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SUMMARY

SynNotch receptor technology is a versatile tool that uses the regulatory notch core portion with an
extracellular scFv and an intracellular transcription factor that enables to program customized input
and output functions in mammalian cells. In this study, we designed a novel synNotch receptor
comprising scFv against HBs antigen linked with an intracellular artificial transcription factor and ex-
ploited it for viral sensing and cellular immunotherapy. The synNotch receptor expressing cells sensed
HBYV particles and membrane-bound HBs antigens and responded by expressing reporter molecules,
secNL or GFP. We also programmed these cells to dispense antiviral responses such as type | inter-
feron and anti-HBV neutralizing mouse-human chimeric antibodies. Our data reveal that synNotch re-
ceptor signaling works for membrane-bound ligands such as enveloped viral particles and proteins
borne on liposomal vesicles. This study establishes the concepts of “engineered immunity” where
the synNotch platform is utilized for cellular immunotherapy against viral infections.

INTRODUCTION

Biosensors are devices that detect biological analytes in the test environment and notify with a specific
output response. Cellular biosensors possess unique advantages over conventional biosensors, including
the possibility of "“in situ” use within the test environment (Gui et al., 2017). Although programming of pro-
karyotic cells with synthetic genetic circuits to use as “whole cell biosensors” has long been in vogue, the
recent advancements in synthetic biology have opened the doors to engineer mammalian cells to yield a
user-defined output in response to a specific input signal (Baeumler et al., 2017; Xia et al., 2019). With the
availability of modular receptor platforms, human cells can be re-wired to possess novel input-output re-
lationships, allowing them to be exploited as biosensors with a wide range of functionality.

The synthetic biology tool kit for engineering cellular biosensors currently comprises of modular receptor
technologies such as receptors activated solely by synthetic ligands (RASSL), transcriptional activation
following arrestin translocation (Tango), chimeric antigen receptors (CAR), synthetic Notch receptors (syn-
Notch), and modular extracellular sensor architecture (MESA) (Brenner et al., 2017). Among these, the
synNotch platform offers high pliability in programming input-output relationship, centered over surface
receptor-ligand interaction. This technology provides the scope of customizing the extracellular receptor
domains for sensing and the intracellular artificial transcription factor to transcribe specific response genes.
In cells engineered with this technology, engagement of the extracellular domain with its corresponding
ligand induces the cleavage of the transcriptional regulatory domain, which activates the transcriptional
circuit specific for the expression of pre-programmed genetic material (Morsut et al., 2016). As this technol-
ogy offers immense scope in customization, we exploited it to develop bio-sensor cells with antiviral activ-
ity against hepatitis B virus (HBV).

Among all blood-borne viral infections, HBV poses the major problem with respect to the magnitude of
prevalence, as it infects more people than human immunodeficiency virus (HIV) and hepatitis C virus
(HCV) put together (Gomes et al., 2019). Chronicity is the hallmark feature of HBV infection caused by a
persistent viral reservoir, which leads to severe complications such as end-stage liver diseases such as liver
cirrhosis and hepatocellular carcinoma. Chronic HBV infection poses formidable diagnostic and therapeu-
tic challenges especially with regard to monitoring the course of infection (Liu et al., 2019). Current antiviral
chemotherapy for HBV infection comprises non-nucleoside reverse transcriptase inhibitors (NRTIs), ente-
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therapy, NRTls do not offer a complete cure for the disease because long-term treatment with NRTIs is
associated with adverse reactions and the emergence of drug-resistant sub-strains. It is therefore necessary
to develop alternative approaches for treating HBV infection by sensing the fluctuation of viral antigens
in vivo and executing de novo anti-viral actions.

Exploiting in vivo viral sensing, we engineered whole-cell biosensors for HBV by re-wiring the cellular ge-
netic circuits to offer pre-programmed outputs, upon sensing the whole virus or sub-viral particles. The syn-
Notch receptor utilizes mechanotransduction to convert ligand binding (input) into proteolytic release of
the sequestered transcription factor that enters the nucleus to express the desired genetic element
(output). The input system comprises of the extracellular receptor, a single-chain variable fragment
(scFv) against HBV surface antigen (HBs) (aHBs-scFv), which detects and engages with subviral particles
and also the Dane particles in the extracellular milieu with high specificity and consequently cleaves
the notch core to release the Gal4-VPé4 transcription factor (Morsut et al., 2016). Subsequent nuclear trans-
location of the released Gal4-VP64 proceeds to activate the expression of either of the pre-programmed
genetic elements, secNL or GFP reporter molecules. Moreover, we exploited our system for innate or ac-
quired anti-viral immune responses, i.e. interferon-beta (IFNB) or an anti-HBV neutralizing mouse-human
chimeric antibody. We demonstrate the robust performance of these cells in antigen sensing and
dispensing different reporters or macromolecules of immune response and hence propose this system
as a unique platform that can be utilized for developing novel HBV diagnostics and therapeutics.

RESULTS
Engineering HBV Biosensor Cells Utilizing the synNotch Platform

a-HBs-scFv was combined with notch core to generate the desired synNotch receptor, designated here as
anti-HBs synNotch receptor (¢-HBs SNR). The a-HBs SNR is composed of myc-tagged a-HBs scFv as the
extracellular domain and a trans-membranous notch core region fused to Gal4-VPé4 fusion protein as
the artificial transcription factor. We transduced a-HBs SNR gene to Jurkat cells, which were designed
to express reporter genes through the upstream activating sequences (UASs) with a tandem array of five
optimized Gal4-binding sites. We introduced either secNL or GFP as the response biomarkers upon anti-
gen stimulation (Figure 1A). We tested two a-HBs scFvs (S1and S2; GenBank accession numbers:
AF410257/AF410258 and AB027447/AB027448, respectively) against a common antigenic “a” determinant
region within SHBs (Figure STA). These antibodies could recognize both subviral and infectious viral par-
ticles. Cell-surface expressions of these two a-HBs SNRs were verified by flow cytometry analysis with
anti-myc antibody. We observed that a-HBs SNRs with both S1 and S2 were adequately expressed on
the cell surface at higher rates as 92%-97% of transduced cells (Figure S1B). To test the functionality of
these two a-HBs SNR cells generated, the cells were exposed to rLHBs, and secNL activity was monitored
in the cell supernatant. We found that the S2 a-HBs SNR cells showed remarkable induction of secNL upon
rLHBs stimulation, whereas the other exhibited only marginal induction (Figure S1C). Parallel experiments
demonstrated that stimulation through the S2 a-HBs SNR caused a dose-dependent increase of the secNL
reporter expression (Figure 1B). Therefore, we used the S2 a-HBs SNR (hereafter a-HBs SNR) in our subse-
quent analyses.

We then tested if the a-HBs SNR cell can respond to HBs antigen on subviral particles. For this, we gener-
ated HepG2 cells with tetracycline-inducible HBs gene expression, designated here as Tet-ON-SHBs cells.
Treatment of the Tet-ON-SHBs cells with doxycycline (Dox) caused the expression of HBsAg and/or sub-
viral particles in cell supernatant in a dose-dependent manner (Figure S2A). When a-HBs SNR cells were
exposed to the secreted HBsAg and/or subviral particles derived from Tet-ON-SHBs cells, we observed
a dose-dependent increase of the secNL reporter (Figure 1C). The a-HBs SNR cells responded exclusively
to stimulation by HBV but not to virus-like particles (VLP) derived from other viral species (Figure S2B). As
a-HBs SNR cells are basically Jurkat cells, they do not express the entry receptors such as sodium taurocho-
late co-transporting polypeptide (NTCP) for HBV infection. Therefore, all interactions between HBV and
a-HBs SNR cells principally happen only at the extracellular scFv domain.

