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Abstract: Three types of oligonucleotide-based medicines are under clinical development for the
treatment of chronic HBV infection. Antisense oligonucleotides (ASOs) and synthetic interfering
RNA (siRNA) are designed to degrade HBV mRNA, and nucleic acid polymers (NAPs) stop the
assembly and secretion of HBV subviral particles. Extensive clinical development of ASOs and siRNA
for a variety of liver diseases has established a solid understanding of their pharmacodynamics,
accumulation in different tissue types in the liver, pharmacological effects, off-target effects and
how chemical modifications and delivery approaches affect these parameters. These effects are
highly conserved for all ASO and siRNA used in human studies to date. The clinical assessment
of several ASO and siRNA compounds in chronic HBV infection in recent years is complicated
by the different delivery approaches used. Moreover, these assessments have not considered the
large clinical database of ASO/siRNA function in other liver diseases and known off target effects
in other viral infections. The goal of this review is to summarize the current understanding of
ASO/siRNA/NAP pharmacology and integrate these concepts into current clinical results for these
compounds in the treatment of chronic HBV infection.
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1. Introduction

There are currently four known types of oligonucleotide therapeutic functionality
(Figure 1). These include directing cleavage of mRNA, stimulation of innate immunity,
sequence specific protein interaction (aptamers) and sequence-independent protein inter-
actions (nucleic acid polymers or NAPs). The most well-known oligonucleotide activity
is the sequence specific cleavage of mRNA by antisense oligonucleotides (ASOs) and syn-
thetic interfering double stranded RNA (siRNA). These have been extensively studied for
more than two decades, with several ASO- and siRNA-based drugs now approved for
the treatment of several different liver-related diseases [1]. ASOs direct mRNA cleavage
via their sequence-specific hybridization to a complimentary mRNA sequence. The result-
ing ASO/mRNA (DNA/RNA) hybrid recruits RNAseH and results in rapid site-specific
mRNA cleavage and degradation with concomitant rapid declines in target protein [1].
The initial stages of siRNA-mediated mRNA cleavage are similar to endogenous miRNA
function and involve processing via Dicer and loading onto the RNA-induced silencing
complex (RISC), which is then directed to a specific mRNA target sequence via comple-
mentary hybridization. An RNAseH domain in Ago2 (a RISC component) then cleaves
the mRNA [1]. Both ASO and siRNA approaches are exquisitely sensitive to base pair
mismatches between the ASO/siRNA and target mRNA: single base mismatches effectively
prevent mRNA cleavage directed by either ASO or siRNA [2].
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Figure 1. Relationships between known oligonucleotide classes and their pharmacological activities.
Synthetic oligonucleotides are indicated in blue with therapeutic activity in bold. Non-immune
pharmacological effects are indicated in green. Immunostimulatory effects are indicated in orange.

All oligonucleotides have the potential to stimulate the innate immune response (Figure 1).
These immunostimulatory features are derived from the ability of oligonucleotides to mimic
genomic features of bacteria and viruses which are recognized by pattern recognition receptors
(PRRs) including Toll-like receptors (TLRs) and retinoic-acid-inducible gene 1 (RIG-I) [3].
Sequence independent PRR recognition occurs with double stranded RNA (siRNA) via TLR3
or RIG-I [4]. Sequence dependent PRR recognition occurs with the presence of CpG motifs
in DNA via TLR9 [5] or with single or double stranded RNA (siRNA) [6,7] via TLR7 [8] and
TLRS [9].

Interactions between oligonucleotides and proteins are driven by sequence dependent
and sequence independent mechanisms (Figure 1). Sequence specific adoption of complex
secondary and tertiary structure by oligonucleotides (aptamers) can interact with specific
proteins in an antibody-like fashion [10]. TLR recognition is an example of an aptameric
interaction but these are also engineered with specific oligonucleotide sequences for thera-
peutic, diagnostic or industrial applications [10]. Sequence independent protein interactions
have been well studied for ASOs and include a conserved but diverse range of serum pro-
teins which influence ASO pharmacokinetics and tissue distribution [11]. Nucleic acid
polymers (NAPs) utilize the features of long (40 mer) phosphorothioate oligonucleotides to
drive high affinity interactions with uncomplexed amphipathic alpha helices [12,13] which
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do not occur with ASO. To date NAP applications have been driven by demonstrated inter-
actions with type 1 viral fusion glycoproteins [14,15], prion proteins [16], hepatitis delta
antigen [17] and the heat shock protein 40 kD (HSP40) chaperone J-protein DNAJB12 [18].

