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ARTICLE INFO ABSTRACT

Keywords: More than 290 million people have chronic HBV infection and are at risk of developing cirrhosis and hepato-
Nucleic acid polymer cellular carcinoma. HBV subviral particles are produced in large excess over virions in infected patients and are
REP 2139 the primary source of HBsAg, which is postulated to be important in allowing HBV to chronically persist by
HBsAg interfering with immune function. Nucleic acid polymers (NAPs) have been shown to result in clearance of
g’e‘gg;’;"‘;’gel HBsAg from the blood in pre-clinical and clinical studies. In this study, we show for the first time the re-

capitulation of NAP- induced inhibition of secretion of HBsAg in vitro using the human HepG2.2.15 cell line.
With the restoration of endosomal release of NAPs in vitro using the UNC7938 compound, NAPs were observed to
selectively impair the secretion of HBsAg without any intracellular HBsAg accumulation. Additionally, the
structure-activity relationship of NAPs for this antiviral activity is similar to that previously reported in other
infectious diseases and identifies an exposed hydrophobic protein domain as the target interface for this antiviral
effect. The presented in vitro model, the first one to be based on a human derived cell line that constitutively

expresses HBV, is a very promising tool for the identification of the host proteins(s) targeted by NAPs.

1. Introduction

More than 2 billion people have been infected by the hepatitis B virus
(HBV). However, even with vaccine use and self resolution in the majority
of cases, over 290 million people have chronic HBV infection (Polaris
Observatory, 2018) and are at higher risk of developing cirrhosis and
hepatocellular carcinoma. Clearance of the hepatitis B surface antigen
(HBsAg) from the blood is the standard for cessation of therapy in these
patients (European Association for the Study of the Liver, 2017; Terrault
et al., 2018) and is the goal for new therapies attempting to achieve
functional cure of HBV infection (Dusheiko et al., 2016). Currently ap-
proved treatments include nucleos(t)ide analogs (NUCs) such as tenofovir
disoproxil fumarate (TDF) and entecavir (ETV), and immunotherapies
such as pegylated interferons (pegIFN). NUCs inhibit the viral reverse
transcriptase, leading to on-treatment suppression of HBV DNA (Marcellin
et al.,, 2016b) and reductions in the prevalence of cccDNA (Lai et al.,
2017; Lam et al., 2017; van Campenhout et al., 2016; Werle-Lapostolle
et al., 2004). PegIFN acts to stimulate the host immune response to HBV
infection. However, even when used in combination, these treatments
rarely lead to serum HBsAg loss (Marcellin et al., 2016a).

Nucleic acid polymers (NAPs) are phosphorothioated oligonucleo-
tides (PS-ONs) with broad spectrum antiviral activity (Vaillant, 2016).
Phosphorothioation protects oligonucleotides from nuclease attack but
also allows NAPs to interact with the hydrophobic surfaces of un-
complexed a-helixes present in the fusion glycoproteins of various class
1 enveloped viruses and other infectious agents (Vaillant, 2018). Im-
portantly, the antiviral activity of NAPs toward these viruses as well as
duck hepatitis B virus (DHBV) and hepatitis C virus (HCV) has been
shown to be size dependent and sequence independent (Matsumura
et al., 2009; Noordeen et al., 2013a; Vaillant, 2016) indicating that a
similar target interface (although absent in the glycoproteins of HBV
and HCV) is also involved in their antiviral activity toward these
viruses. The clinically evaluated NAPs REP 2055 and REP 2139 are
unique in their ability to achieve HBsAg clearance from the blood in a
majority of patients in clinical studies. Additionally, REP 2139, when
combined with immunotherapy, leads to the persistent control of in-
fection after removal of therapy in the majority of patients. This activity
is conserved in multiple HBV genotypes and in HBeAg positive and
HBeAg negative chronic HBV infection and in HBeAg negative HBV/
HDV co-infection (Al-Mahtab et al., 2016; Bazinet et al., 2017; Bazinet

Abbreviations: HBV, hepatitis B virus; DHBV, duck hepatitis B virus; HDV, hepatitis delta virus; HCV, hepatitis C virus; SVP, subviral particles; NAP, nucleic acid
polymer; NUC, nucleos(t)ide analogs; TDF, tenofovir disoproxil fumarate; ETV, entecavir; peglFN, pegylated interferons; PS-ON, phosphorothioated oligonucleotide;
ASO, antisense oligonucleotide; LNA, locked nucleic acid; PHH, primary human hepatocytes

* Corresponding author. INRS-Institut Armand-Frappier, Institut National de la Recherche Scientifique, 531 Boulevard des Prairies, Laval, H7V 1B7, Canada.

