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Preclinical Evaluation of An Anti-HCV miRNA
Cluster for Treatment of HCV Infection

Xiao Yang', Katherine Marcucci', Xavier Anguela' and Linda B. Couto'

'Division of Hematology and Center for Cellular and Molecular Therapeutics, Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania, USA

We developed a strategy to treat hepatitis C virus (HCV)
infection by replacing five endogenous microRNA
(miRNA) sequences of a natural miRNA cluster (miR-
17-92) with sequences that are complementary to the
HCV genome. This miRNA cluster (HCV-miR-Cluster 5) is
delivered to cells using adeno-associated virus (AAV) vec-
tors and the miRNAs are expressed in the liver, the site of
HCV replication and assembly. AAV-HCV-miR-Cluster 5
inhibited bona fide HCV replication in vitro by up to 95%
within 2 days, and the spread of HCV to uninfected cells
was prevented by continuous expression of the anti-HCV
miRNAs. Furthermore, the number of cells harboring
HCV RNA replicons decreased dramatically by sustained
expression of the anti-HCV miRNAs, suggesting that the
vector is capable of curing cells of HCV. Delivery of AAV-
HCV-miR-Cluster 5 to mice resulted in efficient transfer
of the miRNA gene cluster and expression of all five
miRNAs in liver tissue, at levels up to 1,300 copies/cell.
These levels achieved up to 98% gene silencing of cog-
nate HCV sequences, and no liver toxicity was observed,
supporting the safety of this approach. Therefore, AAV-
HCV-miR-Cluster 5 represents a different paradigm for
the treatment of HCV infection.
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INTRODUCTION

It is estimated that nearly 3% of the world population are chroni-
cally infected with hepatitis C virus (HCV)." Successfully treat-
ing this virus has been challenging because HCV mutates rapidly
and generates a heterogeneous population of viral variants. Until
recently, the standard therapy for HCV infection was a year-long
treatment with a combination of pegylated interferon-o. (IFN-o.)
and ribavirin. This treatment is <50% effective against the major
HCV genotype (genotype 1), and is poorly tolerated. Recently,
the US Food and Drug Administration approved two HCV
NS3/4A protease inhibitors (Boceprevir; Merck, Whitehouse
Station, NJ and Telaprevir; Vertex, Cambridge, MA) for use with
IFN-o and ribavirin. However, although these new direct-acting
antiviral (DAA) agents have good antiviral properties they were
not approved as monotherapies, because drug resistance devel-
ops rapidly when they are used alone.? Despite the improved
response rates of the triple drug regimens, the new standard-of-

care treatment is not broadly applicable to all HCV genotypes
and serious side effects persist. Second generation protease
inhibitors and other DA As that inhibit other viral proteins (e.g.,
NS5A and NS5B) or host factors required for HCV replication
(e.g., cyclophilins and miR-122) are in clinical development.**
However, most of these are unlikely to be effective as mono-
therapies, and combinations of these DAAs are currently being
evaluated, with the ultimate goal of developing an IFN-free drug
regimen.

We are developing an alternative strategy to treat HCV that
exploits the mechanism of RNA interference (RNAi), and uses a
combination of exogenous or “artificial” anti-HCV microRNAs
(miRNAs) to target five different regions of the HCV genome.
Recombinant adeno-associated virus (AAV) vectors are used for
delivery of this cluster of anti-HCV miRNAs. Unlike other DAAs,
this strategy has the potential to prevent the selection of drug-
resistant escape mutants, since five regions of the HCV genome
are targeted simultaneously. This is an important consideration
because, based on the high error rate of the HCV polymerase
(10™-10"° errors/copied base) and the high daily productive
capacity of HCV (10'? virions/day), it has been calculated that
HCV genomes with all possible single and double nucleotide sub-
stitutions are generated multiple times each day. The viable vari-
ants pre-exist in HCV-infected individuals before drug treatment
is initiated, and one additional nucleotide change is expected to
arise during treatment.” Therefore, to avoid resistance emergence,
the number of substitutions that a combination of DAAs would
need to overcome is >4 (ref. 5), and the miRNA cluster created in
this work has the potential to do this.

Previously, we described the utilization of an endogenous
miRNA cluster (miR-17-92) as a scaffold for RNAI effectors tar-
geting the HCV genome.® We replaced the first five mature miRNA
sequences of the miR-17-92 cluster with sequences complemen-
tary to the HCV genome (positive strand). Three of the five miR-
NAs target conserved sequences in the 5" untranslated region
(UTR) of HCV genotype 1b (UTR1, UTR2, and UTR3), and the
two others target sequences in one structural (Core) and one non-
structural (NS5B) gene. All five anti-HCV miRNAs were shown to
have gene silencing activity when endogenous miR-17, miR-19A,
miR-20, or miR-19B was used as a scaffold. However, if miR-18 was
used as a scaffold, mature miRNAs were not observed and no gene
silencing activity was detected.® We now report the construction
of a new polycistronic anti-HCV miRNA (HCV-miR-Cluster 5)
that uses the last miRNA in the miR17-92 cluster, i.e., miR-92,
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rather than miR-18, as a scaffold for an anti-HCV miRNA. This
optimized cluster was capable of inhibiting HCV replication in
the HCV cell culture system, and sustained expression of miRNAs
completely eliminated HCV from the culture, indicating inhibi-
tion of viral spread. In vivo, the new cluster showed potent gene
silencing activity following AAV gene transfer, and all five miR-
NAs were expressed in mouse liver at levels that are predicted to
inhibit HCV replication. Therefore, this vector represents a viable
alternative treatment for HCV infection.

RESULTS

In vitro gene silencing activity of HCV-miR-Cluster 5
The endogenous miR 17-92 cluster encodes six mature miRNAs
(Figure 1a). We used five of the miRNAs (miR-17, miR-19a,
miR-20, miR-19b, and miR-92) as scaffolds for miRNAs that target
the HCV (+) genome. Our goal was to develop the most efficient
and minimal set of miRNAs required to inhibit HCV replication
and prevent the emergence of escape mutants. The endogenous
sequences of the mature regions of the miRNAs (22-23 nucle-
otides) were replaced with HCV sequences (19-21 nucleotides)
that have previously been shown to be effective small interfering
RNAs and short hairpin RNAs, whereas the miR17-92 sequences
that encode the lower stems, loops, and intervening sequences of
the primary miRNA transcript were left intact. The guide strands
were designed to have low internal stability at their 5" ends because
this feature promotes efficient entry of the guide strand of mature
small interfering RNAs into RNA-induced silencing complex
(RISC).”* In some cases, this involved creating wobble or mis-
matches by changing the sequence at the 3’ end of the passenger
strand to manipulate the internal stability of the hairpin. We also
mimicked the secondary structure of the endogenous miRNAs
by introducing mismatches and bulges into the stem of the anti-
HCV miRNAEs, as this has been shown to increase the probability
that the guide strand will be incorporated into the RISC.” Since
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the exogenous mature miRNAs are 2-4 nucleotides shorter than
the endogenous mature miRNAs they replaced, it was possible to
insert them at the 5" or 3" end of the original miRNA sequence.
We chose to insert them at the 5" end because it has been dem-
onstrated that this orientation results in the generation of more
efficient miRNAs'’ and because it is important that the miRNA
seed region (2-8 nucleotides from the 5" end) contains HCV anti-
sense sequences rather than endogenous miRNA sequences. This
has implications for how the mature miRNAs will be cleaved by
Dicer, as will be discussed later. Unlike the endogenous miRNAs,
the anti-HCV miRNA guide strands were designed to be entirely
complementary to their targets, and thus are predicted to mediate
site-specific cleavage of their cognate targets.

The polycistronic anti-HCV miRNA plasmid constructed
(pHCV-miR-Cluster 5) encodes five anti-HCV miRNAs (miR-
UTRI1, miR-UTR2, miR-UTR3, miR-Core, and miR-NS5B)
(Figure 1b). The HCV (+) strand sequences targeted by miR-
UTR1, miR-UTR2, miR-UTR3, and miR-Core are highly con-
served among all HCV genotypes, and miR-NS5B targets the NS5B
gene of HCV genotype 1b.° pHCV-miR-Cluster 5 uses two regula-
tory elements that promote liver-specific expression (i.e., human
apolipoprotein E hepatic control region fused to the human ol
antitrypsin promoter), with the goal of limiting production of the
anti-HCV miRNAs to the major site of HCV replication.