2. Oligonucleotide Modifications and Effects on Structure and Function

Oligonucleotides are inherently unstable (Figure 2), and their therapeutic utility as
ASQOs could not be realized until the discovery of the phosphorothioate modification
(PS) [19] as a stabilizing modification, in which one of the non-bridging oxygen atoms in
the phosphodiester linkage is replaced by sulfur. PS stabilizes oligonucleotides from exo-
and endonuclease attack [20], giving these compounds the stability required for the devel-
opment of the first oligonucleotide therapeutics. PS also allows electron resonance between
the phosphosphorous and sulfur atoms, which permits the induction of a hydrophobic
moment along the oligonucleotide in the presence of a hydrophobic substrate [21], driving
liver accumulation of ASOs and NAPs and forming the biochemical basis for the activity
of NAPs [13]. PS modification also reduces hydration (solubility) [22] and introduces
chirality in the phosphodiester linkage, lowering hybridization stability [23], which led
to the implementation of a variety of ribose modifications at the 2’ position of the ribose
sugar which improve duplex stability. In these second generation ASOs, 2'modified ribose
modifications are used in a “gapmer” configuration with the external 4-5 ribose sugars
being 2’ modified on the 5’ and 3’ ends of the oligonucleotide, leaving a central DNA core
capable of eliciting RNAseH activity (see below).
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Figure 2. Impact of oligonucleotide modification on pharmacological effects. Positive effects are
indicated in green, modifications with the potential to alter effects are indicated in orange. Negative
effects are indicated in red.
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O-linked methylation at the 2" position of ribose (2’OMe) is a naturally occurring nu-
cleotide modification in eukaryotes, which is rarely found in bacterial and viral RNAs. The
natural inhibition of PRR recognition by all oligonucleotides by 2’OMe modification [24]
was the foundation for the introduction of 2’ ribose modifications to reduce the proinflam-
matory activities of early ASOs (second generation ASOs) and siRNA [25]. Additionally,
2'ribose modification also improves ASO nuclease stability, ASO/mRNA duplex stability
and hydration of oligos [26-28], preventing off target protein interactions and improving
the therapeutic index of ASOs. Ribose modification at the 2’ position of oligonucleotides
now routinely includes 2’OMe, 2’ methoxyethyl (2’MOE), 2’ fluoro or locked nucleic acids
(LNA, 2/-4’ ethylene bridging of ribose) [29,30]. There are caveats to the use of these
modifications; 2’ ribose modification also blocks RNAseH recognition of ASO/mRNA
duplexes so retention of the ASO effect requires a “gapmer” configuration of 2’ ribose
modification [31], leaving at least 8 DNA nucleotides in the center of the ASO which have
2'H ribose [32,33]. The increased hybridization stability from 2’ ribose modification can
also lead to the formation of a secondary structure [34], which in fully 2 ribose modified
oligonucleotides can lead to increased off-target effects. Importantly, the use of 2’ ribose
modification to block immunostimulatory effects with siRNA also impacts its loading into
the RISC complex (Figure 3); thus, complete removal of TLR reactive properties of siRNA
are not possible without blocking RISC loading and target mRINA cleavage [35].

Complete No 2’ ribose
No RI 2’ ribose ificati RI
|0c;dinsgc modification mod|f|cat|on> |OaSC?ing
No TLR3 '
recognition SIRNA

Figure 3. The balance between siRNA modification RISC loading and TLR3 recognition.

LNA reduces oligonucleotide hydration [36,37] and alters the structure of oligonu-
cleotides to a rigid A-form configuration [38,39], which can interfere with oligonucleotide
function [40] and drives the formation of highly stable secondary structures with various
homopolymeric sequences [41-43]. These structural alterations direct significant off-target
RNAseH mediated mRNA cleavage with LNA-modified ASOs, which results in increased
hepatoxicity [44,45].