** Corresponding author. Replicor Inc, 6100 Royalmount Avenue, Montreal, H4P 2R2, Canada.

E-mail addresses: availlant@replicor.com (A. Vaillant), patrick.labonte@iaf.inrs.ca (P. Labonté).

https://doi.org/10.1016/j.antiviral.2019.02.009

Received 18 December 2018; Received in revised form 8 February 2019; Accepted 12 February 2019

Available online 13 February 2019
0166-3542/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01663542
https://www.elsevier.com/locate/antiviral
https://doi.org/10.1016/j.antiviral.2019.02.009
https://doi.org/10.1016/j.antiviral.2019.02.009
mailto:availlant@replicor.com
mailto:patrick.labonte@iaf.inrs.ca
https://doi.org/10.1016/j.antiviral.2019.02.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.antiviral.2019.02.009&domain=pdf

M. Blanchet, et al.

Antiviral Research 164 (2019) 97-105

Table 1
Sequence and chemical properties of NAPs used in this study.
NAP Sequence Length (nt) PS 2’0OMe 5-MeC Note
REP 2139 (AC)2o 40 + + + Clinically active lead RNA NAP
REP 2176 (CA)19oC 39 + + + REP 2139 size derivative
REP 2177 (AC)19 38 + + + REP 2139 size derivative
REP 2178 (CA),,C 35 + + + REP 2139 size derivative
REP 2179 (AC)q0 20 + + + REP 2139 size derivative
REP 2173 (AQ)20 40 + + + REP 2139 PO variant: 1 PO at position 20
REP 2174 (AC)2o 40 +2 + + REP 2139 PO variant: 2 PO at position 13 and 27
REP 2175 (AQC)20 40 +2 + + REP 2139 PO variant: 5 PO at position 7, 14, 21, 28, and 35
REP 2143 (AC)20 40 +7 + + REP 2139 PO variant: 20 PO (every other linkage)
REP 2107 (N)4o 40 + + REP 2139 degenerate analog
REP 2055 (dAdQC)yo 40 + Clinically active DNA NAP
REP 2031 (dC)40 40 + Loss of amphipathicity at acidic pH
REP 2057 (dAdG),o 40 + Loss of amphipathicity at acidic pH
REP 2117 None (abasic) 40 + Removal of bases (Noordeen et al., 2013a)
REP 2118 None (propane) 40 + Removal of bases and ribose sugars (Noordeen et al., 2013a)

Nt; nucleotide; d, DNA; N, degenerate sequence; PS, phosphorothioate linkage; PO, phosphodiester linkage.
2’0OMe, O-linked methylation at the 2’ position in ribose; 5-MeC, methylation of 5" position in cytidine base.

2 Specific linkage(s) are PO, see the Note column.

et al., 2018). Early in vitro and in vivo studies in the duck model iden-
tified an antiviral activity of NAPs occurring after viral entry that im-
paired DHBsAg secretion, consistent with the antiviral effects observed
in humans (Noordeen et al., 2013a, 2015; Quinet et al., 2018). Recent
studies using in vitro models of HBV and HDV infection observed entry
inhibitory activity significantly weaker than other entry inhibitors such
as myrcludex B (Schulze et al., 2010) for REP 2055 and no detectable
entry inhibition with REP 2139. Moreover, these studies failed to ob-
serve any alteration in HBsAg secretion upon treatment with NAPs
(Beilstein et al., 2018; Guillot et al., 2017). The difficulty in observing
this effect may be due to altered PS-ON trafficking in vitro versus in vivo:
PS-ONs are properly internalized and transported to the cytoplasm and
nucleus in vivo (Agrawal, 1996; Dias and Stein, 2002; Geary et al., 2015;
Koller et al., 2011) but remain sequestered in endosomes/lysosomes in
vitro (Dias and Stein, 2002; Koller et al., 2011; Yang et al., 2015).