The activities of the five miRNAs were evaluated in Huh-7
cells using dual luciferase reporter plasmids, which encode a
Renilla luciferase (RLuc) gene fused to an HCV DNA sequence,
to determine gene silencing activity, and a firefly luciferase gene,
to normalize transfection efficiencies.® Five different reporter
plasmids were constructed to evaluate the activity of each miRNA
individually (RLuc-UTR1, RLuc-UTR2, RLuc-UTR3, RLuc-Core,
and RLuc-NS5B). In addition, a reporter plasmid that contains the
target sites of all five miRNAs was constructed (RLuc-5 Targets).
To evaluate the miRNAs for nonspecific silencing, a reporter
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Figure 1 In vitro gene silencing activity of pHCV-miR-Cluster 5. (a) Structure of endogenous miR-17-92 cluster. (b) Structure of HCV-miR-Cluster
5. Numbers in between pre-miRNAs represent nucleotides. The shaded regions schematically represent sequences that differ between endogenous
miR-17-92 and HCV-miR-Cluster 5. (c) Huh-7 cells were co-transfected with 125 ug of a reporter plasmid (RLuc-UTR1, RLuc-UTR2, RLuc-UTR3, RLuc-
Core, RLuc-NS5B, RLuc-5 Targets, or psiCHECK2), and 125ug of a plasmid expressing 5 anti-HCV miRNAs (HCV-miR-Cluster 5) or a nonsilencing
control plasmid, pUC19. Twenty-four hours post-transfection, dual luciferase (FFLuc and RLuc) assays were performed on cell lysates. ApoE, human
apolipoprotein E hepatic control region; hAAT, human alpha-one antitrypsin promoter; HCV, hepatitis C virus; pA, bovine growth hormone polyade-
nylation signal; RLuc, Renilla luciferase; UTR, untranslated region.
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Figure 2 Adeno-associated virus (AAV) vectors expressing HCV-miRNA-Cluster 5 inhibit hepatitis C virus genotype 2a cell culture (HCVcc)
replication. Huh-7.5 cells were co-infected with HCVcc (~0.5 FFU/cell) and either scAAV2-HCV-miR-Cluster 5 or the control vector, scAAV2-eGFP, at
one of four doses (1 x 103, 1 x 104, 1 x 105, and 1 x 10°¢ vg/cell). Two hours following infection, the cells were washed, the media was replaced, and
the cells were incubated for 48 hours. (a) HCV RNA levels in supernatants quantified by QRT-PCR. Data represent triplicate HCV RNA measurements
of duplicate infections. (b) HCV RNA levels in cellular RNA quantified by QRT-PCR. (c) Anti-HCV miRNA levels in cellular RNA quantified by custom
QRT-PCR assays. (d) Northern blot analysis of miR-122 in Huh-7.5 cells co-infected with HCVcc and decreasing doses of scAAV2-HCV-miR-Cluster 5
(lanes 2-5), or scAAV2-eGFP (lane 6), or treated with 200U/ml IFN-o. (lane 7), or not treated with drug (lane 8). RNA from naive Huh-7.5 cells was
also included (lane 9). RNA markers included y-P*?-labeled Decade RNA molecular weight markers (lane 1) and a miR-122 oligonucleotide (lane 10).

eGFP, enhanced green fluorescent protein; miRNA, microRNA; scAAV2, self-complementary adeno-associated viral vectors of serotype 2.

plasmid that did not contain HCV sequences (psiCHECK2) was
used. As shown in Figure 1c, the miRNAs expressed from pHCV-
miR-Cluster 5 induced 56-72% gene silencing of their cognate
targets, relative to the pUC19 negative control plasmid, and 86%
silencing of the reporter plasmid containing all five targets. No
gene knock-down was observed using a plasmid that lacked HCV
sequences (psiCHECK2).

Inhibition of HCV genotype 2a cell culture replication
in vitro by AAV-HCV-miR-Cluster 5

In order to evaluate HCV-miR-Cluster 5 for its ability to inhibit
bona fide HCV replication, we used the JFH-1 HCV genotype 2a
cell culture (HCVcc) system.! It should be noted that the JFH-1
HCVcc used in these experiments contains multiple cell culture-
adaptive mutations, and replicates to high levels in Huh-7.5 cells.'?
At the dose of HCVcc used in these experiments ~3,000-5,000
copies of HCVcc/cell were observed, which is ~50-fold higher
than the levels observed in HCV-infected human hepatocytes;"
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thus this in vitro assay represents a stringent system for evaluating
the anti-HCV activity of the miRNAs. Sequencing of the JFH-1
HCVcc genotype 2a RNA confirmed the presence of the three con-
served 5'UTR sequences, and a near identical target sequence for
miR-Core (20/21 nucleotides; identical seed sequence). Therefore,
we predicted that miR-UTR1, miR-UTR2, miR-UTR3, and miR-
Core would have activity against HCVcc. However, miR-NS5B
would not be active against JFH-1 HCVcc RNA, since it is directed
against HCV genotype 1b. Self-complementary adeno-associated
viral vectors of serotype 2 (scAAV2) were used to deliver the exog-
enous cluster to Huh-7.5 cells. Cells were co-infected with HCVcc
and scAAV2-HCV-miR-Cluster 5 at one of four doses (1 x 103, 1 x
10% 1 x 10° or 1 x 10° vector genomes (vg)/cell). Two hours later,
the cells were washed and incubated for an additional 48 hours,
at which time RNA from cell supernatants and cell pellets was
purified and analyzed for HCVcc RNA by a quantitative real time
reverse transcription PCR assay (QRT-PCR). A dose-dependent
reduction in HCVcc RNA levels was observed in cell supernatants
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as the AAV dose increased, with a ~95% decrease observed using
the two highest vector doses (Figure 2a). Similar results were
observed when the cellular RNA was assayed for HCVcc RNA lev-
els (Figure 2b).

Custom QRT-PCR assays were used to quantify the intra-
cellular levels of the anti-HCV miRNAs. All five miRNAs were
expressed in a dose-dependent manner (Figure 2¢). Similar to
what has been observed for the endogenous miR-17-92 cluster,
the miRNAs were not expressed at identical levels.* For example,
in cells treated with a scAAV2-HCV-miR-Cluster 5 dose of 1 x
10° vg/cell, miR-Core and miR-NS5B levels reached ~1,300 cop-
ies per cell (Figure 2c), whereas 82 copies/cell of miR-UTR1 were
observed in the same cells. Therefore, in this two day HCVcc assay,
where HCV levels of over 3,000 copies/cell can be produced, miR-
Core levels of ~1,300 copies/cell resulted in ~95% inhibition of
HCV replication. Therefore, our goal was to achieve similar levels
of anti-HCV miRNAs in mouse liver using an AAV serotype opti-
mized for liver delivery (see below).

The above data indicate that scAAV2-HCV-miR-Cluster 5
induces the expression of high levels of miRNAs, and inhibits
HCV replication by ~95%. However, the expression of exogenous
miRNAs has the potential to disrupt the endogenous miRNA bio-
genesis pathway.”® Because HCV replication requires the highly
abundant liver-specific miR-122 for RNA accumulation,'® it was
important to rule out the possibility that an inadvertent decrease
in miR-122, led to a decrease in HCVcc RNA. To evaluate this,
miR-122 levels were analyzed by northern blot. As shown in
Figure 2d, no differences in miR-122 levels were seen between
cells transduced with increasing doses of scAAV2-HCV-miR-
Cluster 5 and untransduced cells. In addition, using a QRT-PCR
assay, the level of miR-122 observed in cells transduced with the
high dose (1 x 10° vg/cell) of scAAV2-HCV-miR-Cluster 5 was
4.95 x 10° £ 1.18 x 10* copies/ng RNA, whereas the level in cells
transduced with the control vector (scAAV2-eGFP) was 4.1 x 10°
+ 1.7 x 10* copies/ng RNA, indicating that the inhibition of HCV
replication was due to the expression of anti-HCV miRNAs, and
not an indirect effect caused by altered miR-122 biogenesis.