3. Liver Immunoreactivity, Cellular Uptake of Oligonucleotides, Lnp and Galnac

Innate immunoreactivity driven by PRR within the liver occurs in three main cell types:
hepatocytes, liver sinusoidal endothelial cells (LSECs) and Kupffer cells (KCs) (Figure 4).
Within these cell types, oligonucleotide immune reactivity (TLR3/7/8/9) is most predomi-
nant in LSECs and KCs (Figure 4) [46-48]. PS modification of ASOs and NAPs drives their
accumulation primarily in the liver and kidney [49-52] and is not affected by 2’ ribose mod-
ification. Within the liver, the majority of ASO/NAP accumulation occurs in LSECs, with
smaller accumulations in KC and hepatocytes (Figure 4) [53]. The PS modification is only
very sparingly used in siRNA and as such, even when stabilized with a variety of 2’ ribose
modifications, very little accumulation occurs in the liver. First generation siRNA drugs used
lipid nanoparticle (LNP) formulation. LNP-siRNA complexes with apolipoprotein E (Apo E)
following administration and transits LSECs and KCs silently to deliver naked siRNA with
high specificity and selectivity into hepatocytes (Figure 4) [54-56]. Unfortunately, LNPs also
have proinflammatory effects in the liver [57], ultimately resulting in their discontinuation
in clinical development for more recent siRNA drugs. Modern ASO and siRNA drugs in
development now employ conjugation with a triennial N-acetylglucosamine moiety (GalNAc)
to achieve delivery to hepatocytes [58]. This conjugation approach significantly improves the
fraction of ASOs accumulating in hepatocytes and circumvents the proinflammatory effects of
LNPs. However, a significant minority (~30%) of GalNAc-conjugated ASOs and siRNAs are



Viruses 2022, 14, 2052

50f19

delivered to LSEC and KC [59,60]. Thus, GalNAc conjugation has the effect of reducing the
relative immunostimulatory effects of any given ASO versus its unconjugated counterpart but
increases the immunostimulatory effect of any particular siRNA versus its LNP-formulated
counterpart (Figure 4).
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Figure 4. Impact of oligonucleotide uptake in the liver versus immunostimulatory impact. A map
of the most prevalent liver cell types is at upper left. Relative immunoreactivity to oligonucleotides
via TLR3/7/8 and 9 is indicated at upper right. Cell uptake with oligonucleotides are indicated as
unconjugated ASOs (middle left), LNP formulation siRNA (lower left) and GalNAc conjugated-ASO
or siRNA (lower right). Stronger cellular accumulation is indicated by darker shading.

4. Pharmacodynamics of the ASO/siRNA Response

With the advent of GalNAc conjugation, numerous conjugated ASOs and siRNA have
either undergone clinical development or have been approved for use for treatment of a
variety of liver or liver-related diseases [58]. The rapid degradation of mRNA following the
first dose of GaINAc-ASO or GalNAc siRNA is universally conserved both between subjects
and for different target mRNAs and similar between ASO and siRNA action, resulting
in a 90% (~1 logyp) reduction in target protein production within two weeks [61-71]. The
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efficient targeting of siRNA to hepatocytes with LNP formulation allows a lower siRNA
dose (~10 mg) to saturate mRNA cleavage [61,62]. As GalNAc conjugation results in a
smaller fraction of drug delivered to hepatocytes vs. LNP, GalNAc conjugation of ASO and
siRNA requires dosing in the 40-100 mg range to saturate mRNA cleavage [63,65-71].

Due to different rates of clearance from the cytoplasm, GalNAc-ASOs typically require
once weekly dosing, while GalNAc-siRNA dosing can be done every 4 weeks. Suppression
of protein expression beyond the 90% reduction from baseline is never observed with
any ASO or siRNA, even with repeated dosing because of exhaustion/saturation of the
pharmacological effect of these compounds. ASOs are constantly consumed in the RNAse
H-medjiated cleavage of target mRNA, RISC loading by siRNA is competed by endogenous
RISC loading by miRNA [72,73] and siRNA stimulates its own degradation via activation
of TLR3 [74]. However, GalNAc-conjugation has been recently shown to act as a long-term
depot for siRNA in acidified compartments inside hepatocytes [75], which may explain the
longer duration of siRNA availability and pharmacological effect in the liver after a single
dose vs. ASOs.