Here we report the observation the inhibition of HBsAg secretion by
NAPs in vitro by sequentially treating HepG2.2.15 cells with NAPs and
UNC7938, a compound known to restore the release of PS-ONs from the
late endosome (Yang et al., 2015) in vitro. Indeed, we provide evidence
of an impaired secretion of HBsAg (and not of HBeAg) in the culture
supernatant accompanied by a reduction in intracellular HBsAg. Fi-
nally, we also demonstrate that this antiviral effect of NAPs is sequence
independent and relies on the size and amphipathic properties of the
polymer.

2. Material and methods
2.1. Cells and reagents

All NAPs were prepared and characterized as previously described
(Roehl et al., 2017). Treatment of cells was performed either with stock
solutions of NAPs prepared directly in normal saline or with chelate
complex drug products (REP 2139-Ca and REP 2139-Mg) used in the
REP 301 and REP 401 clinical studies (Bazinet et al., 2017, 2018).
HepG2.2.15 cells were maintained in William's medium E (WME)
complemented with 10% fetal calf serum (FCS) and gentamicin. A list of
the NAPs used in this reported study is presented in Table 1. The PCSK9
antisense PS-ON (LNA modified) (Gupta et al., 2010) was obtained from
Exiqon. The UNC7938 compound, a generous gift from Dr. Juliano
(Yang et al., 2015), was resuspended in DMSO. Treatment paradigms
used in experiments are described in the diagrams present in each
figure.
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Fig. 1. Effect of endosomal release of anti-PCSK9 ASO on target mRNA.
Experimental design is as indicated (A). Effect of treatment with anti-PCSK9
ASO, in the presence or absence of UNC7938, on target mRNA level relative to
housekeeping gene SKI-1/S1P (B). Cell viability upon treatment was monitored
(C). RU, relative unit.
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Fig. 2. Effect of endosomal release of REP 2139 and REP 2055 on secreted HBsAg. Experimental design is as indicated (A). Effect of treatment with REP 2139 (B)
and REP 2055 (D), in the presence or absence of UNC7938, on HBsAg secretion. Cell viability upon treatment was monitored (C, E). RU, relative unit.

2.2. Cell viability

Cell viability was assessed using 3 different methods: i) MTS test
was conducted per manufacturer instructions (Promega; Cell titer 96 °
Aqueous One solution reagent), ii) total cellular protein content after
lysis in Pierce lysis buffer (25 mM Tris*HCl pH 7.4, 150 mM NacCl, 1%
NP-40, 1 mM EDTA, 5% glycerol) was performed per the manufacturer
instructions (Thermofisher Scientific; Pierce TM BCA Protein Assay Kit),
iii) total cellular RNA was measured by Nanodrop following extraction
using the Aurum Total RNA Mini Kit (Biorad).

2.3. HBV total RNA and PCSK9 mRNA quantifications

Cellular RNA was normalized by Nanodrop and reverse transcribed
into cDNA using the iScript™ Select cDNA Synthesis Kit (Biorad).

Quantification of specific mRNAs was following reverse transcription
using the SsoFast™ EvaGreen® Supermix (Biorad). Primers used for the
quantification of PCSK9 and SKI-1-S1P housekeeping gene mRNAs are de-
scribed elsewhere (Blanchet et al., 2016; Gupta et al., 2010). The quantifi-
cation of total cellular HBV RNA was performed using the SsoFast™ Probes
Supermix (Biorad) with primers and probes used for detection as described
previously (Zhao et al., 2005). PCSK9 and HBV RNA concentration were
normalized to the housekeeping gene using the AAct method.

2.4. ELISA

HBsAg quantification in supernatants and cell lysates (obtained in
Pierce lysis buffer as described above) was conducted using the Murex
HBsAg Version 3 Kit (Diasorin) employing a standard curve from di-
lution of HepG2.2.15 supernatant. HBeAg quantification was conducted

99

using the ETI-EBK PLUS Kit (Diasorin) with standard cure calibration as
described for HBsAg. Presented results are normalized to total in-
tracellular protein content (BCA).