As synNotch receptor is conventionally considered to be activated by the mechanical force induced by sur-
face ligands, this observation of activation by membrane-bound soluble ligands was surprising. We hy-
pothesized that the viral particle could attach to its extracellular receptor on a cell and this “receptor-ligand
complex” might act as a surface ligand to activate the synNotch receptor of an adjacent cell and not that of
the same cell. To check this, we challenged decreasing cell densities of a-HBs SNR cells with the equivalent
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Figure 1. Establishment of HBV-Sensing Cells Using Anti-HBs scFv synNotch Receptor («-HBs SNR) and Sensing
HBs Protein by a-HBs SNR Cells

FigureSGOD For a Figure340 author presentation of this figure, see https://doi.org/10.1016/].isci.2020.100867.
(A) Schematic diagram of a-HBs SNR cells against HBsAg. The a-HBs SNR cell has a-HBs SNR on cell surface and Gal4-
response gene in the nucleus. SynNotch receptor has myc-tagged scFv for HBsAg binding, the Notch core activation
domain, and an artificial transcription factor (TF), Gal4-VP6é4. Reporter genes (secreted NanolLuc luciferase (secNL) or
GFP) are designed to be regulated by Gal4 TF via an upstream activating sequence (UAS).
(B) The a-HBs SNR cells expressed secreted NanolLuc luciferase (secNL) in response to liposomal recombinant LHBsAg
(rLHBsAg) in dose-dependent manner. The control or a-HBs SNR cells and rLHBsAg were incubated at 37°C, and the
Nanoluc activity in the cell supernatant was measured after 48 h. Control cells indicate Jurkat T cells harboring only secNL
reporter gene without a-HBs SNR. Each value is normalized to those obtained from without rLHBsAg and represents
the mean + standard deviation (SD) of three independent experiments. Horizontal lines represent axis break of the y-axis.
**p: <0.01, ***p: <0.001.
(C) The a-HBs SNR cells sensed HBsAg secreted by Tet-ON-SHBs cells in dose-dependent manner. a-HBs SNR cells and
HBsAg derived from untreated or 5ug/mL doxycycline (Dox)-treated Tet-ON-SHBs cells were incubated at 48 h and then
the NanoLuc signal in the supernatant was measured. Control cells indicate Jurkat T cells harboring only secNL reporter
gene without a-HBs SNR. Amount of HBsAg was calculated using HBs ELISA kit. Each value is normalized to those
obtained from without HBsAg and represents the mean + SD of three independent experiments. *p: <0.05, ***p: <0.001.
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Figure 2. Sensing and Response to HepG2.2.15.7-Cell-Derived HBV Particles by the «-HBs SNR Cells

(A) Experimental design of a-HBs SNR cells expressing secNL in response to HBV particles and subviral particles derived
from HepG2.2.15.7 cells. Purified HBV particles derived from cell supernatants of HepG2.2.15.7 cells were added to a-HBs
SNR cells and incubated at 37°C for 48 h followed by measurement of NanoLuc signal.

(B) The NanoLuc activity of a-HBs SNR cells increased in a dose-dependent manner. a-HBs SNR cells were incubated with
each amount of HBV particles for 48 h and NanoLuc activity in the cell supernatant measured. Control cells indicate Jurkat
T cells harboring only secNL reporter gene without a-HBs SNR. The data shown represent the mean + standard deviation
(SD) of three independent experiments.

(C) Timecourse of NanoLuc activity in the cell supernatant of a-HBs SNR cells incubated with HBV particles. Upper panel
indicates the time course of events in this experiment. a-HBs SNR cells were incubated with 0.5 ng/mL HBV particles. Cells
were washed and re-suspended in fresh medium every 24 h and Nanoluc activity in the cell supernatant measured prior
each medium change. a-HBs SNR cells without exposure to any input stimulus were used as controls. The data shown
represent the mean + SD of three independent experiments. ***p: <0.001. W/MC: wash and medium change.

(D) Timecourse of NanoLuc activity in the cell supernatant of a-HBs SNR cells co-cultured with HepG2.2.15.7 cells. Upper
panel indicates the time course of events in this experiment. a-HBs SNR cells were co-cultured with HepG2.2.15.7 cells
(HBV-producing cells) or HepG2 cells (uninfected negative control). Cells were washed and medium was refreshed every
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Figure 2. Continued

24 h and NanoLuc activity in the cell supernatant measured prior each medium change. The data shown represent the
mean + SD of three independent experiments. **p: <0.01, ***p: <0.001. W/MC: wash and medium change.

(E) Response of a-HBs SNR cells incorporated with GFP reporter gene to HBV particles. GFP expressing a-HBs SNR cells
were observed by fluorescence microscopy after 48 h of incubation in the presence or absence of 4 ng/mL HBV particles
derived from HepG2.2.15.7 cells. Scale bars represent 40 um.

(F) GFP expression of a-HBs SNR cells increased in a dose-dependent manner. GFP-expressing a-HBs SNR cells were
observed by flow cytometry after 48 h incubation in the absence or presence of each amount of HBV particles derived from
HepG2.2.15.7 cells. Control cells indicate Jurkat T cells harboring only GFP reporter gene without a-HBs SNR.

amount of viral antigen, expecting that the cells would be spatially dispersed far to interact and activate
another cell. Interestingly, we observed significant luciferase activity in all the lower cell densities tested
(Figure S2C), suggesting the possibility of synNotch activation by membrane-bound soluble ligands
such as surface antigens of enveloped viruses.

a-HBs SNR Cells Sense Subviral Particles and Infectious Virions Derived from HBV Producer
Cells

We next investigated whether the a-HBs SNR cells could sense infectious HBV particles (Dane particles).
The a-HBs SNR cells with secNL reporter gene were exposed to purified virions derived from supernatant
of HepG2.2.15.7 cells, which were stably expressing a complete HBV genome (Figure 2A). Increase in
NanoLuc activity was observed in a dose-dependent manner with a half maximal effective concentration
of 0.24 ng/mL (Figure 2B). We then proceeded to detect the functioning of a-HBs SNR cells exposed to
stimuli from purified viral particles versus co-cultured infected cells at different time intervals. Following a
single antigenic challenge with purified viral particles, a robust and significant output response was
noted after 24 h (Figures 2C and S3A). These cells were then washed and re-suspended in fresh medium
to remove the input stimuli, and the NanoLuc activity was measured again at 48 h; this process was again
repeated at 72 h. We observed the output response to be annulled upon removing the stimulus (Figures
2C and S3A), denoting that the a-HBs SNR cells need continuous exposure to input signals in order to
give a persistent output. To assess the correlation between continuity of input with persistence of output,
the above experiment was carried out employing co-cultured HepG2.2.15.7 cells that provide continually
increasing input signals by releasing actively replicating virions (Figure 2D). Similar to viral particle stim-
ulation, input signals from infected cell co-culture elicited a brisk output response at 24 h. However un-
like the former, the output response to co-culture stimulation persisted even at 48 and 72 h reiterating
the need of constant exposure to input stimuli for obtaining a sustained output response. In the co-cul-
ture experiment, we also noted an increase in the magnitude of the output with increasing time, despite
periodic washing free viruses from the medium (Figure 2D). The most probable explanation for this trend
could be due to cell proliferation over time, causing the increase in cell numbers of both the input-signal-
producing cells and the a-HBs SNR cells. To confirm this on individual cells, we performed a single-cell
reporter assay using bioluminescence microscopy to measure luminescence signal intensity per cell, us-
ing ImageJ software. In the co-culture system, we observed not only higher numbers of luminescent cells
(many cells being activated) but also highly luminescent cells (many receptors activated per cell)
(Figure S3B).

In order to characterize biosensor performance, we further explored the variations in receptor activity
across entire populations of engineered cells by flow cytometry. a-HBs SNR cells with GFP reporter system
challenged with HBV whole viral particles gave off fluorescence, which was visualized through fluorescence
microscopy (Figure 2E). We next analyzed single cells with respect to population and output reporter in-
tensities by flow cytometry. Both the fluorescence intensity and the population of fluorescing cells were
found to be directly related to the concentration of input signals (Figure 2F).