5. Molecular Biology of HBV vs. Mechanistic Approaches of Oligonucleotide-Based Drugs

HBYV infection occurs in hepatocytes and exists in two genetic forms: closed cova-
lent circular DNA (cccDNA) minichromosomes, which are present in euchromatic (active)
and heterochromatic (inactive forms) [76], and chromosomally integrated HBV DNA [77].
The copy number of cccDNA remains fairly constant over the course of chronic HBV
infection [76,78] but HBV DNA integration is progressive with increasing duration of infec-
tion [77]. Active cccDNA produces virus, subviral filaments and subviral particle spheres
(SVP), whereas integrated HBV DNA can only produce subviral filaments and SVP [79].
Chronic HBV infection is genetically diverse, with thousands of pre-existing quasispecies of
HBYV present prior to ASO/siRNA exposure with the ability to rapidly evolve in response
to selection pressure from these agents [80,81]. This is due to the lack of a proofreading
functionality in the HBV reverse transcriptase and the rapid turnover of transcriptionally
active cccDNA [82]. Chronicity of HBV infection is maintained by the persistent and
abundant circulating levels of HBsAg. HBsAg has diverse immunosuppressive properties
against both innate and adaptive immunity and prevents the establishment of host immune
control [79]. Targeting of HBsAg has been difficult to achieve because > 99.99% is derived
from SVP, which is produced independently from viral replication and independently from
cccDNA activity via integrated HBV DNA [79]. As such, currently approved direct acting
antiviral therapies for chronic HBV infection, such as entecavir (ETV), tenofovir disoproxil
fumarate (TDF) or tenofovir alafenamide (TAF), work well to suppress viral replication but
require life-long treatment and still result in the development of HCC if not started early
in infection.

The current challenge in the treatment of chronic HBV is the establishment of a
functional cure which entails clearance of HBsAg during therapy to permit the restoration
of immune control and normal liver function persisting in the absence of therapy. All of
the agents currently in development to target HBsAg are oligonucleotide-based: a single
unconjugated ASO (bepirovirsen, aka GSK3228836), several GalNAc-conjugated-siRNA
(JNJ-3989 [aka ARO-HBV], VIR-2218 [aka ALN-HBVO02], AB-729 and RG6346 [aka DCR-
HBVS]) and NAPs (REP 2139-Mg). All ASO/siRNA consist of a single trigger targeting
mRNA sequence in the HBsAg or HBx gene with the exception of JNJ-3989, which employs
two triggers, one in HBsAg and one in HBx. REP 2139-Mg is the magnesium chelate
complex formulation of REP 2139, which is a PS-modified 40 mer oligonucleotide with the
heteropolymeric sequence (2’OMeA, 2'OMe-5MeC), [13].

6. Animal Models Suitable for the Evaluation of ASO, siRNA and NAPs

Several different animal models have been used to investigate the antiviral effects of
oligonucleotide-based drugs for chronic HBV infection; however, important limitations and
species-specific issues have been largely ignored in the analysis of in vivo data generated
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with ASO/siRNA in these models (Table 1). To correctly model ASO/siRNA effects in
human HBYV infection, pre-existing quasispecies diversity and potential for rapid evolution
of escape mutants via single point mutation present in human infection are critical features.
These are absent in transgenic and HDI/ AAV mouse models of infection but present in
duck and woodchuck models [83]. Additionally, oligonucleotide immunoreactivity in
humans is poorly modeled in rodent systems [84,85]: CpG motifs which optimally simulate
TLRO differ between humans and other species [86] and TLR3 reactivity in mice is much
stronger than in primates [87]. SVP production in humans is at least in part HDL based [88]
and HDL metabolism is reversed in rodents relative to primates but is conserved in avian
species [89]. This suggests altered mechanisms for SVP production in rodents which may
explain the altered morphology of SVP in rodents vs. humans [79]. In Scid-Hu mice, the
human liver explant is perfused by the host circulation but remains in a dedifferentiated
state with a lack of sinusoids, the absence of bile canalicular formation between human
and mouse hepatocytes and pronounced steatosis [90]. These phenotypes suggest altered
lipid metabolism and oligonucleotide uptake.

Table 1. Suitability of animal models of HBV infection for evaluating oligonucleotide-based therapies.

Genetic Diversity

Rapid Turnover of

cccDNA
. (Pre-Existing . TLRY Activity TLR3 Reactivity
Model SVP Production  \g5y/Sirma Escape (L oLution of (CpG DNA) (dsRNA/RNAi)
Mutants) ASO/RNAI
Escape Mutants)
Human LDL-based Present Present Present Present
(SVP are spherical) (KCs) (LSECs, KCs)
LDL metabolism
opposite to Yes but human and
Transgenic mice humans None Present but rodent CpG Stropger V-
turnover unknown . primate
(SVP are sequences differ
octahedral)
LDL metabolism
opposite to Yes but human and
AAV /HDI-mice humans None Present but rodent CpG Stropger Ve
turnover unknown . primate
(SVP are sequences differ
octahedral)
SVP production is . I?resent Yes but human and
. . attenuated (limited due to Stronger vs.
Scid-Hu mice . Yes rodent CpG .
(altered lipid short term . primate
. . . sequences differ
metabolism) infection)
Present :
LDL metabolism (limited due to Yes but via altered . .
Ducks . Yes reactivity by Similar to primate
similar to humans short term
. . TLR15
infection)
LDL metabolism Present Yes but human and
Woodchucks opposite to . . Yes rodent CpG Similar to primate
(chronic infection) .
humans sequences differ