Prevention of HCV spread by AAV-HCV-miR-Cluster 5

We determined the fate of HCV in cells continuously expressing
the miRNAs, the situation that would be expected in vivo using
AAV vectors for transgene delivery.” Modeling this condition
in the Huh-7.5/HCVcc system poses several challenges. First,
HCVecc replicates to super-physiological levels in Huh-7.5 cells.
Second, since AAV vectors are maintained as nuclear episomes,'®
AAV genomes are lost over time in actively dividing cells in vitro,
such as Huh-7.5 cells. In contrast, in adult liver, hepatocytes divide
slowly and AAV episomes are more stably maintained, providing
sustained expression of transgenes.”” Therefore, to mimic the in
vivo situation, Huh-7.5 cells were co-infected with HCVcc and
scAAV2-HCV-miR-Cluster 5, scAAV2-miR-Core, or a scAAV2-
eGFP control vector. Additional controls included cells that were
treated with IFN-o or were left untreated. Forty-eight hours later,
an aliquot of the media, containing HCVcc, was used to infect
separate wells of Huh-7.5 cells that were treated one day earlier
with the respective scAAV vector, IFN-q, or were not treated. This
was repeated for a total of six cycles. Cells were recovered after
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each round of infection, RNA was isolated, and HCVcc levels were
quantified using QRT-PCR. The data in Supplementary Figure
S1 demonstrate that in this system, a greater than five log decrease
in HCVcc levels was observed within four rounds of propagation
when cells were transduced with scAAV2-HCV-miR-Cluster 5, or
were serially treated with IFN-o. This is in contrast to what was
observed using scAAV vectors that expressed just a single miRNA
(scAAV2-miR-Core), where HCVcc replication was inhibited by
two logs, but the vector was incapable of eradicating the infection.
This could be due to the effectiveness of miR-Core being below
a critical treatment value and/or the emergence of miR-Core-re-
sistant escape mutants. To evaluate the latter, we performed 454/
Roche pyrosequencing on PCR fragments amplified from RNA
isolated from HCV-infected cells that had been transduced with
either scAAV2-HCV-miR-Cluster 5 (Rounds 1 and 3) or scAAV2-
miR-Core (Rounds 1, 3, and 6). RNA from HCV-infected cells
that were untreated (Rounds 1, 3, and 6) or treated with IFN-¢,
(Rounds 1 and 3) was also amplified and sequenced. The results
of deep sequencing are tabulated in Supplementary Table S1,
with the sequence variation observed within the miR-Core target
sequence only, shown for simplicity. The nucleotide changes are
highlighted, and the possibility that a change may lead to an escape
mutant is also indicated. The frequency of true miR-Core resistant
escape mutants is expected to increase over six rounds, whereas
they are expected to be absent in cells treated with IFN-o. or
untreated cells. A comparison of the sequence changes occurring
between cells treated with AAV-miR-Core and cells treated with
IFN-o or left untreated, suggests that miR-Core escape mutants
emerged between rounds 1, 3, and 6. For example, at nucleotide
284 an increase in the percentage of variants containing a C>A
transversion increased from 4 to 9% between rounds 3 and 6, and
the reciprocal change (A>C transversion) at nucleotide 285 also
increased during this time. In addition, variants with a deletion
of a G at nucleotide 288, an A>T transversion at nucleotide 289,
and a deletion of an A at nucleotide 292 also increased over time.
At most positions the percentage of HCV genomes containing the
correct nucleotide was greater than those with a mutated base.
This suggests that the inability of this single miRNA to control
an HCV infection is due to at least two factors: the emergence
of escape mutants and the activity of the miRNA falling below a
critical threshold value.

The data for AAV-Cluster 5 also suggests that HCV variants
with a mutation (C->T transition) at nucleotide 295 emerge fol-
lowing round 3. However, since we were unable to amplify HCV
RNA beyond this point, this suggests that this variant was either
nonviable or was sensitive to another anti-HCV miRNA, and
underscores the notion that the use of multiple miRNAs targeting
conserved HCV sequences is important to eliminate HCV from
the culture.

One caveat to the sequencing data is that many of the observed
changes occurred within homopolymeric runs. Although the data
was processed with an algorithm (PyroNoise) to improve the accu-
racy of the sequences, it will be important to isolate mutant clones
and sequence them multiple times, as well as insert the mutated
sequences into the HCV genome and confirm their resistance to
AAV-miR-Core, to definitively state that the observed changes are
true miR-Core resistant escape mutants.
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To be sure that Cluster 5-resistant variants could not be gener-  against HCV genotype 2a) and one inactive miRNA (miR-UTR2),
ated at even later time points, in either the presence or absence of ~ was also included.® Additional controls included cells that were
selective pressure from miRNAs, a follow-up study was conducted  left untreated. RNA was isolated from cells after each round of
in which Huh-7.5 cells were co-infected with HCVccand scAAV2-  infection and HCVcc levels were quantified using QRT-PCR.
HCV-miR-Cluster 5, scAAV2-miR-Core, or a vector expressing  Similar to what was seen in the previous experiment, a greater
an irrelevant miRNA (scAAV2-miR-Irr) for a total of 10 cycles.  than five log decrease in HCVcc levels was observed, this time,
For comparison, a previously constructed AAV cluster (scAAV2-  within three rounds of propagation when cells were transduced
HCV-miR-Cluster 1), which expresses four active miRNAs (three ~ with scAAV2-HCV-miR-Cluster 5, and within five rounds using
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Figure 3 Adeno-associated virus (AAV) vectors expressing HCV-miRNA-Cluster 5 prevent hepatitis C virus (HCV) spread. (a) In presence of selective
pressure: Huh-7.5 cells were co-infected with HCV genotype 2a cell culture (HCVcc) (~0.2 1U/cell) and either scAAV2-HCV-miR-Cluster 5, scAAV2-HCV-miR-
Cluster 1, scAAV2-miR-Core, or scAAV2-miR-Irr at an AAV dose of 1 x 10° vg/cell. Negative control wells consisted of Huh-7.5 cells that were infected with
HCVcc but were not treated with a drug. Two hours later, the media was replaced and the cells were incubated for 48 hours. Supernatants were serially
passaged (total of 10 rounds) onto Huh-7.5 cells that had been transduced 24 hours previously with the corresponding AAV vector. After each round,
total cellular RNA was isolated and HCVcc RNA levels were measured by QRT-PCR (limit of sensitivity = 0.05 HCV copies/cell). Data represent triplicate
HCV RNA measurements of duplicate infections. (b) In absence of selective pressure: supernatants collected from rounds 1, 3, 6, and 10 of cells treated
with scAAV2-HCV-miR-Cluster 5 or not treated (a) were applied to naive Huh7.5 cells (in total volume of 2ml). Forty-eight hours later, total cellular RNA
was isolated and HCVcc RNA levels were measured by QRT-PCR. In addition, the supernatants from the cells treated with the round 10 supernatants were
serially passaged (two additional rounds) onto naive Huh7.5 cells and 48 hours later intracellular RNAs levels were measured. Data represent triplicate HCV
RNA measurements of duplicate infections. miRNA, microRNA; scAAV2, self-complementary adeno-associated viral vectors of serotype 2.
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scAAV2-HCV-miR-Cluster 1 (Figure 3a). In contrast using
scAAV2-miR-Core, HCVcc replication was once again inhib-
ited by two logs, but the infection was not eradicated. These data
confirm that expression of one miRNA is insufficient to inhibit
HCV spread, and indicate that expression of four miRNAs is more
potent than expression of just three, with miR-UTR2, specifically,
enhancing the activity of scAAV2-HCV-miR-Cluster 5.

Since the goal of anti-HCV therapy is to completely eradicate
the virus from infected cells and prevent a resurgence of repli-
cation once treatment is terminated, we also evaluated HCVcc
replication in these cultures in the absence of selective pressure
from the miRNAs. Media was collected from cells that had been
repeatedly treated with scAAV2-HCV-miR-Cluster 5 or were left
untreated following rounds 1, 3, 6 and 10 (from Figure 3a), and
it was used to infect naive Huh7.5 cells. Forty-eight hours later,
cellular RNA was isolated and evaluated for HCV sequences by
QRT-PCR (Figure 3b). In addition, supernatants from some of
these infections (from the original round 10 infections) were seri-
ally passaged for two additional rounds on naive Huh7.5 cells and
analyzed in the same manner. The data in Figure 3b demonstrate
that no replication competent HCV was present in the superna-
tants (collected following rounds 3, 6, and 10) from cells serially
transduced with AAV-Cluster 5. The lack of HCV in the absence
of selective pressure indicates that scAAV2-HCV-miR-Cluster 5
can prevent the propagation of HCV in vitro.
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Figure 4 Adeno-associated virus (AAV) vectors expressing HCV-
miRNA-Cluster 5 decrease hepatitis C virus (HCV) from infected
cells. (@) Huh-7.5 cells containing HCV genotype 1b replicons were
transduced with scAAV2-HCV-miR-Cluster 5 or scAAV2-miR-Irr at an AAV
dose of 1 x 10° vg/cell, in the absence of G418. Positive controls were
treated with interferon-o(IFN-a) (200U/ml) and negative controls were
left untreated. Cells were split every 3 days, and retreated with drug
(AAV or IFN-o) for a total of six rounds. Total cellular RNA was isolated
and HCV RNA levels were measured by QRT-PCR at each round. (b) After
six passages, cells (1 x 10°) were plated in 10-cm dishes in the presence
of G418 and were incubated for 2 weeks. HCV replicon-containing colo-
nies were stained with 0.05% crystal violet. miRNA, microRNA; scAAV2,
self-complementary adeno-associated viral vectors of serotype 2.
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Clearance of HCV by AAV-HCV-miR-Cluster 5