Generation of a-HBs SNR Cells Eliciting Innate Anti-viral Response

The innate immune system is essential for the initial detection of invading viruses and subsequent activa-
tion of anti-viral immunity. The innate immune response to viral pathogens originates from the antigen
recognition by pattern recognition receptors (PRRs) that serve as important cellular sensors for detecting
pathogen-associated molecular patterns (PAMPs). Activation of PRRs upregulates the expression of type |
interferon and promotes clearance of the invading pathogens (Takeuchi and Akira, 2010; Thompson et al.,
2011). We investigated whether the innate immune response against HBV could be duplicated with a sim-
ple logic function of antigen-input to interferon-output using our synNotch system.

iScience 23, 100867, March 27, 2020 5
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Figure 3. Direct Induction of the Innate Inmune Molecule hIFNB as Output Response in a-HBs SNR Cells

(A) a-HBs SNR cell design for induction of interferon-beta (IFNB).

(B) Experimental design for induction of IFNB in a-HBs SNR cells and quantification of induced IFNB. a-HBs SNR cells were induced with HiBiT-tagged IFNB
by co-culture with Tet-ON-SHBs cells in presence of 5pg/mL doxycycline (Dox). After 48 h, IFNB-HIBiT in the cell supernatant was quantified. Control cells
indicate Jurkat T cells harboring only IFNB-HIBIiT gene without a-HBs SNR. The data shown represent the mean + standard deviation (SD) of three
independent experiments. **p: <0.01.

(C) Effect of IFNB derived from the supernatant of a-HBs SNR cells stimulated by HBsAg from Dox-treated Tet-ON-SHBs cells. Primary human hepatocytes
(PXB cells) were infected with HBV for 16 h and then were cultured in the presence or absence of supernatant containing a-HBs-SNR-cell-derived IFNB (30%v/
v). HBV DNA in the medium was extracted from these cell supernatants 11 days after infection and quantified using real-time PCR analysis. The expression of
representative IFNB-stimulated genes; MX1 and ISG15, were quantified using gPCR and normalized against the expression of B-actin in PXB cells. Control
indicates the cell supernatant of Jurkat T cells harboring only IFNB-HIBiT gene without a-HBs SNR, co-cultured with Dox-treated Tet-ON-SHBs cells. The
data shown represent the mean + SD of three independent experiments. *p: <0.05, **p: < 0.01.

We generated a-HBs SNR cells that could produce interferon B tagged at their carboxy terminals with the
tiny 11-amino-acid luminescent tag HiBiT (Promega) (IFNB-HiBiT) as a pre-defined output response (Fig-
ure 3A). The a-HBs SNR cells were co-cultured with Dox-treated Tet-ON-SHBs cells for 48 h, and secreted
IFNB-HIBiT was measured by the HiBiT-based protein quantitation system (Ranawakage et al., 2019; Sasaki
etal., 2018). We observed a robust secretion of IFNB-HiBiT by the a-HBs SNR cells upon the antigenic stim-
ulation (Figure 3B).

We further proceeded to assess the antiviral activity of the IFNB-HiBiT produced by a-HBs SNR cells. Pri-
mary human hepatocytes prepared from humanized mice with chimeric liver (PXB cells) were infected with
wild-type HBV and then cultured in the presence or absence of cell supernatant containing IFNB-HiBiT
secreted from a-HBs SNR cells (30% v/v). Treatment with the cell supernatant significantly reduced HBV
DNA in the medium reflecting the suppression of viral replication, with concomitant induction of inter-
feron-stimulated genes MX1 and ISG15, which are known to inhibit HBV replication (Figure 3C). These re-
sults indicate that a-HBs SNR cells can initiate an effective synthetic anti-viral innate immune response
following the recognition of HBs antigen.
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Figure 4. Generation and Characterization of «-HBs Monoclonal Antibody
(A
BALB/c mice were immunized with recombinant LHBs protein, and the splenocytes were fused with mouse myeloma cells.

Schematic diagram of hybridoma cell production and selection to generate a-HBs monoclonal antibodies (mAb).

After producing hybridoma cells, one HBs mAb (# 33) that recognized preS1 domain of four HBV genotypes (A, B, C, and
D
(B) Epitope mapping of generated #33 mAb. Recombinant full-length or deletion-mutant preS1 proteins fused with GST
protein were produced by wheat germ cell-free protein system and subjected to immunoblot using anti-GST antibody or
#33 mAb. The predicted epitope of #33 mAb is shown in blue.

(C) Inhibition of preS1 domain and NTCP interaction by #33 mAb using AlphaScreen assay. AlphaScreen signal of
biotinylated preS1 peptide and NTCP interaction was decreased in a dose-dependent manner by the addition of #33

was selected.

mAb. Each value is normalized to those obtained from control IgG and represents the mean + standard deviation (SD) of
three independent experiments. **p: < 0.01.

(D and E) #33 mAb inhibits HBV infection. HepG2 Tet-ON-NTCP (HepG2-iNTCP) cells stimulated with 5pg/mL
doxycycline (Dox) were infected with either HBV (D) or its reporter virus (HBV-NL) (E), in the presence of #33 mAb or
negative control mAb. Viral infectivity was determined by intracellular HBcAg staining (D) or NanoLuc activity (E) of
infected cell lysates. Each value is normalized to those obtained from control IgG and represents the mean + SD of three
independent experiments. ***p: < 0.001. Scale bars represent 100 pm.

Generation of a Neutralizing Antibody Targeting HBV for Mounting into a-HBs SNR Cells
The humoral immune response is the aspect of acquired immunity mediated by antibody macromolecules in
extracellular spaces secreted by B lymphocytes or plasma cells. Neutralizing antibodies (nAbs) generated during
the humoral immune response form a highly effective defense in preventing or clearing viral infection (Burton,
2002; Hangartner et al., 2006). We examined the feasibility of simplifying the humoral immune response by
directly producing nAbs upon antigen recognition using our newly developed synNotch system.

To achieve this, we attempted to create novel in-house neutralizing antibodies that could neutralize HBV
and prevent infection. As it is known that large HBV surface protein (LHBs) binding to host NTCP mediates
the early viral entry process, we attempted to develop monoclonal antibody (mAb) that specifically inter-
fere with the LHBs-NTCP interaction (Yan et al., 2012). BALB/c mice were immunized with full-length LHBs
recombinant protein derived from genotype C virus to subsequently establish 48 hybridoma clones, desig-
nated here as #1 to #48. We selected seven clones that were capable of detecting LHBs, of which only #33
mAb comprehensively recognized LHBs derived from all HBV genotypes tested (A, B, C, and D) (Figures 4A,
S4A, and S4B). Epitope mapping analysis further revealed that #33 mAb could recognize the region be-
tween the 40th and 49th amino acid residues of preS1 domain that interacts with NTCP (Figure 4B). To
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examine the inhibitory function of this antibody in the preS1-NTCP interaction, we developed an Al-
phaScreen assay that gives off luminescence signals upon interaction of the two specific test proteins.
This assay was designed such that binding of recombinant NTCP with only preS1 peptide, but not other
non-specific peptides, yields a luminescence signal. Recombinant GST was used as the negative control
protein to validate the specificity of the test system, as its binding with preS1 peptide did not produce a
signal (Figure S4C). Using this assay, we tested the functional aspect of #33 mAb. Our results showed
that this antibody could inhibit the preS1-NTCP interaction in a dose-dependent manner (Figure 4C).
We further proceeded to explore the neutralizing activity of #33 mAb on HBV infection. HepG2 cells
with tetracycline-inducible expression of NTCP (HepG2-iNTCP) cells (Miyakawa et al., 2018) were infected
with NanoLuc luciferase-encoding HBV (HBV-NL) particles (Miyakawa et al., 2018; Nishitsuji et al., 2015) pre-
treated with #33 mAb or control mAb. Our result demonstrated that the pre-treatment with #33 mAb, but
not control mAb, significantly suppressed HBV infection (Figures 4D and 4E). Taken together, these results
indicate that our newly developed anti-preS1 #33 mAb can efficiently neutralize HBV and inhibit infection
by directly interfering with the preS1-NTCP interaction.

a-HBs SNR Cells Incorporated with Neutralizing Antibody Gene Functionally Mimic Humoral
Immune Cells

To introduce the mechanics of the humoral immune response into the a-HBs SNR cell system, we cloned
the #33 antibody variable regions and constructed a mouse-human chimeric antibody (Figure S4D). The
chimeric antibody was capable of inhibiting preS1 peptide-NTCP interaction (Figure S4E) and was also
able to suppress HBV infection in PXB cells (Figure S4F). Hence we introduced this antibody into our syn-
Notch system. Because antibody expression requires equivalent amounts of heavy chain and light chain, we
designed a single gene cassette comprising of heavy and light chain genes connected with furin/T2A self-
processing peptide and then inserted it downstream of UAS (Li et al., 2012). In this system, we expected the
a-HBs SNR cells to secrete the neutralizing a-preS1 chimeric antibody (ncAb; originated from mouse #33
mAb) as an output response upon antigenic stimulation (Figure 5A).