7. NAP Effects In Vitro, In Vivo and Humans in HBV Infection

Given that the antiviral activity of NAPs is sequence independent [12], the current
NAP REP 2139 was optimized to eliminate the formation of secondary structure, host
genome interactions and PRR recognition [13]. This was confirmed in studies in human
primary human hepatocytes [91] and in non-human primates [52]. In vitro, NAPs selec-
tively target the assembly and secretion of SVP without affecting HBV DNA or HBV RNA
production, HBeAg or HBcAg production/secretion or viral replication [92,93]. The inhibi-
tion of SVP assembly appears to target unassembled HBsAg for degradation [93]. Recently,
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the HSP40 chaperone DNAJB12 was shown to be required for SVP assembly and secretion
and selectively targeted by NAPs [18]. Recently, the development of LNA-modified NAPs
(STOPs) was attempted, but these compounds ultimately had no effect in human stud-
ies [94], primarily due to the fact that the structural rigidity imparted by LNA modification
destroys NAP functionality [95]. Unfortunately, the in vitro analyses of these compounds
used to support clinical studies [96] were highly flawed and shown to be artifactual [95].

Consistent with the issues in a variety of animal models, NAPs had no activity in
transgenic mice, Scid-Hu mice or woodchuck-based HBV model systems in vivo, despite
efficient liver accumulation [89]. NAP activity was easily observed in DHBV-infected
ducks [97-99] in which selective declines in HBsAg were disconnected from HBV DNA
declines (consistent with the selective targeting of SVP). Treatment with a variety of NAPs
demonstrated rapid clearance of HBsAg from the circulation and liver, rapid reduction in
cccDNA levels and activity in the liver and persistent immune control after removal of NAP
therapy [52,97,100]. In humans, NAP monotherapy was accompanied by rapid declines
in HBsAg up to 7 logjo from baseline (Figure 5) and by HBsAg loss and seroconversion,
HBeAg seroconversion and HBV DNA clearance but limited rates of functional cure [101].
Addition of a brief (13-week) exposure to immunotherapy (thymosin «1 or pegylated
interferon «2a [pegIFN]) increased the speed of HBsAg decline and the incidence of host
mediated liver enzyme flares and marginally improved the incidence and duration of
immune control after removal of therapy [101]. Most recently, 48 weeks of triple combina-
tion therapy with NAPs, pegIlFN and TDF was accompanied by high rates of HBsAg loss
and seroconversion (60%) and host-mediated transaminase flares (95%) during therapy
and functional cure of HBV (39%) with an additional 39% of patients achieving partial
cure after removal of therapy [102]. HBsAg loss during therapy was shown to be <0.005
IU/mL (up to 8 logj reduction from baseline) and accompanied by inactivation of cccDNA
and clearance of integrated HBV DNA [103]. HBsAg isoform analysis showed selective
clearance of the small isoform of HBsAg, confirming the selective targeting of SVP by
NAPs in human infection [104]. A small proof of concept trial demonstrated that REP 2139
also had potent effects against HDV infection in co-infected patients, with simultaneous
clearance of HDV RNA and HBsAg [105], which has persisted for 3.5 years in 7/11 and 4
of these 7 patients, respectively [106]. These antiviral responses continue to be observed
in recent compassionate use of subcutaneously administered REP 2139-Mg in cirrhotic
patients who failed to respond to peglFN or pegIFN and bulevirtide [107].



Viruses 2022, 14, 2052

90f19

Established pattern
of host protein
response
ASO /siRNA

GalNAc-siRNA
(~25% of participants)
GalNAc-siRNA
(~50% of participants)

GalNAc-siRNA
(~25% of participants)

HBsAg response
in vivo to TLR3
stimulation
(single dose poly I:C)

NAPs:
efficient
targeting
- of SVP

Reduction threshold
for HBsAg loss and
functional cure with
typical HBsAg burden

(2104 IlU/mL)

TN NSNS NN NN EENEEEEEEEEE

Jd=psssussssnsunnnnnnnnsn

Log,, IU/mL reduction in HBsAg from baseline
T

6 ] I I 1

0 1 2 3 4
Months after 1¢t dose

_ tttttttttttttAntisenseINAPs
cgmer 1 1 1 1 siRNA

t Poly I:C

Figure 5. Relative impact on HBsAg response with oligonucleotide-based medicine in human chronic
HBYV infection.