To investigate the ability of scAAV2-HCV-miR-Cluster 5 to
cure HCV-infected cells, we adopted an HCV replicon clearance
and rebound assay that was developed to evaluate the NS3/4A
protease inhibitor VX-950 (Telaprevir),”” The assay uses Huh-7
cells harboring an autonomously replicating subgenomic HCV
genotype 1b replicon, and unlike the HCVcc system, does not
produce infectious HCV. This replicon also encodes a neomy-
cin phosphotransferase gene, which allows for selective growth
of the HCV replicon-containing cells in the presence of G418.
Replicon cells were treated with scAAV2-HCV-miR-Cluster 5,
sCAAV2-miR-Irr, IFN-a, or were left untreated. Three days later,
the replicon cells were re-plated in fresh media and retreated with
the corresponding AAV vector, IFN-0, or were left untreated.
This was repeated for a total of six rounds. Cellular RNA was
isolated after each round, and was analyzed for HCV RNA by
QRT-PCR. At the end of the sixth round, cells were plated in the
absence of drug (AAV or IFN-), but in the presence of G418 to
allow for selective growth of those cells still harboring replicons.
As shown in Figure 4a, a time-dependent decline in HCV repli-
con RNA levels was observed when scAAV2-HCV-miR-Cluster
5 or IFN-o was used. A slight decrease was also observed in
cells treated with scAAV2-miR-Irr relative to untreated cells.
This may be due to the passenger strand of miR-Irr, which has
partial complementary to the HCV sequence. Although we have
not detected passenger strands for the anti-HCV miRNAs, the
stability of the guide and passenger strands of miR-Irr has not
been analyzed. Upon growth in G418, a dramatic reduction in
the number of replicon-containing colonies was observed when
cells were treated with scAAV2-HCV-miR-Cluster 5 or IFN-0,
as compared with cells treated with an irrelevant miRNA or left
untreated (Figure 4b). Although, complete eradication of HCV
from all replicon-containing cells was not observed, these data
demonstrate that scAAV2-HCV-miR-Cluster 5 significantly
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Figure 5 Adeno-associated virus (AAV) vectors expressing HCV-
miRNA-Cluster 5 mediate hepatitis C virus (HCV) gene silencing
in vivo. Female C57/BI6 mice (6-8 weeks) were injected with 2.5 x 107,
2.5x10%, or 2.5 x 10" vg/mouse of scAAV8-HCV-miR-Cluster 5 or scAAV-
GFP (2.5 x 10" vg/mouse) via the tail vein. Two weeks later, separate
cohorts of mice (n = 5) were injected with one of five RLuc-HCV reporter
plasmids (RLuc-UTR1, RLuc-UTR2, RLuc-UTR3, RLuc-Core, and RLuc-
NS5B) using the HDTV procedure. Mice were killed 2 days later and liver
lysates were analyzed for dual luciferase activity. Two independent liver
lysates were prepared and each lysate was analyzed in triplicate; results
are reported as the mean and SD of a representative lysate. Normalized
RLuc expression in mice injected with AAV-GFP was set as 100% activity.
GFP, green fluorescent protein; HDTV, hydrodynamic tail vein.
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reduced the intracellular HCV RNA copy number and the abso-  5(2.5x 10% 2.5 x 10'%, and 2.5 x 10" vg/mouse) or a control vector

lute number of HCV-containing cells. (scAAV8-eGFP; 2.5 x 10" vg/mouse). Two weeks later, one of the

five RLuc-HCV reporter plasmids was delivered by hydrodynamic
In vivo gene silencing activity by scAAV vectors tail vein injection, which results in transduction of ~40% hepato-
expressing HCV-miRNA-Clusters cytes.”? Mice were killed 2 days later, livers were harvested, and

The in vivo activity of AAV-HCV-miR-Cluster 5 was evaluated by = DNA, protein, and RNA were isolated for evaluation of gene trans-
monitoring gene silencing of the RLuc-HCV reporter plasmids.  fer, dual luciferase activity, and miRNA and mRNA levels, respec-
sCAAV vectors® of serotype 8 were used for delivery, as this sero-  tively. At the low dose of AAV (2.5 x 10° vg/mouse), the AAV copy
type efficiently transduces mouse liver.! Mice were injected viathe ~ number was estimated to be ~0.4 copies/diploid genome by quan-
tail vein with three different doses of scAAV8-HCV-miR-Cluster titative Southern blot (Supplementary Figure S2), and only two of
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Figure 6 MicroRNA (miRNA) and RLuc mRNA analysis of scAAV2-HCV-miR-Cluster 5-injected mice. (a—e) Northern blot analyses of miRNA
guide strands. Twenty-five ug of total RNA from mice injected with increasing doses of scAAV8-HCV-miR-Cluster 5 (2.5 x 10°, 2.5 x 10'°, and 2.5 x
10" vg/mouse) or scAAV8-eGFP (2.5 x 10" vg/mouse) was resolved on 15% denaturing polyacrylamide TBE-urea gels. Increasing amounts (2.4 x
107, 2.4 x 108, 1.2 x 10%, and 6 x 10° copies) of the synthetic specific miRNA guide strands were loaded as standards. The synthetic specific miRNA
passenger strand was loaded as a negative control. A y-P32-labeled Decade RNA molecular weight marker was also loaded. The miRNA transcripts
were detected using y-P*%-labeled DNA oligonucleotide probes specific for the antisense strand (miRNA guide strand): (a) miR-UTR1 guide probe, (b)
miR-UTR2 guide probe, (€) miR-UTR3 guide probe, (d) miR-Core guide probe, (e) miR-NS5B guide probe. Blots were stripped and reprobed with a
U6 snRNA probe to confirm equal sample loading. (f) Custom QRT-PCR analysis of miRNAs in animals injected with 2.5 x 10" vg/mouse of sSCAAV8-
HCV-miR-Cluster 5 (g) Analysis of RLuc-Core mRNA. Twelve micrograms of total cellular RNA was separated on a 1% agarose gel. Millennium RNA
markers were used as a molecular weight standard. The RLuc-Core mRNA was detected using an o-P32-labeled RLuc DNA probe. The membrane was
stripped and reprobed with an a-P*2-dCTP labeled B-actin probe to evaluate equal loading of samples. eGFP, enhanced green fluorescent protein;

HCV, hepatitis C virus; miRNA, microRNA; RLuc, Renilla luciferase; scAAV, self-complementary adeno-associated viral vector; snRNA, small nuclear
RNA; UTR, untranslated region.
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Figure 7 Comparison of self-complementary and single-stranded AAV-HCV-miR-Cluster 5 vectors in vivo. (a) Quantitative alkaline agarose Southern
blot of scAAV8-HCV-miR-Cluster 5 (5pl of 1:20 dil stock), ssAAV8-HCV-miR-Cluster 5 (5pl of 1:40 dil stock), and decreasing amounts (31.3-1.95ng) of
a 4,175 bp DNA fragment containing the HCV-miR-Cluster 5 expression cassette, which were used as copy number standards. (b) Female C57/BI6 mice
(6-8 weeks) were injected with AAV-HCV-miR-Cluster 5 vectors whose titers were determined using four independent methods and dosed according to
the 95% confidence intervals of the results: sScAAV8-HCV-miR-Cluster 5 (95% confidence intervals (Cl) = 4.4 x 10'° + 2.4 x 10'° vg/mouse), ssSAAV8-HCV-
miR-Cluster 5 (95% Cl=2.7 x 10'° +£ 9.1 x 10? vg/mouse), or sSCAAV-GFP (2.5 x 10'° vg/mouse) via the tail vein. Two weeks later, separate cohorts of mice
(n=5) were injected with either the RLuc-Core or RLuc-NS5B reporter plasmid using the hydrodynamic tail vein (HDTV) procedure. Mice were sacrificed
2 days later and liver lysates were analyzed for dual luciferase activity. Two independent liver lysates were prepared and each lysate was analyzed in tripli-
cate; results are reported as the mean and SD. Normalized RLuc expression in mice injected with AAV-GFP was set as 100% activity. (c) Levels of miR-Core
in mouse liver quantified using a custom QRT-PCR assay. (d) Female C57/BI6 mice (6-8 weeks) were injected with of ssAAV8-HCV-miR-Cluster 5 (2.5 x
10'° vg/mouse) or scAAV-GFP (2.5 x 10'° vg/mouse) via the tail vein. Two weeks later, separate cohorts of mice (n = 5) were injected with either the RLuc-
UTR1, RLuc-UTR2, RLuc-UTR3, RLuc-Core, or RLuc-NS5B reporter plasmid using the HDTV procedure. Mice were killed 2 days later and liver lysates were
analyzed for dual luciferase activity. Two independent liver lysates were prepared and each lysate was analyzed in triplicate; results are reported as the
mean and SD. Normalized RLuc expression in mice injected with AAV-GFP was set as 100% activity. AAV, adeno-associated virus; GFP, green fluorescent
protein; HCV, hepatitis C virus; RLuc, Renilla luciferase; scAAV, self-complementary adeno-associated viral vector; UTR, untranslated region.

the five reporter plasmids were inhibited (RLuc-UTR1 by 70% and
RLuc-UTR2 by 51%). No gene silencing of the three other report-
ers was seen (Figure 5). However, using a 10-fold higher dose of
AAV (2.5 x 10" vg/mouse), the AAV copy number increased to
~6.0 AAV copies/diploid genome and moderate to high levels of
gene silencing of all five reporters was observed (RLuc-UTRI:
80%; RLuc-UTR2: 93%; RLuc-UTR3: 54%; RLuc-Core: 81%;
and RLuc-NS5B: 73%) (Figure 5). Furthermore, using the high-
est dose of vector (2.5 x 10" vg/mouse), the AAV copy number
was estimated to be ~81 copies/diploid genome and 83-98% gene
silencing of all five reporters was observed (Figure 5). The higher
levels of reporter inhibition that were observed at the two highest