We next investigated whether the a-HBs SNR cells could generate the pre-programmed output following
the antigen stimulation. The a-HBs SNR cells were co-cultured with Dox-treated Tet-ON-SHBs cells. After
48 h, secreted ncAbs in the cell supernatant were measured by AlphaScreen using preS1 peptide as a
probe. Our result showed that cells successfully secreted the ncAb upon antigen stimulation (Figure 5B).

Subsequently, we examined the neutralizing activity of the secreted antibody. The cell supernatant con-
taining secreted ncAb was pre-incubated with HBV-NL and was then allowed to infect PXB cells. We found
that the ncAb secreted from the a-HBs SNR cells significantly suppressed the infection of HBV-NL (Fig-
ure 5C). These results taken together highlight the capability of the a-HBs SNR cells to mimic the humoral
immune cells and hints the possibility of in situ installation to protect from HBV infection.

DISCUSSION

The availability of the modular chimeric receptor technology has given us the capability of rewiring cellular
genetic circuits to provide a user-defined output for a specific input. We exploited the synthetic biology
tool kit to engineer functional whole-cell biosensors for HBV surface antigen. For this purpose, we chose
the synNotch technology as it senses extracellular membrane bound ligands and offers high input-output
programmability (Morsut et al., 2016). In the conventional sense, canonical notch signaling is activated by
receptor dissociation when the extracellular receptor domain engages with its corresponding membrane-
bound ligand on adjacent cell, and the latter offers a mechanical shearing force by endocytosing the
ligand-receptor complex (Parks et al., 2000). This is considered as one of the caveats of the synNotch sys-
tem, as it could sense only the cell surface ligands and not the soluble ligands (Schwarz et al., 2017).

In our current study, we demonstrate that the synNotch receptor can also recognize and respond to virally
encoded membrane antigens. The ligand analytes used for testing included recombinant HBs protein in
liposomes (rHBs), enveloped subviral particles generated by SHBs expressing HepG2 cells, and the infec-
tious whole viral Dane particles derived from HepG2.2.15.7 cells expressing a complete HBV genome.
Interestingly, all these membrane anchored soluble ligands were capable of eliciting the activation of syn-
Notch receptor. Stimulation of the a-HBs SNR cells under low cell density was able to trigger the output
response despite spatial separation of the cells (Figure S2C). This raises the possibility that membrane-
bound viral surface proteins generate sufficient mechanical force to cleave the notch domain to activate
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Figure 5. Direct Induction of a Neutralizing Chimeric Antibody (ncAb) as Output Response in a-HBs SNR Cells
(A) a-HBs SNR cell design for induction of a-preS1 (#33) ncAb and gene construct of chimeric antibody with heavy chain
and light chain linked by T2A sequence.

(B) Experimental design for induction of ncAb in a-HBs SNR cells and quantification of induced ncAb derived from a-HBs
SNR cells. ncAb was induced from a-HBs SNR cells by co-culture with Tet-ON-SHBs cells in the presence of Spg/mL
doxycycline (Dox). After 48 h, ncAb in the cell supernatant were quantified by AlphaScreen assay. Control cells indicate
Jurkat T cells harboring only ncAb gene without a-HBs SNR. The data shown represent the mean + standard deviation
(SD) of three independent experiments. ***p: < 0.001.

(C) Secreted ncAb suppresses HBV-NL infection in PXB cells. Schematic diagram of HBV-NL infection experiment
timeline. PXB cells were infected with HBV-NL in the presence or absence of secreted ncAb derived from a-HBs SNR cells.
Infectivity was determined by measuring luciferase activity 11 days after infection. Control cells indicate the cell
supernatant of Jurkat T cells harboring only ncAb gene without a-HBs SNR co-cultured with Dox-treated Tet-ON-SHBs
cells. Values obtained from supernatant of control cells were set as 100%, and the presented data represent the mean +
SD of three independent experiments. **p: < 0.01.

the canonical signaling cascade. Alternatively, signal activation could be initiated by less-known non-ca-
nonical pathways to activate notch signaling, which are yet to be elucidated in detail (Steinbuck and Wi-
nandy, 2018). Interestingly, a-HBs SNR cells were found to be more responsive to cell-derived than recom-
binant viral antigens. This was noticed when HBsAg secreted by Tet-On-SHBs cells activated the a-HBs
SNR cells at nanomolar concentrations, whereas the rLHBs protein could achieve this effect only at micro-
molar concentrations (Figures 1B and 1C). The possible explanation for this could be the lesser antigen
density and/or structural intactness of the rLHBs protein compared with the HBsAg (Bruss, 2004).

Yet another notable observation is the persistence of output with respect to the continuity of the input signals.
The output response drastically dropped when the input signal was halted and similarly the output response
increased and persisted with continual exposure to antigenic stimulation (Figures 2C and 2D). We also observed
that increasing input signals activated more number of a-HBs SNR cells and also triggered more receptors on
each cell (Figures 2F and S3B). Taken together, these findings suggest that the a-HBs SNR cells have a robust
ON/OFF switch that is directly proportional to the concentration of the antigen encountered. This feature could
possibly be exploited for monitoring reactivation of infection and viral blips in long-term infections and also for
administering prompt in situ therapy during these incidents. One of the minor fallacies of this system was the
constant low-level expression of the output genes even at the OFF state (Figures 2B and 2F). This is possibly
due to the non-specific activation of the Gal4-VPé4 transcription factor even at basal conditions and could be
overcome either by further optimizing the existing system or by upgrading the construct with other more effi-
cient trans-activating systems (Sevin-Pujol et al., 2017).
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The a-HBs SNR cells could mimic the function of innate immune cells with PRRs that can recognize viral
PAMPs and secrete type | interferons to limit further infection. HBV is known to evade innate immunity
either by escaping recognition by PRRs or by dampening the production of interferons even after recog-
nition by PRRs (Mutz et al., 2018). This creates an environmental niche with reduced immune pressure
for the virus to survive and persist. Evasion from innate immunity is one of the key factors that helps HBV
to establish a chronic infection with constant low-level viral replication (Suslov et al., 2018a). We have shown
a-HBs SNR cells to secrete INFB upon direct encounter with the viral antigen even without HBV invasion
into cells (Figure 3B). Furthermore, the secreted IFNB significantly reduced viral production in the infected
cells (Figure 3C). This could be an interesting concept in immunotherapy of HBV as the -HBs SNR cells
overcome the stealth strategies used by the virus to evade the innate immunity mounted by natural cells
(Suslov et al., 2018b).