8. ASO/siRNA Effects In Vitro, In Vivo and in Humans in HBV Infection

HepG2.2.15 cells harbor multiple copies of the HBV genome, thus providing a ge-
netically invariable source of HBV RNA during viral replication. Early experiments with
synthetic hairpin RNA (shRNA), siRNA and ASOs demonstrated antiviral activity in this
and related in vitro systems [108-110] but without observable reductions in established
cccDNA [111]. In other in vitro systems, the development of escape mutants with exoge-
nously introduced HBV genomes were observed [112].

In vivo assessment of ASOs and siRNNA almost entirely occurred in mouse models
where strong antiviral responses were observed, including rapid multi-log reductions in
HBsAg [113-118]. These multilog reductions in HBsAg are uniquely distinct from the
normal pattern of protein response (saturation at 75-90% reduction from baseline) to
ASO and siRNA observed with other liver mRNA targets in vivo [119-123]. However,
siRNA analysis in woodchucks (which model the genetic plasticity present in human
HBYV infection) showed either no antiviral response or rapid rebound in viremia with
continued treatment of siRNA triggers in HBsAg or HBx. This rebound was accompanied
by the appearance of siRNA escape mutant mRNAs bearing point mutations in the siRNA
recognition region [124], consistent with the genetic plasticity of HBV. Importantly, one of
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the first siRNA studies performed in the HDI mouse model of HBV infection observed
cytokine induction consistent with TLR3 activation which occurred concomitantly with
antiviral responses [125]. Poly I:C is a dsRNA widely used as a TLR3 agonist and in the
HDI mouse model leads to a delayed and prolonged multilog HBsAg decline which is
interferon dependent [126]. Moreover, polyl:C also has antiviral effects against HBV in
ducks [127] and off target stimulation of innate immunity has been shown to contribute to
the antiviral effects of siRNA in the woodchuck model [128].

The first clinical evaluation of siRNA in human HBV infection was performed using
LNP-formulation of three siRNA triggers (2 in HBsAg and 1 in HBx, TKM-HBV/ARB-
1467). This trigger combination was based on in vivo data showing futility with single
triggers and designed to efficiently target mRNA produced from cccDNA or integrated
HBV DNA within hepatocytes. In a phase Il study conducted in ETV/TDF suppressed
chronic HBV infection using ARB-1467 at doses above those saturating for the siRNA effect,
mild initial responses in viremia (HBV RNA and HBcrAg) rebounded to baseline during
dosing [129,130], consistent with the effects observed in woodchucks. HBsAg response
was inconsistent with an siRNA effect: a highly variable and very small HBsAg reduction
averaging ~0.25 logg IU/mL from after 4 weeks followed by similarly small additional
reductions following each siRNA dose. A second LNP-formulated siRNA (ARC-520) used
two triggers, both in HBsAg. Phase I studies demonstrated transient increases in MCP-1 and
IL-8 following dosing [131], consistent with TLR3 stimulation. In phase II studies, HBsAg
response was again hypervariable and saturated with an average 0.110og10 IU/mL reduction
from baseline at 4 weeks at the lowest dose (1 mg/kg) still several times higher than
required to saturate the siRNA effect with LNP formulation (0.15 mg/kg) [132]. Small but
still hypervariable increases in HBsAg decline (average ~ 0.25 logjo IU/mL from baseline)
required doses 4 times higher. Interestingly, the HBsAg response to ARC-520 was stronger
in HBeAg-positive than HBeAg-negative patients, consistent with immunostimulatory
effects as opposed to siRNA-mediated degradation (which should be the same regardless
of HBeAg status). In HBeAg-positive patients, HBsAg declines following the first dose of
ARC-520 approached 1.5 log1o IU/mL from baseline [132], but this was at dosing (4 mg/kg)
substantially higher than required to saturate the siRNA effect. Multiple dosing of ARC-520
showed the same hypervariable and mild HBsAg response, averaging ~0.15 log10 IU/mL
after 4 doses of 1 mg/kg and 0.4 log10 IU/mL after 4 doses of 2 mg/kg [133].