Molecular Therapy vol. 21 no. 3 mar. 2013

AAV doses are consistent with more efficient gene transfer, and
correlate with the higher intracellular miRNA levels, as shown by
both northern blot analyses and QRT-PCR assays. As shown in
Figure 6a-e, northern blot analyses demonstrated a dose-depen-
dent increase in the expression of all five mature (~20 nt) miRNAs
(miR-UTR1, miR-UTR2, miR-UTR3, miR-Core, and miR-NS5B),
but no precursor miRNAs (~70 nt) were detected. Furthermore,
the use of strand-specific probes showed that only the guide (or
antisense) strands of the five miRNAs were stably produced (nega-
tive data using passenger (or sense) strand probes are not shown).
Of note, the mature miR-UTR3 guide strand appeared longer than
the 19 nucleotide small interfering RNA it was designed to mimic.
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Figure 8 Toxicity Evaluation of scAAV8-HCV-miR-Cluster 5. Female C57/Bl6 mice (6-8 weeks) were injected with one of three doses of scAAV8-HCV-
miR-Cluster 5: 2.5 x 10° vg/mouse (circles), 2.5 x 10'° vg/mouse (squares), 2.5 x 10"" vg/mouse (triangles), or 2.5 x 10" vg/mouse of scAAV8-eGFP
(dashed line, diamonds) via the tail vein. Blood collected before vector injection and at five different time points postinjection (1, 2, 4, 8, and 27 weeks)
was analyzed for (a) alanine amino transferase (ALT), (b) aspartate amino transferase (AST), (c) alkaline phosphatase (Alk Phos), and (d) albumin. eGFP,
enhanced green fluorescent protein; scAAV, self-complementary adeno-associated viral vector; ULN, upper limit of normal.

We believe this is due to Dicer cleavage occurring 23 nucleotides
from the Drosha cleavage site, as would occur for endogenous
miR-19a, the miRNA that miR-UTR3 replaced. Since the addi-
tional nts are likely to be added to the 3’ end, they would not affect
the seed sequence, and therefore the activity of the miRNA is
not expected to be adversely affected. Custom QRT-PCR assays
revealed miRNA levels ranging from 60/cell for miR-UTRI1 to
1,300/cell for miR-Core in mice injected with the highest dose of
AAV (Figure 6f). It should be noted that the miRNA levels esti-
mated from the northern blots, using synthetic RNA standards,
were higher than those determined by custom QRT-PCR assays.
The reason for this discrepancy is unclear, but it is possible that
the miRNAs contain heterogeneous 3" ends that would not all be
amplified in the PCR assay.

To investigate the mechanism by which in vivo gene silencing
occurs, the fate of one of the reporter plasmid transcripts (RLuc-
HCV-Core mRNA) was evaluated by northern blot. Because the
miRNAs were designed to be completely complementary to their
HCV target sequences, it is predicted that the RLuc-HCV-Core
mRNA expressed from the reporter plasmid will be cleaved,
rather than translationally repressed.” To evaluate this, total
cellular liver RNA from mice injected with increasing doses of
scAAV8-HCV-miR-Cluster 5 and the RLuc-HCV-Core reporter
plasmid was analyzed by northern blot for the presence of the
RLuc-HCV-Core mRNA transcript. As seen in Figure 6g, as
the dose of AAV increased, the level of this transcript decreased
and became undetectable, consistent with an RNAi mechanism
(mRNA cleavage or destabilization),* rather than a nonspecific
gene silencing mechanism, such as innate immune response
induction.”
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Self-complementary AAV-miR-Cluster 5 and single-
stranded AAV-miR-Cluster 5 vectors induce similar
levels of gene silencing

The initial in vivo studies were performed using scAAV vectors
because they have been reported to transduce mouse liver ~10 times
more efficiently than traditional single-stranded (ss) AAV vectors.?
In our hands, scAAV vectors are more challenging to produce, as
they result in lower yields. For example, using an unbiased meth-
odology (quantitative silver stained PAGE), as opposed to QPCR,*
for quantification, the average number of vector particles produced
per roller bottle for scAAV vectors expressing miRNAs was 5.14
x 10" + 3.15 x 10" (n = 53 preps), which was significantly differ-
ent (P = 0.001) than the yield of ssAAV vectors expressing miR-
NAs (3.34 x 102 + 5.3e'% n = 7 preps). Therefore, our preference is
to use ssSAAV vectors for clinical development, if they are equally
effective as scAAV vectors. To directly compare these two types
of vectors, the identical HCV-miR-Cluster 5 expression cassette
was inserted into either scAAV or ssAAV backbone plasmids and
vectors were produced. Since the physical titer of scCAAV vectors
is often underestimated using QPCR,* three additional methods
were employed: quantitative PAGE/silver stain,” optical density,*®
and quantitative alkaline agarose gel electrophoresis followed by
Southern blot hybridization (Figure 7a). Based on the results of the
four assays, the 95% confidence intervals for the doses of scAAVS-
HCV-miR-Cluster 5 and ssAAV8-HCV-miR-Cluster 5 used in this
study were 4.4 + 2.4 x 10" vg/mouse and 2.7 x 10" + 9.1 x 10° vg/
mouse, respectively. Control mice were injected with scAAV-eGFP
(2.5 x 10'). Two weeks following vector administration, either the
RLuc-Core or RLuc-NS5B reporter plasmid was injected into the
mice via hydrodynamic tail vein. Livers were harvested 2 days later
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for analysis of dual luciferase activity. As shown in Figure 7b, the
scAAV8-HCV-miR-Cluster 5 and ssAAV8-HCV-miR-Cluster 5
vectors inhibited the expression of the RLuc-Core reporter plasmid
by 82 and 80% respectively, relative to the control mice, and inhib-
ited the RLuc-NS5B reporter plasmid by 72 and 63%, respectively.
No statistically significant differences in gene silencing activity were
observed between the two types of vectors. In addition, the levels of
miR-Core in mouse liver, as determined by QRT-PCR, were similar
(Figure 7c). An additional study was performed to determine the
level of gene silencing of the other three RLuc-HCV reporter plas-
mids (RLuc-UTRI1, RLuc-UTR2, and RLuc-UTR3) by the ssAAV-
HCV-miR-Cluster 5 vector (Figure 7d). The data in Figure 7b-d,
as well as a comparison between Figure 5a and Figure 7d, indi-
cate that the ssAAV8-HCV-miR-Cluster 5 vector and the scAAVS-
HCV-miR-Cluster 5 vector have similar potencies. The cumulative
data demonstrate that, at least for this expression cassette, the self-
complementary configuration of AAV does not provide any advan-
tage over the traditional single-stranded vector.

Evaluation of AAV8-Cluster 5 for potential liver
toxicity

Previous studies using AAV vectors to deliver short hairpin RNAs
to mouse liver and brain resulted in toxicity;'** however, expres-
sion of artificial miRNAs mitigated these toxic responses.'® Liver
toxicity was assessed in mice injected with either scAAV8-HCV-
miR-Cluster 5 or ssAAV8-HCV-miR-Cluster 5 vectors. Animals
were injected with three different vector doses (2.5 x 10°% 2.5 x
10%, and 2.5 x 10" vg/mouse), and blood was collected at six dif-
ferent time points (pretreatment, 1, 2, 4, 8, and 27 weeks postin-
jection), for the analysis of eight different serum proteins. The
data in Figure 8a-d demonstrate that no elevations or decreases
in alanine aminotransferase, aspartate aminotransferase, alka-
line phosphatase, and albumin and were observed at any time
point following administration of scAAV8-HCV-miR-Cluster 5.
The same was true for the four other serum proteins monitored
(y-glutamyl transferase, bilirubin, total protein, creatine phospho-
kinase; data not shown). In addition, no elevations of any serum
proteins were observed following administration of similar doses
of the ssAAV8-HCV-miR-Cluster 5 vector (data not shown). These
data support the safety of AAV-mediated delivery and expression
of anti-HCV miRNAs.

DISCUSSION

The new HCV protease and polymerase DAA agents represent a
new strategy in HCV therapy over traditional IFN-based treat-
ments, because they inhibit specific HCV enzymes important for
viral replication. Unfortunately, many of the DAAs quickly select
for drug resistance, and have not eliminated the need for IFN-o. in
a treatment regimen. Because HCV has both high replication and
mutation rates, all possible single and double mutants are gener-
ated multiple times each day in an infected individual.” Therefore,
resistant variants of single DAA agents naturally exist in infected
individuals before drug treatment has initiated, and more will be
generated during treatment. To avoid resistance emergence, it has
been suggested that DAA drug combinations will need to over-
come a genetic barrier of at least four mutations.” RNAi therapeu-
tics against HCV can also be considered DAA agents, and thus are
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susceptible to viral escape.” Viral evolution around RNAi might
be prevented through the simultaneous use of a mixture of anti-
viral RNAi molecules targeting different regions of the viral and/
or cellular sequences,’*? and in particular by targeting essential
viral elements.”® By exploiting the endogenous miR-17-92 clus-
ter, we have created an RNAi-based therapeutic for the treatment
of HCV infection, which relies on viral vector-mediated deliv-
ery. The anti-HCV miRNA cluster described here expresses five
biologically active anti-HCV miRNAs, and is more potent than
previously constructed clusters.® In addition, it is effective against
both HCV genotypes 1b and 2a, is capable of preventing HCV
spread, reduces HCV RNA in replicon-containing cells, and safely
induces HCV gene silencing in vivo.