2.5. Confocal fluorescence microscopy

Cells were cultured on glass coverslips and following treatment,
were fixed for 10 min in 4% formaldehyde, followed by DAPI staining.
Coverslips were then mounted on microscope slides using Prolong an-
tifade reagent (Thermo Scientific). Cells were analysed using a confocal
microscope (Zeiss LSM 780). Detector sensitivity was constant for all
samples. The presence of Cy3-REP 2139 in cell nuclei was quantified
using ZEN 2.3 software (Zeiss) by measuring the mean of fluorescence
in the nucleus of 70 cells at each indicated step of the treatment. Data is
presented as a dot plot graph.

3. Results

3.1. Intracellular activity of PS-ONs (including NAPs), is restored upon
release from late endosomes

Given the known endosomal sequestration of PS-ONs in hepatocytes
in vitro (Dias and Stein, 2002; Koller et al., 2011; Yang et al., 2015), we
employed the previously described compound UNC7938 to attempt to
overcome this defect in HepG2.2.15 cells. Cells were treated with an
anti-PCSK9 antisense oligonucleotide (ASO) for 24 h followed by ad-
dition of UNC7938 for 2h (Fig. 1A). RT-qPCR analysis revealed that
PCSK9 mRNA concentration decreased in a dose dependent manner
only when cells were treated with UNC7938 (Fig. 1B) without affecting
overall cellular viability (Fig. 1C and Fig. S1B).
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Fig. 3. Effect of UNC7938 on Cy3-REP 2139 cellular distribution. Experimental design is as indicated. Analysis was conducted by confocal microscopy. (A)
Qualitative depiction of NAPs cellular distribution at successive steps of treatment. (B) Quantitative analysis of nuclear staining at the different steps. Each dot
represents the mean fluorescence for the nucleus of one cell. Overall average and standard error of the mean (SEM) are indicated.

We then sought to examine if the restoration of functional traf-
ficking of NAPs by UNC7938 would result in an observable antiviral
activity in HepG2.2.15 cells. Cells were exposed to REP 2139 for 24 h,
followed by UNC7938 treatment for 2h (Fig. 2A). A significant, dose
dependent reduction of HBsAg in the supernatant was observed with
REP 2139 only in the presence of UNC7938, with an ECso ~150 nM
(Fig. 2B) during which only minor alterations in cellular viability were
observed (Fig. 2C and Fig. S1D). The antiviral effect of the first clinical
NAP candidate (REP 2055) was also assessed in this model. Reductions
of HBsAg in the supernatant were also observed with REP 2055
(Fig. 2D). While occurring at lower concentrations than REP 2139, the

100

reduction in HBsAg in the supernatant with REP 2055 was accompanied
with a higher toxicity profile (Fig. 2E). It should however be noted that
at the ECs, no significant toxicity was observed.

3.2. Effect of UNC7938 on intracellular localization of REP 2139 in
HepG2.2.15 cells

Given the restoration of the post-entry effect of REP 2139 on low-
ering HBsAg in the supernatant, we sought to correlate this recovery
with an expected relocalization of REP 2139 upon cell treatment with
UNC7938. To this end, cells treated with 100 nM Cy3-REP 2139 were
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Fig. 4. Specificity of REP 2139 antiviral effect toward HBsAg secretion,
and resulting intracellular concentration. Experimental design is as in-
dicated (A). Comparative effect of treatment with REP 2139 on HBsAg and
HBeAg secretion, and on total HBV RNA intracellular concentration. (B)
Comparative effect of treatment with REP 2139 on HBsAg concentration in
culture medium and cell lysates (C). RU, relative unit.

fixed before or after exposure to UNC 7938, and the localization of REP
2139 was monitored qualitatively and quantitatively by fluorescence
confocal microscopy (Fig. 3A and B, respectively). While changes in the
overall cytoplasmic distribution of Cy3-REP 2139 could not be dis-
cerned in the presence of UNC7938, a marked increase in REP 2139
distribution to the nucleus was observed.

