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Functional cure of chronic hepatitis B requires the
elimination of serum hepatitis B virus surface
antigen (HBsAg).1 Nucleic acid polymers (NAPs),
single-stranded phosphorothioated oligonucleotides,
can reduce HBsAg in cultured cells and in
patients.2-4 STOPS, phosphorothioated oligonucleotides
that contain novel chemistry, have enhanced inhibition
of HBsAg by HBV-infected cells in vitro. This project
aims to elucidate how STOPS cause the reduction
of HBsAg.

The STOPS molecule ALG-10000 functions only when
transfected into cells, where it localized to the cytoplasm.
ALG-10000 reduced both intracellular and extracellular HBsAg. In addition, ALG-10000
reduced the level of HBV E-antigen, HBV polymerase, the core protein, total HBV RNA, and
secreted rcDNA in HepG2.2.15 cells. ALG-10000 did not significantly co-localize with or
bind to the HBsAg, indicating that STOPS acts through host-encoded factors. Five host
proteins that function in RNA processing, translation, and protein folding/degradation
were identified to bind ALG-10000: SRSF1, HNRNPA2B1, GRP78, RPLP1, and RPLP2.
Notably, all of these factors have been previously described to function in viral replication
and infection.5-8 Silencing RNAs targeting these host factors reduced the levels of HBsAg
and other HBV molecules known to be affected by STOPS. Interaction with multiple host
factors is required to account for the inhibition of HBV infection. Finally, the introduction
of ALG-10000, or the knockdown of GRP78, RPLP1, and RPLP2 in cells, increased the
ubiquitination of HBsAg and proteasome-mediated degradation of HBsAg.

STOPS and siRNAs were transfected into HepG2.2.15 cells that contain integrated HBV
genomes using Lipofectamine RNAiMax. Proteins from HepG2.2.15 cell lysates that bind
STOPS were identified using affinity chromatography, tandem mass spectrometry, and
searches of the human proteome database. Fluorophore-labeled ALG-10000 in cells was
visualized using a Leica SP6 microscope. HBsAg and other HBV proteins were quantified
using ELISA and Western blotting. HBV nucleic acids were quantified using a Quantigene
assay. Ubiquitination was detected by ELISA using a monoclonal antibody that was
conjugated to horseradish peroxidase.
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Supplemental Table 1. Proteins that bind ALG-10000. 
 
Protein      Gene Name  # peptides  Confidence (%) 
Nucleophosmin     NPM1   7  100.0 
Histone H4     HIST1H4A  6  100.0 

Endoplasmic reticulum chaperone BiP  GRP78/BiP/HSPA5 5    95.0 
Histone H2B     HIST1H2BK  5  100.0 

Histone H2AX     H2AFX   4  100.0 
Nuclease-sensitive element-binding protein  1YBX1   4  100.0 

Nucleolin     NCL   4  100.0 
Peroxiredoxin 1     PRDX1   4    94.7 

Protein-lysine 6 oxidase    LOX   3  100.0 
Dermicidin     DCD   3  100.0 

Small nuclear ribonucleoprotein Sm D1  SNRPD1  2  100.0 
A-kinase anchor protein 11   AKAP11  2    95.2 

Histone H3      H3F3A   2    95.0 
Heterogeneous nuclear riboprotein A2B1 HNRNPA2B1  1  100.0 

Calmodulin 2     CALM2   1  100.0 
Serine/arginine-rich splicing factor 1  SRSF1   1  100.0 

Protein SETSIP     SETSIP   1  100.0 
Actin, cytoplasmic 1     ACTB   1  100.0 

Prelamin A/C     LMNA   1  100.0 
Thioredoxin      TXN   1  100.0 

60S acidic ribosomal protein P2   RPLP2   1  100.0 
ATP synthase-coupling factor 6, mitochondrial ATP5PF  1  100.0 

 
   

 

- GRP78

- HNRNPA2B1

- RPLP1

- RPLP2

Resin

Tris ALG-10000

ALG-10000 HBsAg

-3 -2 -1 0 1 2

0

20

40

60

80

100

120

siRPLP2

nM (log)

%
 I
n

h
ib

it
io

n
/ 

%
 V

ia
b

il
it

y

-3 -2 -1 0 1

0

20

40

60

80

100

120

siRPLP1

nM (Log)

%
 I
n

h
ib

it
io

n
 /

 %
 V

ia
b

il
it

y

-3 -2 -1 0 1

0

20

40

60

80

100

120

siGRP78

nM (log)

%
 I
n

h
ib

it
io

n
 /

 %
 V

ia
b

il
it

y

-3 -2 -1 0 1

0

20

40

60

80

100

120

siSRSF1

nM (log)

%
 I
n

h
ib

it
io

n
 /

 %
 V

ia
b

il
it

y

-2 -1 0 1
-20

0

20

40

60

80

100

120

siHNRNPA2B1

nM (log)

%
 I
n

h
ib

it
io

n
 /

 %
 V

ia
b

il
it

y

EC50: 0.4 nM EC50: 0.7 nMEC50: 0.3 nM EC50: 1.4 nM EC50: 1.2 nM

siRNA conc. (nM)

.001   0.01    .01        1        10

siRNA conc. (nM)

.001   0.01       .01       1        10

siRNA conc. (nM)

.001   0.01    .01       1       10      100

siRNA conc. (nM)

.001    0.01      .01        1          10     100

siRNA conc. (nM)

.001     0.01      .01        1          10

STOPS have a complex mechanism of inhibition.
Inhibition of intracellular HBsAg suggests that inhibition precedes HBsAg trafficking and secretion. 
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ALG-10000 lacks extensive base pairing

Innate immune receptor reporter assays 

Confocal microscopy for HBsAg and 
ALG-10000 localization

Top 21 proteins that bind the ALG-10000 resin; tandem 
MS/MS and bioinformatic analysis

Several recombinant HF 
proteins can bind ALG-10000

ALG-10000 reduces the levels 
of bound cellular proteins

Five of the cellular proteins that bind ALG-10000 are required for optimal  HBsAg production. All 5 proteins have previously been 
reported to function in viral infections5-8.

STOPS interaction with splicing factor cannot account for the complete HBsAg inhibition

STOPS base sequence affects interaction with HFs
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Intracellular HBsAg
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HBV-infected HepG2-NTCP cells HepG2.2.15 cells that produce HBV

IP for HBsAg and Western blot probed for Ub

IP for Ub and Western blot probed for HBsAg

ELISAs for Ub on HBsAg 
captured on plates

Proteasome inhibitors can partially 
reverse the decrease in HBsAg abundance

STOPS have a complex mechanism of action to inhibit HBV infection and HBsAg production.

Through sequestration of cellular factors involved in RNA processing, STOPS decrease the

expression of HBV molecules. Through the sequestration of cellular factors needed to translate
and properly fold the HBV S-antigen, increase their ubiquitination and intracellular degradation.
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