Using AAV?2 vectors for in vitro delivery, scAAV2-HCV-miR-
Cluster 5 inhibited bona fide HCV replication by up to 95% when
HCV-infected cells were co-infected with scAAV2-HCV-miR-
Cluster 5 at doses of 1 x 10°-1 x 10 vg/cell. These doses of AAV led
to the expression of all five anti-HCV miRNAs at levels as high as
1,300 copies/cell (miR-Core). Based on the data in Figure 2a-c and
using four parameter curve fitting, the EC_ of scAAV2-HCV-miR-
Cluster 5 is 1.5 x 10* vg/cell and the levels of each miRNA expressed
at this dose of vector are estimated to be ~12, 47, 90, 278, and 277
miRNAs/cell for miR-UTR1, miR-UTR2, miR-UTR3, miR-Core,
and miR-NS5B, respectively. However, the contribution of each
miRNA toward HCV inhibition is not presently known.

Serial passage of HCVcc (genotype 2a) onto scAAV2-HCV-
miR-Cluster 5-transduced cells prevented viral spread in vitro,
and at a faster rate than the scAAV2-HCV-miR-Cluster 1 vector.
This suggests that in HCV-infected patients, sustained expres-
sion of the miRNAs from scAAV vectors may prevent viral
spread from HCV-infected hepatocytes to neighboring unin-
fected cells. In contrast to what was observed using scAAV2-
HCV-miR-Cluster 5, a vector expressing just a single miRNA
(scAAV2-HCV-miR-Core) was incapable of preventing virus
spread. In that case, the HCV levels were reduced by ~100-fold,
but the virus was not eliminated from the culture. Evidence
for the emergence of HCV variants with sequence changes in
the miR-Core target site was observed when cells were treated
with either AAV-miR-Cluster 5 or AAV-miR-Core. However,
in the former case, the variants disappeared from the culture,
suggesting that they were either nonviable or eliminated by a
different anti-HCV miRNA. In cells serially treated with AAV-
miR-Core, some of the variants increased over time, suggest-
ing that they may be true miR-Core resistant escape mutants.
However follow-up studies are necessary to confirm that these
sequence changes confer drug resistance, when they are in the
context of an HCV genome. The data clearly demonstrate that
the effectiveness of a single miRNA in inhibiting HCV replica-
tion is below a critical treatment value, and that AAV vectors
expressing clusters of miRNAs prevent the spread of an HCV
infection. The kinetics of AAV-Cluster 5, which expresses four
miRNAs (miR-UTR1, miR-UTR2, miR-UTR3, and miR-Core)
against HCV 2a was faster than AAV-Cluster 1 which expresses
three anti-HCV 2a miRNAs (miR-UTR1, miR-UTR3, and miR-
Core), suggesting that one additional miRNA improves efficacy.
scAAV2-HCV-miR-Cluster 5 was also capable of reducing the
level of HCV genotype 1b RNA in replicon-containing cells, as
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well as the number of replicon-containing cells, suggesting that
sustained expression of the miRNAs may eventually cure cells
of HCV.

HCV is a liver disease, with the majority of viral infection
and replication occurring in hepatocytes. Therefore, as with small
molecule drugs, it is crucial that RNAi-based therapeutics achieve
adequate liver exposure. Therefore, we used AAV serotype 8 vec-
tors to deliver HCV-miR-Cluster 5. This serotype has been shown
to be more effective in transducing mouse,” dog* and nonhuman
primate® liver than AAV2, and recently has been used success-
fully to deliver a coagulation factor IX transgene to the livers of
patients with hemophilia B.*” Efficient gene transfer to mouse liver
was observed using the scAAV8-HCV-miR-Cluster 5 vector at
doses at or >2.5 x 10'° vg/mouse (1 x 10** vg/kg). Mature miRNAs
of ~20 bases were observed and no precursor miRNAs (~70 nt)
were detected, indicating that the miRNAs were processed effi-
ciently, in contrast to what has been observed using short hairpin
RNAs.'># Although, in theory the HCV (-) strand can also be
targeted by RNAI, the primary HCV-miR-Cluster 5 was designed
to produce miRNAs whose guide strands would be selected by
RISC and target the positive strand of HCV. Indeed, no passenger
(or sense) strands, which are not fully complementary to HCV,
were observed, suggesting that the predicted (guide) strand was
loaded into the RISC, and that the passenger strand was degraded.
This feature, as well as the efficient miRNA processing and liver-
specific expression, should minimize the potential for off-target
effects by these anti-HCV miRNAs.

Although all five miRNAs were expressed from the same pri-
mary transcript, the levels of the mature miRNAs varied by at least
a log (based on QRT-PCR assays). For example, miR-UTR1 was
expressed at the lowest levels both in vitro and in vivo (60-80 cop-
ies/cell) and miR-Core showed the highest levels in both situations
(1,300 copies/cell). This has also been observed with the endog-
enous miR-17-92 transcripts, and it has been suggested that the
primary RNA assumes a compact globular tertiary structure and
the internalized miRNAs are processed less efficiently than the
surface-exposed miRNAs." Of note, the miRNA levels observed
in vivo are similar to or higher than those observed in HCVcc-
infected Huh-7.5 cells under conditions where >95% inhibition of
HCVcc replication and elimination of virus spread was observed.
Because the HCV level in human hepatocytes is estimated to be
~50-fold lower than the levels observed in HCVcc-infected Huh-
7.5 cells,'>* the miRNA levels achieved in vivo at the mid and high
doses of AAV may provide therapeutic benefit to HCV-infected
individuals. Despite the varied miRNA levels, similar levels of
gene silencing of RLuc reporter plasmids were observed in vivo
by all five miRNAs, implying that the miRNAs may differ in their
potency. More detailed biochemical studies are required to deter-
mine how much of the mature miRNAs are loaded into RISC and
how efliciently they cleave their cognate mRNA targets.

Unlike mice, complete liver transduction in HCV-infected
patients by AAV vectors is unlikely, and probably undesirable.
However, this may not be necessary if the anti-HCV miRNAs can
be transported via the intercellular exosomal pathway. Exosomes
are 40-100 nm vesicles of endocytic origin that are formed through
fusion of multivesicular bodies with the plasma membrane.*
Exosomes can mediate the transfer of functional miRNAs between
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many cell types, including hepatocytes.”” If used, this mechanism
of miRNA transport would have significant implications for the
treatment of HCV using AAV-miRNA vectors, as it would be
unnecessary to transduce every HCV-infected hepatocyte.

One surprising finding was the observation that ssAAV vec-
tors produce similar levels of miRNAs and induce gene silencing
to the same levels as scAAV vectors. This contradicts a number
studies that have demonstrated higher transduction levels using
scAAV vectors.**"** One complication of using the latter vectors
is that assays based on QPCR often underestimate of the titers of
scAAV, but not ssAAV vectors.”** Thus, relying on QPCR-derived
titers to dose animals would result in the administration of higher
doses of scAAV vectors relative to their ssAAV vector counter-
parts. For this reason, the titers of scAAV and ssAAV vectors
containing identical expression cassettes were determined using
four independent methods. When equal doses of each vector
were evaluated for miRNA expression and gene silencing activity,
similar levels of miR-Core and similar gene silencing of all five
reporter plasmids were observed. It is too early to conclude that all
scAAV vectors are affected in this way, but our data indicate that
for the HCV-miR-Cluster 5 expression cassette, sSCAAV vectors do
not have enhanced activity relative to ssAAV vectors.

AAV vectors are gaining credibility as therapeutic products.*®
A variety of different AAV serotypes with different tissue tropisms
are being assessed in both gene replacement and gene inhibition
applications, and preclinical and clinical data are encouraging.’’*
Using AAV-mediated gene delivery, we have developed a treatment
for HCV infection which exploits the endogenous miRNA pathway
to produce five functional anti-HCV miRNAs capable of cleaving
independent HCV sequences. Therefore, AAV-HCV-miR-Cluster
5 has the potential to cleave HCV genomes that have up to four
nucleotide substitutions giving it a high genetic barrier to resis-
tance, which is one of the requirements for effective treatment of
HCV infection.” The overall efficacy of the therapy will be based
on efficient delivery of AAV-HCV-miR-Cluster 5 to HCV-infected
cells and on the probability of each individual miRNA for cleav-
ing its target. The model of Leonard and Schaffer® predicts that as
the cleavage probability increases, the number of RNAi effectors
required for therapeutic success decreases, and that increasing the
number of RNAI targets dramatically improves RNAi efficacy. Since
four of the five miRNAs expressed from AAV-HCV-miR-Cluster 5
target conserved regions of the HCV genome, mutations in these
regions may generate nonviable variants, preventing drug selection.
The use of conserved target sites also provides the vector broad
specificity toward multiple HCV genotypes. Furthermore, the use
of miRNAs and a liver-specific promoter, add elements of safety to
AAV-HCV-miR-Cluster 5. Assessments of hepatic toxicity for both
scAAV8and ssAAV8-HCV-miR-Cluster 5 vectors revealed no safety
issues at doses up to 2.5 x 10" vg/mouse. Significantly, the safety of
peripheral vein administration of AAV8 vectors was recently dem-
onstrated in a human clinical trial.*” Finally, the demonstration that
sSAAV vectors are as effective as scAAV vectors for delivering the
miRNA cluster will not only simplify the manufacture of clinical
grade vector, but may avoid innate immune responses induced by
the latter.”® Therefore, AAV8-HCV-miR-Cluster 5 represents a dif-
ferent paradigm for the treatment of HCV infection and evaluation
of this approach in the clinic is warranted.
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MATERIALS AND METHODS