3.3. Selectivity of antiviral effect of NAPs towards HBsAg secretion

To gain an initial insight into the specificity of the antiviral effect of
NAPs towards HBsAg in HepG2.2.15 cells, we monitored changes in
intracellular HBV mRNA and secreted HBeAg and both secreted and
intracellular HBsAg (Fig. 4). Neither intracellular total HBV RNA nor
secreted HBeAg were altered in the presence of REP 2139 (Fig. 4B).
Interestingly, a smaller but still significant reduction of intracellular
HBsAg accompanied declines in HBsAg secretion into the supernatant
(Fig. 4C).

3.4. NAPs inhibition of HBsAg secretion is sequence independent and
requires continuous stretch of amphipathic polymer

In all previous studies on NAPs, their pharmacological effects have
been shown to be sequence independent and to rely on size and am-
phipathicity (conferred by phosphorothioate linkages). The conserva-
tion of this structure activity relationship in the antiviral activity of
NAPs in HepG2.2.15 cells was therefore examined.

Antiviral Research 164 (2019) 97-105

We first compared the antiviral activities of REP 2139 and its de-
generate counterpart REP 2107 and observed that both compounds
exerted very similar activity, ruling out the need for a specific sequence
(Fig. 5B). Results from cell treatment with REP 2139 size derivatives
demonstrated that the post-entry antiviral effect was clearly dependent
on the increased length of NAPs and was largely absent with NAPs
smaller than 35 nucleotides in length (Fig. 5C). The requirement of
amphipathicity was first assessed through treatment with REP 2139 and
derivatives in which phosphorothioate linkages were replaced with an
increasing number of phosphodiester linkages, thereby increasingly
disrupting the amphipathic character along the length of the NAP.
Results revealed that the post-entry antiviral effect was increasingly
inhibited with increasing numbers of phosphodiester linkages and
abolished when 5 or more phosphodiester linkages were present
(Fig. 5D). Cells were then treated with 40-mer NAP analogs lacking
either the base (abasic PS-ON, REP 2117) or the base and the ribose
sugar (propane phosphorothioate, REP 2118), which reduce the hy-
drophilic properties of NAPs (see Table 1). Neither of these compounds
were able to trigger any antiviral effect even when used at concentra-
tions up to 1 uM (Fig. 5E). Altogether, the results are in line with a
conserved structure/activity relationship of NAPs, relying on size and
amphipathicity of the polymer, independent of the sequence present in
the NAP.

3.5. REP 2139 formulation as chelate complexes does not affect its antiviral
activity in vitro

In clinical studies, the initial formulation of NAPs in normal saline
was accompanied by significant side effects during intravenous (IV) in-
fusion (shivering, fever, and headaches (Al-Mahtab et al., 2016), which
are common with IV infusion of PS-ONs (Chi et al., 2005; Tolcher et al.,
2004). To improve tolerability during infusion of the current lead NAP,
REP 2139 was subsequently formulated as calcium (REP 2139-Ca) or
magnesium (REP 2139-Mg) chelate complex, which neutralized the IV
infusion reactivity (Al-Mahtab et al., 2016; Bazinet et al., 2017; Bazinet
et al., 2018). In comparing the post-entry activity of REP 2139 versus
REP 2139-Ca or REP 2139-Mg (Fig. 6A), no meaningful difference in
dose-dependent inhibition of HBsAg secretion was observed (Fig. 6B).

3.6. NAP activity seems to occur at least in part in an acidified compartment

REP 2031 is a poly-dC based 40-mer NAP which forms tetramers at
mildly acidic pH, resulting in loss of amphipathicity (Kanehara et al.,
1997; Leroy et al., 1994; Manzini et al., 1994). This feature is common
to polypyrimidine tracts of oligonucleotides and is prevented by the
presence of purines (Geinguenaud et al., 2000) such as in the degen-
erate NAP REP 2006 and in REP 2055. Interestingly in both in vitro and
in vivo DHBV-based models, REP 2031 was unable to elicit any post-
entry effect (Noordeen et al., 2013a,b) as opposed to REP 2006 and REP
2055. These results strongly suggested that in DHBV, NAP antiviral
activity was occurring in a subcellular acidified compartment.