In chronicinfections, HBV evades humoral immune clearance either by producing excess of subviral decoys
or by immune escape mutants (Rehermann and Nascimbeni, 2005). Moreover, chronic infection with the
HBV is typically established neonatally and progresses during the phase of immune tolerance. The non-in-
fectious subviral particles, which are produced in several fold excess to the infectious Dane particle, soak
up the antibodies produced during natural humoral response and protects the virus from being neutralized
(Rydell et al., 2017). These decoys are typically composed of small HBs that lacks the neutralizing epitope
preS1 and therefore trigger the production of excess amounts non-PreS1 targeting antibodies. PreS1 is
found only in the infectious viral particle and serves to bind with sodium taurocholate co-transporting poly-
peptide (NTCP) on hepatocytes, thereby favoring viral attachment and entry (Sankhyan et al., 2016). In this
context, administration of specific neutralizing anti-preS1 antibodies has shown not only to neutralize vi-
rions to prevent infection of new cells but also to clear chronically infected cells by antibody-dependent
cell cytotoxicity (ADCC) (Li et al., 2017). The novel anti-preS1 antibody designed in this study for synNotch
output bound to NTCP had a broad neutralizing efficacy on the common HBV genotypes A, B, C, and D
(Figures 4B and S3B) and is expected to be a promising next-generation therapeutic antibody against
HBV infection.

Upon secretion by the a-HBs SNR cells, the anti-preS1 antibody caused a significant reduction in viral
infectivity (Figure 5C). However, there were a considerable proportion of infected cells despite the pres-
ence of the secreted antibody when compared with the synthesized antibody. This could be due to two
reasons; production of less quantity of output antibody and inadequate functional modification of the
antibody after translation. The a-HBs SNR cells secreted only about ~4 ng/mL of anti-preS1 antibody
per well (Figure 5B), whereas marked reduction of infection was observed when we used 1 pg/mL per
well (Figure 4E). The lower levels of output antibody generated could be due to the inherent flaw of
the synNotch system where there is not much scope for signal amplification. Also, it is possible that
the antibody secreted by a-HBs SNR cells (a-preS1 ncAb) had a diminished action compared with its
synthesized counterpart (anti-preS1 #33 mAb). This is because we utilized the single frame system in
which Ig heavy chain linked with light chain via furin/T2A self-processing peptide for expressing chimeric
antibody under the control of the Gal4-VPé4 transcription regulator. This method has been reported to
achieve the well-balanced co-expression of heavy chain and light chain to generate functional antibodies
in 293T cells or CHO cells (Li et al., 2012). However, the cleaving mechanism of the reportedly self-
cleaving 2A peptide is not precisely understood, as it might also be dependent on endogenous cellular
furin protease (Donnelly et al., 2001). The a-HBs SNR cells established from Jurkat T cell might not
express adequate amounts of this enzyme to cleave heavy chain-light chain linker. To overcome these
drawbacks, it is necessary to explore other output options such as single-chain- or heavy-chain-only
antibodies capable of inhibiting HBV infection.

Because the antigen concentration in whole-blood or serum would be much lower than those in local envi-
ronment of the lesions (tissue or organ) where viral proliferation is active, administration of the a-HBs SNR
into systemic circulation may offer no significant advantage over existing monitoring methods and immu-
notherapeutic options. However, synNotch-mediated cell therapy may overcome the problems of existing
biological treatments by producing therapeutic materials in situ, if they are locally installed to execute their
predesigned function at the specific site. Desirably, the synNotch-expressing cells against HBV should be
implanted into the liver to aid in the direct monitoring at the local environment and accentuate the immune
response in the infective focus. This could be achieved by constructing the synNotch circuit in vitro in har-
vested autologous hepatocytes or mesenchymal cells that would engraft locally upon intra hepatic transfer
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(Nicolas et al., 2017). Alternatively, techniques facilitating in vivo gene delivery with viral or non-viral
methods (hydrodynamic gene therapy, lipid-nanoparticles etc.) maybe used to create these sensors in
situ in the liver (Yokoo et al., 2016). Further in vivo studies in these lines with suitable animal models will
be able to provide more evidence on the added value of cell therapy for real-time monitoring and for over-
coming the disadvantages of systemic administration of conventional immunotherapies for HBV infection
(Roche and Samuel, 2011).

Although attractive, the use of engineered cells as agents of in vivo diagnostics and therapeutics is still at
the nascent phase, and the safety and efficacy of this technology are the aspects that have to be ad-
dressed in the years to come (Fischbach et al., 2013). Apart from in vivo safety and biological efficacy,
the use of genetically engineered biosensor cells needs to overcome other important issues such as
cost, feasibility on commercial scale, and the overall risk-return balance. However, it could have several
advantages such as early diagnosis during the initial phase of viral infection and/or monitoring re-activa-
tion before the disease condition progresses to severe stages. With ongoing basic research, it could be
possible to develop this nascent technology into an innovative clinical intervention where living cells en-
dowed with various biological functions practically sense clues of diseases in vivo, ultimately contributing
to the advancement of medical technology via co-working with existing methods. Hence, we believe it is
important to provide the evidence of such a proof-of-concept for future innovation through our current
study.

Engineered cells are extensively being studied in the field of cancer. In vivo whole-cell biosensors have
been shown to perform better than the detection of clinically used biomarkers of cancers (Aalipour
et al., 2019). Also, in vivo sensing of cancers using engineered T cells that produce a reporter detectable
by positron emission tomography (PET) is being studied (Keu et al., 2017). Cell-based therapies using en-
gineered cells are a hotspot of current research and hold the promise of being the next pillar of medicine
despite the gray areas that are expected to be addressed over time.

Limitations of the Study

Although the synNotch technology offers high customization of input-output response, the only signifi-
cant hurdle this platform faces is the lack of signal amplification. This is one of the plausible reasons why
the a-HBs SNR cells took over 24 h to produce a consistent output of the reporter system and secreted
relatively lower quantities of neutralizing antibodies. Nevertheless, to the best of our knowledge, this is
the first observation of viral envelope antigens activating synNotch signaling and the mechanism of
which is yet to be elucidated. We speculate that the accessibility of the viral antigens to synNotch recep-
tor might be dependent on thermo-fluid dynamics including temperature, solvent, virus concentration,
and various other factors that are to be explored further. Although the a-HBs SNR cells have shown
promising results in vitro, the in vivo efficacy of this platform should be further explored with suitable
animal experiments.

However, if the drawbacks could be overcome by technological advancements in due course of time,
this “first of its kind"” platform offers a scope for engineering live cell biosensors that can be used for
in vitro diagnostics or in vivo monitoring of viral infections. Also, the feasibility of programming these
cells to directly mount the innate or humoral immune response against a viral infection opens a portal
to revamp the landscape of infectious disease therapeutics, which we would like to call “Engineered
Immunity.”

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/}.isci.2020.100867.
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SUPPLEMENTAL FIGURES

Figure S1. Generation and evaluation of single chain variable fragments (scFvs) against

HBs protein. Related to figure 1.
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(A) Schematic diagram of recognizing region of two scFvs against HBs proteins. S1 and
S2 scFvs recognize the “a” determinant region of SHBs protein.

(B) Expression level of two a-HBs scFv SNRs in Jurkat T cells. Detection of each
surface a-HBs SNR on constructed cells by flow cytometry using anti-myc antibody.
(C) a-HBs SNR cells expressed secreted NanoLuc luciferase (secNL) in response to
liposomal recombinant LHBs (rLHBs) protein. Control or a-HBs SNR cells and 5
ug/ml rLHBs protein were incubated at 37 °C and the NanoLuc activity in the cell
supernatant was measured after 48 hours. Control cells indicate Jurkat T cells harboring
only secNL reporter gene without a-HBs SNR. Each value is normalized to those
obtained from without rTLHBsAg and represents the mean + standard deviation (SD) of
three independent experiments. p-values were calculated using two-tailed unpaired

t-test.



Figure S2. Generation of Tet-ON-SHBs cells and evaluation of o-HBs SNR cell
specificity. Related to figure 1.
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(A) Generating Tet-ON-SHBs cells that secrete HBs protein. Tet-ON-SHBs cells
generated by transducing with a retroviral vector encoding the SHBs gene fused to a
tetracycline-responsive element (TRE) in to HepG2 Tet-ON parental cell line. The cells
were stimulated with Sug/ml doxycycline (Dox) for 48 hours and then the HBs protein
in a cell supernatant was measured by HBs ELISA kit. The data shown represents the
mean + standard deviation (SD) of three independent experiments.