DNA constructs. The plasmid pUCI9MCSD-ApoE/hAAT-HCV-miR-
Cluster 2° was used to create the Cluster 5 vector plasmids that were used
to generate scAAV and ssAAV vectors. First,a DNA fragment that encodes
miR-UTRI embedded in endogenous miR-92 sequences (miR-92/UTR1)
was synthesized with Pmel sites at the 5" and 3" ends (GenScript, Piscataway,
NJ). This fragment was cloned into the single Pmel site of pUC19MCSD-
ApoE/hAAT-HCV-miR-Cluster 2, creating pUCI9MCSD-ApoE/hAAT-
HCV-miR-Cluster 4D. A DNA fragment encoding miR-17/UTR2 was
synthesized with Stul and Clal ends and was used to replace the same
fragment in pUC19MCSD-ApoE/hAAT-HCV-miR-Cluster 4D, creating
pUC19MCSD-ApoE/hAAT-HCV-miR-Cluster 5. This step resulted in the
removal of the inactive miR-18/UTR1 from the Cluster 4D plasmid.

For construction of the AAV vector plasmid, pscAAV-HCV-miR-
Cluster 5, the plasmid pUC19MCSD-ApoE/hAAT-HCV-miR-Cluster 5
was digested with Agel and Pmel, releasing three fragments. The Agel-
Pmel fragment, which encodes miR-17/UTR2, miR-19a/UTR3, miR-20/
Core, and miR-19b/NS5B, and the Pmel-Pmel fragment, which encodes
miR-92/UTR1, were cloned in a three-part ligation with the Agel-Pmel
backbone fragment of pscAAV-HCV-miR-Cluster 1.6 The salient features
of pscAAV-HCV-miR-Cluster 5 are in order from 5" to 3": () a WT AAV2
ITR at the 5" end, (ii) a transcriptional regulatory element consisting of
a 248bp ApoE HCR and a 403bp hAAT promoter, (iii) a cluster of anti-
HCV miRNAs in the order of miR-17/UTR2, miR-19a/UTR3, miR-20/
Core, miR-19b/NS5B, and miR-92/UTRI, (iv) a bovine growth hormone
poly(A) sequence, (v) a deleted AAV4 ITR, and (vi) an ampicillin
resistance marker in the plasmid backbone.

Construction of pssAAV-HCV-miR-Cluster 5 required a long series
of steps, to ensure that the expression cassette was identical to that in
pscAAV-HCV-miR-Cluster 5. It was also necessary to introduce a stuffer
fragment between the two AAV ITRs to increase the insert size from
2.06 to 4.47kb. A 2.4kb fragment from intron 1 of the hypoxanthine-
guanine phosphoribosyltransferase (HGPRT) gene was PCR amplified
from human genomic DNA and was inserted downstream of the poly(A)
sequence. It was also necessary to replace the deleted AAV4 ITR at the 3
end of scAAV-HCV-miR-Cluster 5 witha WT AAV2 ITR. These two steps
ensured that a single-stranded DNA molecule was packaged into AAV.

AAV vector production, purification and quantitation. Recombinant AAV
vectors were produced by triple transfection of HEK293 cells, followed by
cesium chloride-based purification, as previously described.* Vectors were
pseudotyped with either AAV2 or AAV8 capsids and physical titers were
determined by QPCR using primers and probes specific to the ApoE HCR
sequence (Forward primer: CCACTCGACCCCTTGGAATT3’; Reverse
primer: 5’AACCACGCCAGGACAACCT3’; Probe: 5’CGGTGGAGAGG
AGCA3’) and using linearized plasmid DNA as copy number standards.”
Vector titers were also determined by quantitative sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE)/silver staining using refer-
ence vector standards.”” In addition, some vectors were also quantified by
optical density®”® and quantitative alkaline agarose gel, followed by Southern
blotting, using differentamounts (1.95-31.25ng) of a4,175bp DNA fragment
containing the Cluster 5 expression cassette as copy number standards. Gels
were transferred to nylon membranes and hybridized to a o.-P*>-CTP-labeled
miR-Core DNA fragment in UltraHyb buffer (Ambion, Austin, TX) accord-
ing to the manufacturer’s instructions. The membranes were then exposed
to a phosphor screen and imaged using a Typhoon 9400 imaging system and
Image Quant software (GE Healthcare Bio-Sciences, Piscataway, NJ).

In vitro gene silencing and HCVcc inhibition assays. All in vitro gene
silencing assays were performed as previously described.® The in vitro
HCVcc inhibition assays were also performed as previously described,®
with a few modifications. Briefly, Huh-7.5 cells were plated in 6 well
plates at 2 x 10° cells/well. Twenty-four hours later, cells were infected
with either scAAV2-HCV-miR-Cluster 5 or scAAV2-eGFP, at one of four
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doses (1 x 10°, 1 x 10%, 1 x 10°, and 1 x 10° vector genomes (vg)/cell), and
with JFH-1 HCVcc (~0.5 FFU/cell) (kindly provided by Dr. George Luo,
University of Kentucky, Lexington, Kentucky). Two hours later, the media
was replaced, and the cells were incubated for an additional 48 hours.
Supernatants were collected and viral RNA was isolated using the QIAamp
viral RNA mini kit (Qiagen, Valencia, CA) according to the manufac-
turer’s instructions. Total cellular RNA was isolated using Trizol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.
HCV RNA levels were quantified by QRT-PCR as described below. All
infections were performed in duplicate.

HCV spread assay. Huh-7.5 cells were plated in 6 well plates at 2 x 10°
cells/well. Twenty-four hours later, cells were infected with either scAAV2-
HCV-miR-Cluster 5, scAAV2-HCV-miR-Cluster 1, scAAV2-miR-Core, or
sCAAV2-miR-Irr, at a dose of 1 x 10° vg/cell, and with JFH-1 HCVcc (~0.5
FFU/cell) (kindly provided by Dr. George Luo, University of Kentucky,
Lexington, Kentucky). Negative control cells were left untreated. Two
hours later, the media was replaced, and the cells were incubated for an
additional 48 hours. At this time, 1 ml of supernatant from each treatment
group was used to infect HCVcc-naive Huh-7.5 cells that had been trans-
duced 24 hours earlier with either scAAV2-HCV-miR-Cluster 5, scAAV2-
HCV-miR-Cluster 1, scAAV2-miR-Core, or scAAV2-miR-Irr, at a dose of
1 x 10° vg/cell, or were untreated (total volume media = 2ml). Total cel-
lular RNA from the initially infected cells was isolated using Trizol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions,
and HCV RNA levels were quantified in triplicate by QRT-PCR. This pro-
cedure was continued for a total of 10 rounds. All infections were per-
formed in duplicate. A preliminary HCV spread assay was performed
for a total of six rounds, and evaluated the generation of escape mutants
(Supplementary Materials and Methods).

In a separate experiment, to evaluate HCV replication in the absence
of miRNA selective pressure, 0.5ml of supernatant from the scAAV2-
HCV-miR-Cluster 5 treatment group (rounds 1, 3, 6, and 10) and from
the same rounds of the nontreatment group was used to infect naive
Huh-7.5 cells (total volume media = 2 ml). Forty-eight hours later, cellular
RNA was isolated and HCV RNA levels were quantified by QRT-PCR.
In addition, the supernatants from the round 10 samples were serially
passaged for two additional rounds and intracellular HCV RNA levels
were measured 48 hours later.

HCV replicon clearance and rebound assay. Huh-7 cells harboring an
autonomously replicating subgenomic HCV genotype 1b replicon (kindly
provided by Dr. George Luo, University of Kentucky, Lexington, Kentucky)
were maintained in Dulbeccos modified Eagle medium, 10% heat-inacti-
vated fetal bovine serum, 2mmol/l L-glutamine, nonessential amino acids,
and 0.5 mg/ml G418. For the HCV replicon clearance and rebound assay, the
replicon cells were plated in the absence of G418 in 6 well plates at a density
of 2 x 10° cells/well. Twenty-four hours after plating, the cells were trans-
duced with scAAV2-HCV-miR-Cluster 5 or AAV-miR-Irr at a dose of 1 x
10° vg/cell (in replicates of six). Positive control cells were treated with IFN-o
(300U/ml) and negative controls were left untreated. Three days later, cells
from three of the six wells were harvested for RNA isolation using Trizol, and
HCV levels were measured using QRT-PCR. The cells from the other three
wells were trypsinized, pooled and re-plated in all six wells of six well plates
at a density of 2 x 10° cells/well. Each entire six well plate was then re-trans-
duced with either scAAV2-HCV-miR-Cluster 5 or scAAV-miR-Irrat 1 x 10°
vg/cell, retreated with IFN-o or not treated. This procedure was repeated for
a total of six rounds of propagation. At the end of the sixth round, 1 x 10°
cells from each treatment group were plated into one 10-cm dish in the pres-
ence of G418 (0.5 mg/ml) and were cultured for 2 weeks. The G418-resistant
colonies were fixed and stained with 0.05% crystal violet.