In an attempt to verify if this phenomena was transposable to our
HBV in vitro model, HepG2.2.15 cells were treated with REP 2031 and
REP 2057, which also loses amphipathicity at acidic pH (Dolinnaya and
Fresco, 1992), and REP 2055 (Fig. 7A). We observed a significant loss of
antiviral activity in cells treated with 40 nM of both pH sensitive NAPs,
as compared with REP 2055 (Fig. 7B). However, this gap in antiviral
activity is reduced at higher NAPs concentration (~80 nM). This set of
data is in line with observations made in the DHBV model, and supports
the hypothesis that inhibition of HBsAg secretion by NAPs occurs at
least in part in an acidified compartment.

4. Discussion

The present study is the first to demonstrate the impairment of
HBsAg secretion upon treatment with NAPs in an in vitro model. This
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activity required the restoration of endosomal release and intracellular
trafficking of NAPs, through the use of UNC7938. The recovery of this
antiviral effect occurred concomitantly with the increased nuclear lo-
calization of NAPs. Although alterations in cytoplasmic staining were
not observed, the enhanced prevalence of NAPs in the nucleus is con-
sistent with their release from endosomes into the cytoplasm, and in
line with previous observations with ASOs (Yang et al., 2015).
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Fig. 7. Antiviral effect of pH sensitive NAPs. Cells were treated with REP
2139 or NAPs known to lose their amphipathic feature at acidic pH, as in-
dicated (A). The antiviral effect on HBsAg secretion was monitored (B). RU,
relative unit.

In agreement with previous in vivo and clinical studies (Al-Mahtab
et al., 2016; Bazinet et al., 2017), NAPs result in the inhibition of se-
cretion of HBsAg with an ECso in the nanomolar range. This effect
appears to be post-translational and selective for HBsAg since it was not
accompanied by any significant alteration in the secretion of HBeAg or
in HBV transcriptional activity. NAP monotherapy in the in vivo duck
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filaments and/or forming spherical SVP (according to the model in [B]). In each
case, this inhibitory activity is a result of the interaction of NAPs with an as yet
uncharacterized host protein required either for the assembly of filaments
(according to [A]) or for the morphogenesis of spherical SVP (according to [B]).

model and in clinical studies results in the clearance of HBsAg/DHBsAg
and does not systematically result in HBV DNA/DHBV DNA removal
from the blood (Al-Mahtab et al., 2016; Noordeen et al., 2015), sug-
gesting the selective targeting of SVP. The effect of NAPs on the se-
cretion of Dane particles was not addressed in the current study but is
being examined in a more detailed follow-up analysis currently un-
derway. Since HBeAg secretion appears to be only marginally affected
by NAPs, the HBeAg seroconversion accompanying NAP therapy (Al-
Mahtab et al., 2016) in HBeAg positive patients is likely not due to a
direct effect on HBeAg by NAPs but rather a result of the recovery of
host immune function.

Importantly, the inhibition of HBsAg secretion in vitro did not
trigger any reactive intracellular accumulation but actually resulted in a
concomitant decrease in intracellular HBsAg, although milder than
observed for reduction of HBsAg in the supernatant. These results are in
line with the clearance of DHBsAg from the livers of ducks with NAP
treatment, as monitored by immunocytochemistry (Noordeen et al.,
2015; Quinet et al., 2018). Although the mild declines in intracellular
HBsAg may appear at odds with the inhibition of HBsAg secretion, they
may reflect the mechanism of action of NAPs. Intracellular HBsAg is
continually degraded through proteasomal (Liu et al., 2007) and/or
autophagy related pathways (Lazar et al., 2012) and the mild reduction
in intracellular HBsAg suggests that HBsAg is increasingly exposed to
degradation. This further suggests that NAPs block the assembly of
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subviral particles rather than inhibiting their transit through the se-
cretory pathway, in which case accumulation of intracellular HBsAg
would be expected (Chua et al., 2005).