All siRNA drugs which followed ARC-520 transitioned away from LNP formulation
to GalNAc conjugation (JNJ-3839, AB-729, VIR-2218 and RG6346), which is associated with
accumulation of these siRNAs in KCs and LSECs. For all these GalANc-siRNA, single or
multiple dose HBsAg responses were very similar (Figure 5) [134-137]. In the majority of
patients, HBsAg response was either absent until 4 weeks following the first dose (similar
to poly L:C response in mice) or was very mild and hypervariable with negligible HBsAg
response observed at 15 days. After 4 weeks, a universal decline in HBsAg was observed
in all patients saturating at 1.5-2.5 logp IU/mL reduction from baseline. Despite delayed
HBsAg declines in most patients, declines in markers of cccDNA activity (HBV DNA, HBV
RNA and HBcrAg) were rapid [134], consistent with cccDNA inactivation. Extension of
therapy to 48 weeks in NUC suppressed subjects with the addition a capsid assembly
modulator did not significantly improve this response, and HBsAg rebound following
cessation of treatment has been slow but continuous [134]. The addition of pegIFN only
improves HBsAg decline seen with siRNA by an additional 0.5 log;o IU/mL [138]. To date,
HBsAg loss has not occurred with any siRNA agent, except for 2 cases with ARC-520 with
very low baseline HBsAg (<10 IU/mL) and with several years of exposure in the presence
of ETV or TDF [139]. Importantly, HBsAg isoform response to siRNA treatment has been
performed with AB-729 using the identical assay platform used for NAPs: no selective
decline in the small isoform of HBsAg was observed, indicating that SVP are not targeted
and that an siRNA effect is absent. Moreover, selective declines in the virus-specific large
HBsAg isoform are observed, suggesting that cccDNA inactivation or other off-target effects
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are occurring. This is supported by additional recent observations that HBsAg response to
siRNA (AB-729) is correlated with increased immunostimulatory activity [140,141].

HBsAg response to GalNAc-ASOs (RG6004/R0O7062931 and GSK3389404) has also
been inconsistent with an ASO effect [142,143]. No HBsAg response to RG6004 was
observed with 0.5 mg/kg dosing, a dose level which yields easily observable protein
reductions with Gal-NAc ASOs for other target mRNAs within 2 weeks after the first
dose. Elevated dosing with RG6004 to 3 mg/kg produced a highly variable HBsAg decline
between subjects which averaged only 0.4 logjg IU/mL after 8 weeks. Responses with
GSK3398404 were almost identical to RG6004 in dose response, variability and average
HBsAg decline. Bepirovirsen is the unconjugated variant of GSK3389404 carrying the
identically modified oligonucleotide. This ASO is a 2’MOE gapmer designed to target
mRNA cleavage in HBsAg but it also contains a class II CpG motif within its middle
segment of DNA which is not shielded by 2’ ribose modification [79,144]. In contrast
to administration of GSK3389404, where this oligonucleotide is delivered primarily to
hepatocytes, administration of bepirovirsen results in the delivery of this oligonucleotide
mainly to LSECs and KCs. With bepirovirsen, no HBV DNA or HBsAg response was
observed in 4/6 subjects at the 150 mg dose [145], a dose which results in easily observed
rapid protein reductions with unconjugated ASOs against other liver targets [146,147].
HBsAg responses were limited to the 300 mg dose, but in contrast to GSK 3389404, strong
and rapid HBsAg declines (accompanied by host mediated transaminase flares) were
restricted to subjects with baseline HBsAg < 1000 IU/mL [145]. In subjects with baseline
HBsAg > 1000 IU/mL, HBsAg declines were indistinguishable from those observed with
GSK3389404. Recently, HBsAg declines with bepirovirsen have also been correlated with
its immunostimulatory activity [148]. These immunostimulatory activities have been
attributed to TLR8 based on studies in mice but mice do not accurately model TLR reactivity
in humans (Table 1) and this finding is at odds with the well understood biochemical
properties of oligonucleotides: TLRS reacts to unmodified ssRNA and TLR reactivity
to TLR7/8 is well shielded by 2’MOE modification in bepirovirsen. Moreover, the oral
TLR8 antagonist selgantolimod (GS-9688) did not elicit any HBsAg responses in human
infection [149] despite clear immunostimulatory effects [149,150].

9. Conclusions and Perspective

HBsAg loss is an important milestone in the establishment of a functional cure for
chronic hepatitis B infection. The molecular biology of HBV, and clinical experience with
peglFN and NAPs (the only agents currently capable of achieving HBsAg loss on therapy)
indicate the antiviral effects on HBsAg required to achieve functional cure are 1) SVP
particle production must be controlled and 2) HBsAg reduction > 4 log;yo IU/mL from
baseline must occur during therapy.