Animal procedures. All animal studies were conducted at the Children’s
Hospital of Philadelphia with approval from the Institutional Animal Care
and Use Committee. The in vivo gene silencing studies, using female C57Bl/6
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mice (Charles River Labs; Wilmington, MA), relied on hydrodynamic tail
injection? of RLuc-HCYV reporter plasmids, as previously described. Briefly,
scAAV8-HCV-miR-Cluster 5 and ssAAV8-HCV-miR-Cluster 5 vectors, at
doses ranging from 2.5 x 10° vg/mouse 2.5 x 10" vg/mouse, were injected
into the tail vein of mice using low pressure (# = 5). Control animals received
scAAV8-eGFP vectors (2.5 x 10" vg/mouse) (n = 5). Two weeks later, an
hydrodynamic tail vein injection of one of five RLuc-HCV reporter plasmids
was performed. Two days later, the animals were sacrificed, livers were har-
vested and stored at —80 °C until processing. For assessment of liver toxicity,
eight other cohorts of mice were injected with scAAV8-HCV-miR-Cluster
5 or ssAAV8-HCV-miR-Cluster 5 at one of three doses (2.5 x 10% 2.5 x
10", and 2.5 x 10" vg/mouse), and serum was analyzed for eight different
serum proteins at six different time points (pretreatment, 1, 2, 4, 8, and 27
weeks postinjection) by IDEXX (North Grafton, MA). Control animals were
injected with scAAV8-eGFP (2.5 x 10" vg/mouse).

Biochemical analysis of mouse liver. Frozen (—80°C) whole mouse livers
were ground using a freezer/mill (Spex CertiPrep, Metuchen, NJ) in liquid
nitrogen using three, 1-minute grinding cycles spaced by three, 1-minute
cooling cycles. Ground livers were stored at —80°C until used for protein,
DNA, or RNA isolation. Protein lysates of frozen ground liver were pre-
pared by adding 200 pl of Passive Lysis Buffer (Promega, Madison, WI) to
~100mg frozen liver. The luciferase activity in 10 pl lysate was determined
using the Dual Luciferase Assay (Promega) on a Veritas luminometer
(Turner Biosystems, Sunnyvale, CA). Relative RLuc activity (RLuc/FFLuc)
in each sample was normalized to control animal lysates, which were set
as 100% activity. Two to three independent lysates were prepared for each
animal and each lysate was analyzed in triplicate for dual luciferase activ-
ity. Results are reported as the mean and SD of one representative lysate.
Liver DNA was analyzed for AAV copy number by Southern blotting
(Supplementary Materials and Methods).

Northern blot analysis of mouse liver and Huh-7.5 cellular RNA. For
analysis of anti-HCV miRNAs from mouse liver, 2ml of TRizol reagent
(Invitrogen, Carlsbad, CA) was added to ~200 mg frozen ground liver tis-
sue, and total RNA was extracted according to the manufacturer’s proto-
col and quantified on a NanoDrop ND-1000 spectrophotometer (Thermo
Scientific, Wilmington, DE). Twenty-five micrograms of total RNA was
resolved on 15% denaturing polyacrylamide TBE-urea gels (Invitrogen,
Carlsbad, CA). Decade RNA molecular weight markers (Ambion) were
labeled with y-P*- ATP as according to the manufacturer’ instructions, and
wererunadjacent to liver RNA samples. RNA was transferred to nylon mem-
branes, which were prehybridized using UltraHyb-Oligo buffer (Ambion)
for 1 hour at 65°C and subsequently probed with y-P?2-ATP labeled DNA
oligonucleotide probes at room temperature overnight. The blots were
washed three times at room temperature and once at 42°C for 30 min-
utes with 6x SSC/0.2% SDS, exposed to film, and developed using a Kodak
processor. The DNA oligonucleotide sequences used as probes were as fol-
lows: miR-UTRI1 guide probe: 5'-CCATAGTGGTCTGCGGAAC-3’, miR-
UTR2 guide probe: 5-AAAGGCCTTGTGGTACTGCCT-3’, miR-UTR3
guide probe: 5'-AGGTCTCGTAGACCGTGCA-3’, miR-Core guide probe:
5-AACCTCAAAGAAAAACCAAAC-3’, miR-NS5B guide probe: 5'-GAC
ACTGAGACACCAATTGAC-3’, U6 small nuclear RNA probe: 5'-TATGG
AACGCTTCACGAATTTGC-3". The RNA oligonucleotides used as
positive controls were as follows: miR-UTRI1 (guide strand): 5'-GUUCC
GCAGACCACUAUGG-3, miR-UTR2 (guide strand) 5-AGGCAG
UACCACAAGGCCUUU-3’, miR-UTR3 (guide strand) 5-UGCACGG
UCUACGAGACCU-3’, miR-Core (guide strand) 5-GUUUGGUUUUU
CUUUGAGGUU-3’, miR-NS5B (guide strand) 5-GUCAAUUGGUGU
CUCAGUGUC-3".

For analysis of RLuc-Core mRNA, 12ug of total cellular RNA was
separated on a 1% agarose gel prepared in Northern Max denaturing gel
buffer and run in Northern Max gel running buffer (Ambion). Millennium
RNA marker (Ambion) was used as a molecular weight standard. The RNA
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fragments were transferred to Bright Star Plus positively charged nylon
membranes (Ambion) and hybridized to a o-P*>-dCTP labeled RLuc DNA
probe, isolated from psiCHECK2 (Promega), in UltraHyb buffer (Ambion),
according to the manufacturer’s instructions. The blots were washed two times
at 42°C with 2x SSC/0.1% SDS for 5 minutes and twice with 0.1x SSC/0.1%
SDS for 5 minutes. The membrane was exposed to film, and developed using
a Kodak processor. The membrane was stripped and reprobed with a a-P*-
dCTP labeled B-actin probe to evaluate equal loading of samples.

Northern blot analysis of miR-122 from Huh-7.5 cells was performed
by purifying cellular RNA from cells using Trizol according to the
manufacturers instructions, resolving 1ug RNA on a 15% denaturing
polyacrylamide TBE-urea gel, and performing a Northern blot using a y-P*-
ATPlabeledoligonucleotideprobespecifictomiR-122 guidestrand (5’ ACAAA
CACCATTGTCACACTCCA3’) under conditions identical to those used
for the anti-HCV miRNAs. The membrane was stripped and reprobed with
a U6 small nuclear RNA probe to evaluate equal loading of samples.

QRT-PCR analyses of HCV RNA and miRNAs. HCV RNA was measured
using the TagMan One Step RT-PCR kit (Applied Biosystems, Foster City,
CA) and the primers and probe detailed in Takeuchi et al.*® In vitro tran-
scribed JFH-1 RNA was generated from plasmid pJFH-1 (Apath, Brooklyn,
NY) according to Kato ef al.,'' and was used to generate a standard curve.
The assay sensitivity was 1 x 10° HCV RNA copies/200 ng cellular RNA
(~0.05 copies/cell).

Quantitation of the anti-HCV miRNAs in Huh-7.5 cell extracts and
mouse liver RNA was performed using custom TagMan small RNA
QRT-PCR assays (Applied Biosystems) according to the manufacturer’s
instructions, using synthetic oligonucleotides to generate standard
curves. The RNA oligonucleotides that were used as positive controls in
the miRNA Northern blots were used to generate the standard curves.
The assay sensitivity was 67 miRNA copies/13.3 ng cellular RNA (~0.05
copies/cell) for miR-UTR, miR-UTR2, miR-Core, and miR-NS5B, and
was 10-fold less sensitive for miR-UTR3.

Quantitation of miR-122 in Huh-7.5 cells was performed using
a custom TaqgMan small RNA QRT-PCR assay (Applied Biosystems)
according to the manufacturer’s instructions, using a synthetic miR-122
oligonucleotide (S"UGGAGUGUGACAAUGGUGUUUGU3') togenerate
a standard curve. The assay sensitivity was 1 x 10° miRNA copies/13.3 ng
cellular RNA (~0.75 copies/cell).

Statistical analysis. Two tailed Student’s t-tests were performed. P values
of 0.05 or 0.01 were used to assess statistical significance.
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SUPPLEMENTARY MATERIAL

Figure S1. AAV vectors expressing HCV-miRNA-Cluster 5 prevent
HCV spread.

Figure $2. Southern blot analyses of mouse liver DNA.

Table S1. Sequence variation in miR-Core target site of HCV2a ge-
nome after various treatments (454/Roche PyroSequencing Analysis).
Materials and Methods.
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