(B) a-HBs SNR cells exclusively sensed HBV particles but not VSVg or HIV-1
Env-pseudotype viruses. Each viral particle was mixed with a-HBs SNR cells and

incubated at 37 °C for 48 hours followed by measurement of NanoLuc activity. Control



cells indicate Jurkat T cells harboring only secNL reporter gene without a-HBs SNR.
Each value is normalized to those obtained from without HBV or envelope deficient
pseudoparticle and represents the mean + SD of three independent experiments. **p: <
0.01, ns: not significant.

(C) a-HBs SNR cells sensed HBsAg at low cell density. Each cell number of a-HBs
SNR cells was incubated with or without 33 ng/ml HBsAg at 37 °C for 48 hours
followed by measurement of NanoLuc Activity. The presented data represents the mean

+ SD of three independent experiments. *p: <0.05, **p: <0.01.

Figure S3. Single-cell analysis of a-HBs SNR cells exposed to HBV particles by

bioluminescence imaging. Related to figure 2C and 2D.
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(A,B) Luminescence intensity of a-HBs SNR cells exposed to HBV particles (A,
corresponding to figure 2C) or co-cultured with HepG2.2.15.7 cells (B, corresponding
to figure 2D). a-HBs SNR cells were recovered and transferred a multi-well glass
bottom dish. After substrate addition, images were captured using an LV200 microscope.
Exposure time was 1 second for NanoLuc. About 300 ~ 400 cells were counted per
sample including non-luminescent and luminescent cells and the luminescence intensity

of NanoLuc positive cells was calculated using imageJ software. Each dot represents a

single cell.



Figure S4. Selection of a-HBs monoclonal antibodies by immunoblot and generation
and characterization of a-HBs mouse-human chimeric antibodies. Related to figure 4

and 5.
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(A) All generated a-HBs monoclonal antibodies recognized LHBs protein. Using
recombinant HBs (genotype C) proteins produced by wheat germ protein production,

immunoblot was performed with generated antibodies. N: Negative control protein



(HBV polymerase), L: LHBs protein, M: MHBs protein, S: SHBs protein.

(B) # 33 mAb detected LHBs of genotype A, B, C and D. Using LHBs-3xFLAG-over
expression cell lysate derived from each genotype, immunoblot was performed with
indicated antibodies. -: un-transfected cell lysate, A: genotype Ae-us, B: genotype
Bj-JPN56, C: genotype C-JPNAT, D: genotype D-IND60.

(C) Development of preS1 peptide - NTCP interaction assay using AlphaScreen
platform. Biotinylated preS1 peptide or non-specific peptide (control peptide) binds to
streptavidin on the donor beads with an extremely high specificity and affinity. The
nickel chelate acceptor beads are combined with His-tagged GST (as negative control
protein) or NTCP. Interaction between preS1 peptide and preS1 forms a large complex
with two kinds of beads through the antibody and streptavidin. Upon excitation at 680
nm, singlet oxygen molecules were produced from the donor beads, which reacted with
the acceptor beads, resulting in light emission that was measured between 520 and 620
nm. The data shown represents the mean =+ standard deviation (SD) of three independent
experiments. ***p: <0.001.

(D) Schematic diagram of generating a-preS1 (#33) chimeric antibody. RNA isolated
from hybridoma cells producing a-preS1 (#33) mAb and converted to cDNA using
5’-RACE PCR. Identified heavy and light chain variable region sequences (VH or VL)
were cloned to human IgG1 Fc vector or human Ig Kappa constant vector, respectively.
After 48 hours post-transfection, secreted a-preS1 (#33) chimeric antibody (cAb) in a
cell supernatant was purified.

(E) Inhibition of preS1 domain and NTCP interaction by a-preS1 cAb using
AlphaScreen assay. AlphaScreen signal of biotinylated preS1 peptide and NTCP
interaction was decreased in a dose-dependent manner by the addition of a-preS1 cAb.
Each value is normalized to those obtained from control IgG and represents the mean +
SD of three independent experiments. *p: < 0.05, **p: <0.01.

(F) a-preS1 cAb inhibits HBV infection. PXB cells were infected with HBV-NL in the

presence of a-preS1 cAb or negative control mAb. Viral infectivity was determined by
NanoLuc activity of infected cell lysates. Values obtained in control IgG were set as
100% and the presented data represents the mean + SD of three independent

experiments. *p: < 0.05, **p: <0.01.



Transparent Methods

Single chain variable fragment (scFv) against HBs protein

The heavy and light chain sequences of two scFvs against “a” determinant

region within S domain of HBs protein were obtained from a previously published

sequence

(GenBank

accession  number: S1 _AF410257/AF410258 and

S2 AB027447/AB027448) (Maeda et al., 2005). The scFvs sequences of heavy

chain-linker-light chain were synthesized as codon-optimized genes. The cDNA and

amino acid sequences of the two scFvs are shown below.

Name

Binding
Region

GeneBank
No.

scFv sequence_VH-(gggs)4-VL

S1

SHBs

AF410257
and
AF410258

DNA

CAAGTTCAGCTGCAGCAGTCCGGCACCGAGATGG TGAGGCCCGGCACATCCGTGAA
GGTGAGCTGTAAGGCCAGCGGCTACCCCTTTACCAACCATTTAATCGAGTGGGTGAA
GCAGAGACCCGGACAAGGTCCCGAATGGATCGGCGTGATCAATCCCGGCTCTGGAG
GCACCAACTACAACGAGAAGTTCAAGGGCAAGGCCACTTTAACCGCCGATAAGTCCA
GCAGCACCGCCTACATGCAGCTGAACTCTTTAACCTCCGACGACAGCGCCGTGTACT
TCTGCGCCATCATGACCACCTTTTTAGG CGAGGGCTACGCCATGGACTACTGGGGAC
AAGGTACCAGCGTCACCGTGTCTAGCGGCGGCGG CGGCAGCGGTGGCGGAGGCTC
TGGAGGAGGAGGAAGCGGAGGTGGAGGCAGCGACATCGTCATGTCCCAGTCCCCC
AGCTCTTTAGCTGTGAGCGTGGGCGAGAAGGTGACCATGAGCTG CAAGAGCTCCCA
GTCTTTACTGTACAGCGGCAACCAGAAGAACTATTTAGCTTGG TACCAGCAGAAGCCC
GGACAGAGCCCCGAGTTATTAATCTACTGGGCCT CCACAAGGGAATCCGGCGTGCCC
GATCGTTTTACCGGCAGCGGTTCTGGCACCGACTTCACTTTAACCATCAGCAGCGTGA
AGGCCGAGGATTTAGCCGTGTATTACTGCCAGCAGTACTACT CCTATAGGACCTTCGG
CGGAGGTACCAAGCTGGAGATCAAGAGGGCCGACGCT

Amino Acid

QVQLQQSGTEMVRPGTSVKVSCKASGYPFTNHLIEWVKQRPGQGPEWIGVINPGSGGTNY
NEKFKGKATLTADKSSSTAYMQLNSLTSDDSAVYFCAIMTTFLGEGYAMDYWGQGTSVTVSS
9999599995999 9sggggsDIVMSQSPSSLAVSVG EKVTMSCKSSQSLLYSGNQKNYLAWYQ
QKPGQSPELLIYWASTRESGVPDRFTGSGSGTDFTLTISSVKAEDLAVYYCQQYYSYRTFGGG
TKLEIKRADA

