week
6 [59-61]. In this study, administration of scAnc80 to
induce RNAi-mediated silencing did not elevate ALT
levels beyond the normal range. Although these data
indicate that scAnc80 AAVs have a good safety profile,
another factor limiting their toxicity is use of apri-miR as
the antiviral sequences. Such Pol II expression cassettes
have fewer toxic effects than Pol III short hairpin RNA
cassettes [42, 59, 62].
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AAVs are versatile vectors with varied tropism, their
biosafety profile is well established and they are suitable
for delivery of gene-based therapies in humans. Most
importantly, ongoing efforts using different techniques
based on directed evolution or rational design to alter
the architecture of capsids led to development of AAV
variants with good transduction efficiencies [63-66].
The scAnc80 vectors are demonstrably safe to use, and
capable of mediating a year-long suppression of HBV
gene expression. An added useful feature of AAVs is that
they infect HBV-replicating hepatocytes more efficiently
than cells that do not contain the virus [67].

Since the HBx OREF is located immediately upstream of
the single HBV transcription termination signal, targeting
HBx results in silencing of all major HBV RNAs. The
scAnc80 AAVs used in this study encoded monocistronic
or polycistronic apri-miR with cognates at single or
multiple coordinates within the HBx OREFE. Disabling
HBx has implications for expression of viral genes from
cccDNA. Naturally, the Smc5/6 complex is antagonistic
to transcription of extrachromosomal DNAs, such
as cccDNA, and HBx promotes extrachromosomal
transcription of cccDNA by enhancing degradation of the
Smc5/6 complex [7]. Hence, a useful property of targeting
HBx, as used here, is that the function of Smc5/6 should
be restored with resultant suppression of viral gene
expression from cccDNA. The HBV transgenic mice
used in this study actively replicate HBV in hepatocytes
and mimic chronic HBV infection in humans. However,
drawbacks of the model are that HBV infection of
murine hepatocytes does not occur and cccDNA is not
produced [68]. Information regarding production of
cccDNA by mice infected with AAVs carrying the HBV
genome sequences (AAV-HBV) is contradictory and the
mechanism by which the cccDNA is produced in these
animals need further investigation [69-72]. However, the
AAV-HBV model might be useful for evaluating efficacy
of anti-HBV therapeutic candidates. Lack of data on
HBeAg levels in cells or mice infected with scAAVs and
the use of HBsAg assay with limited linear range are the
limitations of this study. Nevertheless, the data show
that exploiting the limited HBV genome plasticity and
presence of HBx in all transcripts scAnc80 AAVs, these
are useful properties that may be harnessed to treat
HBV-infected individuals. Approaches combining RNAi
activators and other anti-HBV agents may offer a more
realistic approach in eliminating HBV [73]. A recent
study using an AAV-HBV model has demonstrated a
safe and a synergistic anti-viral effect with clearance of
the HBsAg when an lipid nanoparticle delivered siRNA
targeting HBV consensus motifs was used in combination
with IL-12 encoding mRNA. This study highlights the
potential of RNAi and immunomodulatory approaches as
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a promising approach towards the development of CHB
cure [74].

Although the evidence that Anc80L65 vectors can
transduce primary human hepatocytes is lacking, and
several AAV serotypes with proven human liver tropism
such as AAV3 have been described [75], safety and
efficiency of scAnc80 AAVs shown here reveals promise
as a new type of vector. Our evidence supports their
potential utility for treatment of chronic HBV infection.
The task ahead is to translate these findings to positive
clinical outcomes for chronic HBV patients.
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