The genetic plasticity of chronic HBV infection is at odds with the notion that sequence-
dependent mRNA cleavage of HBV mRNA by ASO or siRNA approaches are by themselves
capable of achieving HBsAg responses below the threshold required for achieving func-
tional cure. The failure of siRNA in preclinical development in models of HBV infection
that model this genetic plasticity and the seminal siRNA assessment with ARB-1467, where
rebound of viremia in the presence of three siRNA triggers occurred are consistent with
these realities.

GalNAc-ASOs and GalNAc-siRNA have an identical pharmacodynamic protein re-
sponse signature, susceptibility to single point mutation and share similar, very well-
established threshold dosing for effects in humans. As such, clinical evaluations with ASOs
in chronic HBV infection inform on the potential for siRNA effects and vice versa in human
studies. GaINAc-ASOs are accompanied by little to no HBsAg response at doses saturat-
ingthe ASO effect for other mRNA targets in the liver and at higher doses experience weak
and hypervariable HBsAg responses still inconsistent with the ASO effect. Strong HBsAg
responses are only observed when an ASO containing a TLRY stimulatory motif is targeted
to immunoreactive cells in the liver (bepirovirsen) and then only in patients with low base-
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line HBsAg (where immune functioning against HBV is more permissive). Consistent with
these ASO findings in chronic HBV infection, HBsAg responses to all GalANc-siRNA are
also inconsistent with the cleavage of mRNA. Rebound of infection occurs with LNP-RNA
or mild HBsAg response is restricted to immunosensitive (HBeAg+) patient populations at
siRNA doses far above the threshold required to saturate the siRNA effect. All GalNAc
siRNAs have a delayed HBsAg response in the majority of patients which excludes an
siRNA effect but is consistent with the exposure of immunoreactive siRNA in LSECs and
KCs with GalNAc conjugation and with the delayed HBsAg responses observed with TLR
3 stimulation in mouse HBV models with dsRNA (poly I:C). These off target effects have
been previously observed during the development of siRNA for influenza infection [151].
Additionally, siRNA has been shown to not target the production of SVP both directly by
HBsAg isoform analysis and indirectly by the ubiquitously saturated HBsAg decline of
1.5-2.5 log1g IU/mL from baseline with all siRNA. SVP constitute > 99.99% of circulating
HBsAg so the relatively mild HBsAg reduction threshold with siRNA indicates SVP are
not being targeted.

The residence time of NAPs differs from GalNAc-ASO and GalNAc-siRNA. NAPs
are rapidly cleared from the liver [52], whereas the GalNAc conjugation acts as a depot for
ASO and siRNA in the liver [75]. Caution must be taken when interpreting the off-therapy
antiviral responses to GalNAc-ASO and GalNAC-siRNA as the pharmacological effects
of these agents can linger for months. As such, the delayed or slow rebound of HBsAg
observed following cessation of GalNAc-ASO or GalNAc siRNA may reflect persistent
pharmacological effects of these agents instead of real host antiviral responses.

Based on the substantial amount of available clinical data, the persisting or rapid
development of escape mutants to ASO or siRNA exposure appear to restrict the effects
of siRNA and ASO in human HBV infection to inactivation of cccDNA and or autophagy
of HBsAg destined to form virus or subviral filaments: both activities are known to
be stimulated by TLR activation. Neither ASO or siRNA appear to directly target the
degradation of mRNA and consequently, the production of SVP from integrated HBV
DNA. This is an important distinction as integrated HBV DNA is the source of the bulk of
HBsAg in HBeAg negative chronic HBV infection [79]. On the other hand, NAPs do not
directly affect viral replication but very effectively target SVP production from cccDNA
and integrated HBV DNA, leading to much stronger HBsAg declines to below the limit of
detection of the most sensitive experimental HBsAg assay available.

It is important to point out that the apparent TLR-stimulatory effects of ASO and
siRNA are the first TLR-agonist effects to yield significant antiviral responses in chronic
HBYV infection. This is likely a function of their ability to activate TLR3 or TLR9 and
be targeted directly to the liver and to immunoreactive non-parenchymal cells. These
activities will be important to consider in future combination therapies in the pursuit of
HBV functional cure. In the design and reporting of future clinical data from ASO/siRNA
based drugs, individual baseline HBsAg and HBsAg responses will also be important to
disclose to solidify our understanding of how ASO/siRNA technologies may participate in
functional cure of HBV.
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