S2

u_n

a
determinant
of SHBs

ABO027447
and
AB027448

DNA

CAAGTTCAGCTGCAAGAATGGGGACCCGGTCTGGCCAGACCCAGCGGAACTTTATCT
TTAACATGCAGCGTGTCCGGCGGCAGCATCAGCGGAACCAGCCACTACTGGGGCTG
GATCAGACAGCCCCCCGGCAAAGGCCTCGAATGGATCGGCAG CATCTACTTCTCCGG
CGCCACACACTACAACCCCTCCCTCAAGTCTCGTGTGACCATCAACGTGGACACCAG
CAACAACCAGTTCTCTTTAAATCTGAGGAGCATGACCG CCGCCGACACAGCCGTGTA
CTACTGCACTCGTCTGATCAAGGACTACAACGGCTGGGCTTTATTCCAG CAGTACTAT
TTCATGGACGTGTGGGGCAAGGGCACAACTGTGACCGTGAG CTCTGGAGGAGG CGG
ATCTGGAGGAGGAGGAAGCGGAGGAGGAGGTAGCGGAGGTGGCGGAAGCCAGAG
CGTGCTGACCCAGCCTCCTAGCGTGAGCGG CGCTCCCGGTCAGAGGATCAGCATCA
GCTGCATCGGCAGCAGCTCCAACATCGGCG CCGGCTACGACGTCCAGTGGTACCAG
CAGCTGCCCGGAACAGCCCCCAAGCTGCTGATCTTCGTGAACATCAATCGTCCCAGC
GGCGTGCCCGATAGGTTTTCCGGCAGCAAGTCCGGCACCTCCGCTTCTTTAGACATTA
CTGGTTTACAAGCTGAGGACGAGGCCGACTACTACTGCCAGTCCTACGACTCCTCTTT
ATCCGGCTACGTGTTCGGCAGCGGCACCACAGTGACTGTGCTG

Amino Acid

QVQLQEWGPGLARPSGTLSLTCSVSGGSISGTSHYWGWIRQPPGKGLEWIGSIYFSGATHYN
PSLKSRVTINVDTSNNQFSLNLRSMTAADTAVYYCTRLIKDYNGWALFQQYYFMDVWGKGTT
VTVSSggggsggggsggggsggg gsQSVLTQPPSVSGAPGQRISIS CIGSSSNIGAGYDVQWYQQ
LPGTAPKLLIFVNINRPSGVPDRFSGSKSGTSASLDITGLQAEDEADYYCQSYDSSLSGYVFGS

GTTVTVL




Vector construction

SynNotch receptor vector was purchased from addgene (plasmid #79125)
(Morsut et al., 2016). We inserted two restriction enzyme sites, BstZIl and BamHI, to
easily customize a part of scFv region in the original synNotch vector (cDNA sequence
below). PCR-amplified scFv insert DNA was cloning into a linearized SynNotch vector
digested by BstZIl and BamHI using In-Fusion cloning technology (TaKaRa Bio)

according to the manufacturer’s instructions (Fu et al., 2014).

Gene name DNA sequence

IATGGCGCTCCCTGTCACCGCACTGCTTCTTCCGCTGG CACTG CTGCTG CACGCTGCA
ICGGCCTGAGCAAAAACTTATCTCTGAAGAGGACCTCGTATAC - scFv ORF -----
IGGATCCATCCTGGACTACAGCTTCACAGGTGG CGCTGGGCG CGACATTCCCCCACC
IGCAGATTGAGGAGGCCTGTGAGCTGCCTGAGTGCCAGGTGGATG CAGGCAATAAGG
[TCTGCAACCTGCAGTGTAATAATCACGCATGTGG CTGGGATGGTGG CGACTGCTCCC
[TCAACTTCAATGACCCCTGGAAGAACTGCACGCAGTCTCTACAGTGCTGGAAGTATTT
[TAGCGACGGCCACTGTGACAGCCAGTGCAACTCGGCCGGCTGCCTCTTTGATGGCTT
CGACTGCCAGCTCACCGAGGGACAGTGCAACCCCCTGTATGACCAGTACTG CAAGG
IACCACTTCAGTGATGGCCACTGCGACCAGGG CTGTAACAGTGCCGAATGTGAGTGG
GATGGCCTAGACTGTGCTGAGCATGTACCCGAGCGG CTGGCAG CCGGCACCCTGGT
GCTGGTGGTGCTGCTTCCACCCGACCAGCTACGGAACAACTCCTTCCACTTTCTGCG
IGGAGCTCAGCCACGTGCTGCACACCAACGTGGTCTTCAAGCGTGATGCGCAAGGCC
IAGCAGATGATCTTCCCGTACTATGGCCACGAGGAAGAGCTG CGCAAG CACCCAATCA
IAGCGCTCTACAGTGGGTTGGGCCACCTCTTCACTGCTTCCTGG TACCAGTGGTGGGC
SynNotch IGCCAGCGCAGGGAGCTGGACCCCATGGACATCCGTGGCTCCATTGTCTACCTGGAG
IATCGACAACCGGCAATGTGTGCAGTCATCCTCGCAGTG CTTCCAGAGTGCCACCGAT
GTGGCTGCCTTCCTAGGTGCTCTTGCGTCACT TGGCAGCCTCAATATTCCTTACAAGA
[TTGAGGCCGTGAAGAGTGAGCCGGTGGAGCCTCCGCTGCCCTCGCAGCTGCACCTC
IATGTACGTGGCAGCGGCCGCCTTCGTGCTCCTGTTCTTTGTGGGCTGTGGGGTGCTG
ICTGTCCCGCAAGCGCCGGCGGATGAAGCTGCTGAGCAGCATCGAG CAGGCCTGTGA
ICATCTGCCGGCTGAAGAAACTGAAGTGCAGCAAAGAAAAGCCCAAGTG CGCCAAGT
GCCTGAAGAACAACTGGGAGTGCCGGTACAGCCCCAAGACCAAGAGAAGCCCCCTG
IACCAGAGCCCACCTGACCGAGGTGGAAAGCCGGCTGGAAAGACTGGAACAGCTGTT
[TCTGCTGATCTTCCCACGCGAGGACCTGGACATGAT CCTGAAGATGGACAGCCTGCA
IGGACATCAAGGCCCTGCTGACCGGCCTGTTCGTGCAGGA CAACGTGAACAAGGACG
ICCGTGACCGACAGACTGGCCAGCGTGGAAACCGACATG CCCCTGACCCTGCGGCA
GCACAGAATCAGCGCCACCAGCAGCAGCG AGGAAAGCAG CAACAAGGGCCAGCGG
ICAGCTGACAGTGTCTGCTGCTGCAGGCGGAAGCGGAGGCTCTGGCGGATCTGATGC
ICCTGGACGACTTCGACCTGGATATGCTGGGCAGCGACGCCCTGGATGATTTTGATCT
GGACATGCTGGGATCTGACGCTCTGGACGATTTCGATCTCGACATGTTGGGATCAGA
TGCACTGGATGACTTTGACCTGGACATGCTCGGATCATGA

signal peptide-myctag-
BstZ17|- scFv ORF-
BamHI-Notch core seq-
Gal4-VP64 sequence
(original vector:
addegene #79125)

receptor

Response vector including Gal4-VP64 binding region, pGreenFire-Gal4 which
express copGFP reporter gene followed by the self-cleaving T2A peptide and the firefly
luciferase gene under the control of Gal4-specific transcription response element and
constitutive puromycin gene as a marker, was purchased from system biosciences
(plasmid #TRO17PA-P). We designed the output response genes (secreted NanoLuc
luciferase, human IFNB1-HiBiT and neutralizing chimeric antibody) were cloned into
PCR-amplified linear pGreenFire-Gal4 vector using In-Fusion cloning technology. The
cDNA sequences of secreted NanoLuc luciferase, human IFNBI1-HiBiT and

neutralizing chimeric antibody are presented below.