Total intracellular HBV RNA was unaffected and since mRNAs
coding for HBsAg isoforms (namely the 2.1 and 2.5 kb HBV RNAs) ac-
count for =50% of total HBV RNA (Yang et al., 2014), it seems highly
unlikely that the observed reductions in intracellular and secreted
HBsAg are the result of an altered HBV transcriptional activity upon
treatment with NAPs. The lack of reduction of total HBV RNA is in line
with the lack of direct immunostimulatory activity of NAPs (Real et al.,
2017) as stimulation of PRRs are known to be able to stimulate the
intracellular degradation of viral RNA (Rigby and Rehwinkel, 2015).

The activity of NAPs on HBsAg secretion was sequence independent
but required a minimum NAP length above 30 nucleotides. Additionally,
loss of activity with the reduced ability of NAPs to adopt hydrophobic
interactions (by removal of phosphorothioate linkages) or reduced so-
lubility in aqueous environment (REP 2117 and REP 2118) indicate that
NAPs interact with an exposed hydrophobic protein domain. The size
and phosphorothioation-dependent activity of NAP also exclude any
immunomodulatory component as the recognition of oligonucleotides by
pattern recognition receptors (PRRs) is neither size or phosphorothioate-
dependent (Bauer and Hartmann, 2008; Kawai and Akira, 2009; Krieg,
2002). Additionally, this antiviral effect of NAPs persists with 2’O-me-
thylation of all ribose sugars (in REP 2107 and REP 2139) and 5-me-
thylation of all cytidine bases (in REP 2139), modifications which also
block recognition of oligonucleotides by PRRs (Kariko et al., 2005; Zust
et al.,, 2011). Finally, both REP 2031 and REP 2055 are similarly im-
munologically inert (Cardin et al., 2009; Roehl et al., 2017) but REP
2055 is active at lower concentrations than REP 2031 both in vitro in this
study and substantially more active with equivalent dosing in vivo in
DHBYV infected ducks (Noordeen et al., 2013b).

The nature of the putative target interface identified in the present
model is highly similar to that driving NAP activity in HIV-1, HSV-1,
HSV-2, CMV, HCV, prion disease and malarial entry (Vaillant, 2016).
This strongly suggests that an exposed hydrophobic surface (potentially
an amphipathic alpha helix) may be important for the assembly of SVP.

Finally, REP 2031 and REP 2057, two NAPs derivatives known to
lose their amphipathic properties at acidic pH (Dolinnaya and Fresco,
1992; Kanehara et al., 1997; Leroy et al., 1994), showed lowered
abilities to inhibit HBsAg secretion. These observations are in line with
similar results obtained in both in vitro and in vivo duck models
(Noordeen et al., 2013a,b), and suggest that the antiviral activity of
NAPs is occurring in a subcellular compartment with an acidified
lumen, consistent with known location for SVP assembly (ERGIC)
(Huovila et al., 1992; Patient et al., 2007).

5. Conclusions

While the SAR for the antiviral activity of NAPs has been examined
against DHBV/HBYV in other duck and human in vitro systems, this study
is the first to formally observe the inhibition of HBsAg secretion by
NAPs suggested by previous in vivo and clinical studies and to link the
SAR previously observed for antiviral activity in vitro in the duck system
to the inhibition of HBsAg secretion in a human-derived model.

Recovery of antiviral effect of NAPs in vitro in HepG2.2.15 cells
demonstrates a selective targeting of the release of HBsAg concomitant
with milder reduction in intracellular HBsAg suggesting that NAPs
block SVP assembly prior to their secretion, as presented in Fig. 8.
Taken together, current and previous data suggest that NAPs to target a
host protein involved in SVP assembly in an acidified subcellular
compartment (i.e. the ERGIC) which contains an exposed hydrophobic
domain. Importantly, the antiviral effects on HBsAg secretion and SAR
for these effects are consistent with those observed with NAPs in vitro
and in vivo in the duck model as well as in clinical studies, indicating
that the SVP assembly in this in vitro system provides a reasonable
modeling of SVP assembly in HBV infection in vivo and in humans.
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This model forms the basis for ongoing investigations on the impact
of NAPs on the entire HBV life cycle including Dane particle maturation
and secretion. This human-derived, cell line-based model will also be
central to the identification of the cellular target protein(s) responsible
for the observed antiviral effect(s) and to further understand the mo-
lecular mechanisms involved in the assembly of SVP.
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