Gene name

DNA sequence

secreated
NanolLuc
luciferase

IATGAACTCCTTCTCCACAAGCGCCTTCGGTCCAGTTGCCTTCTCCCTGGGCCTGCTCCTG
GTGTTGCCTGCTGCCTTCCCTGCCCCAGTCTTCACACTCGAAGATTTCGTTGGGGACTG
GCGACAGACAGCCGGCTACAACCTGGACCAAGTCCTTGAACAGGGAGGTGTGTCCAGT
TTGTTTCAGAATCTCGGGGTGTCCGTAACTCCGATCCAAAGGATTGTCCTGAGCGGTGA
AAATGGGCTGAAGATCGACATCCATGTCATCATCCCGTATGAAGGTCTGAGCGGCGACC
AAATGGGCCAGATCGAAAAAATTTTTAAGGTGGTGTACCCTG TGGATGATCATCACTTTA
IAGGTGATCCTGCACTATGGCACACTGGTAATCGACGGGGTTACG CCGAACATGATCGA
CTATTTCGGACGGCCGTATGAAGGCATCGCCGTGTTCGACGG CAAAAAGATCACTGTAA
CAGGGACCCTGTGGAACGGCAACAAAATTATCGACGAGCGCCTGATCAACCCCGACGG
CTCCCTGCTGTTCCGAGTAACCATCAACGGAGTGACCGGCTGG CGGCTGTGCGAACGC
ATTCTGGCGTAG

GeneBank accession
No. JQ437372
(Promega)

Human
Interferon
betal -HiBiT

ATAAGTGTTTACTGCAGATCGCTTTACTGCTGTGTTT CTCCACCACCG CTTTAAG CATGAG
CTACAATTTATTAGGATTTTTACAGAGAAGCTCCAACTTCCAGTGCCAGAAGTTATTATGG
CAGCTGAATGGAAGACTGGAGTACTGTTTAAAGGATCGTATGAACTTCGACATTCCCGA
GGAGATCAAGCAGCTGCAGCAGTTCCAGAAGGAGGACGCTGCTTTAACCATCTATGAG
ATGCTGCAGAACATCTTTGCCATCTTTCGT CAAGATAG CAGCT CCACCGGCTGGAACGA
GACAATCGTGGAGAATTTACTCGCCAACGTGTACCACCAGATCAACCATTTAAAGACCG
TGCTGGAGGAGAAGCTGGAGAAGGAGGACTTCACTCGTGGCAAGC TGATGAGCTCTTT
ACATTTAAAGAGGTACTACGGTCGTATTTTACACTAT TTAAAGGC CAAGGAGTACTCCCA
CTGCGCTTGGACCATCGTGAGGGTGGAGATTTTAAGGAACTT CTACT TCATCAATCGTCT
CACCGGCTATTTAAGGAACtctggagetagt gt ggaGTGAGCGG CTGGCGG CTGTTCAAGAA
GATTAGCTAG

IFNB1: artificial gene
(original sequence:
UniProtKB-P01574)
HiBiT: artificial gene
(original sequence
by Promega)
lowercase letters:
linker sequence

#33 cAb

sequence

in a single-
frame

atggaatgtaactggatacttecttttattctgtcggtaacttcaggggtctattcaGAGGTG CAGCTTGT TGAGTCT
GGTGGAGGATTGGTGCAGCCTAAAGGATCATTGAAACTCTCATGTGCCGCCTCTGGTTT
CACCTTCAATACCTATGCCATGCACTGGGTCTG CCAGGCTCCAGGAAAGGGTTTGAAAT
GGGTTGCTCGCATAAGAAGTAAAAGTAATAATTATGCAACATATTATGCCGATTCAGTGA
AAGACAGATTCATCATCTCCAGAGATGATTCACAAAGCATGCTCTATCTG CAAATGAACA
ACCTGAAAACTGAGGACACAGCCATGTATTACTG TGTGAGAGAGGGCAACGGCTTTGA
CTACTGGGGCCAAGGCACCACTCTCACAGTCTCCTCAGCTAG CACCAAGGGCCCATCG
GTCTTCCCCCTGGCACCCTCCTCCAAGAGCACCTCTGGGGGCACAGCGGCCCTGGGCT
GCCTGGTCAAGGACTACTTCCCCGAACCGGTGACGGTGTCGTGGAACTCAGGCGCCCT
GACCAGCGGCGTGCACACCTTCCCGGCTGTCCTACAGTCCTCAGGACTCTACTCCCTCA
GCAGCGTGGTGACCGTGCCCTCCAGCAGCTTGGG CACCCAGACCTACATCTGCAACGT
GAATCACAAGCCCAGCAACACCAAGGTGGACAAGAAAGTTGAGCCCAAATCTTGTGAC
AAAACTCACACATGCCCACCGTGCCCAGCACCTGAACTCCTGGGGGGACCGTCAGTCT
TCCTCTTCCCCCCAAAACCCAAGGACACCCTCATGATCTCCCGGACCCCTGAGGTCACA
TGCGTGGTGGTGGACGTGAGCCACGAAGACCCTGAGGTCAAGTTCAACTGGTACGTGG
ACGGCGTGGAGGTGCATAATGCCAAGACAAAGCCGCGGGAGGAGCAGTACAACAGCA
CGTACCGTGTGGTCAGCGTCCTCACCGTCCTGCACCAGGACTGGCTGAATGGCAAGGA
GTACAAGTGCAAGGTCTCCAACAAAGCCCTCCCAGCCCCCATCGAGAAAACCATCTCCA
IAAGCCAAAGGGCAGCCCCGAGAACCACAGGTGTACACCCTG CCCCCATCCCGGGAGG
IAGATGACCAAGAACCAGGTCAGCCTGACCTG CCTGGTCAAAGGCTTCTATCCCAGCGA
CATCGCCGTGGAGTGGGAGAGCAATGGGCAGCCGGAGAACAACTACAAGACCACGCC
TCCCGTGCTGGACTCCGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCGTGGACAAGA
GCAGGTGGCAGCAGGGGAACGTCTTCTCATGCTCCGTGATGCATGAGGCTCTGCACAA
ICCACTACACGCAGAAGAGCCTCTCCCTGTCTCCGGGTAAAaggaagagaaggACCGGTGA
GGGCAGAGGAAGTCTTCTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCTTCCGGT
atggtgtccacttctcagetecttggacttttgcttttct ggacttcagect ccagatgtgacattgt gatgtcacagtctecatect
ccctagetgtgtcagttggagagaaggttactatgagctgcaagtccagtcagagcecttttatatagtagcaatcaaaagaact
acttggcctggtaccagcagaaaccagggeagtct cctaaactgct gatttect gggeatccacta gggaatctggggt cect
gatcgcttcacaggcagtggatctgggaca gatttcagtctcaccatcagcagt gtgaaggct gaagacctggeagtttatta
ctgtcagcaatattatagctatccgtacacgttcggaggggggaccaagcetggaaataaaacgggctgatgetcgtacggt
ggctgcaccatctgtcttcatcttcccgecatct gatgagea gttgaaatctggaactgect ctgtt gtgt gectgct gaataact
tctatcccagagaggccaaagtacagtggaaggtggataacgecctccaatcgggtaactcccaggagagtgtcacagag
caggacagcaaggacagcacctacagectcagcageaccctgacget gagcaaagcagactacga gaaacacaaagtct
acgcctgegaagtcacccatcagggect gaget cgcccgtcacaaagagettcaacaggggagagt gttag

Signal peptide (L) -
#33 heavy chain
sequence (C) —

furin cleavage site (L)

- T2A sequence (C)-
#33 light chain

sequence (L)

L: Lowercase letters

C: Capital letters

The heavy chain and light chain expression vectors of chimeric antibody,

pFUSE-CHIg-hG1 and pFUSE2-CLIg-hk, respectively, were purchased from invivogen

(Takebe et al., 1988; Yu and Russell, 2001). The identified sequence of heavy and light

chain variable regions was inserted to each vector digested by EcoRI-Nhel and

Ncol-BsiWI, respectively, using In-Fusion technology. Single frame of #33 chimeric



antibody was amplified by PCR and cloning into PCR-amplified linear pGreeFire-Gal4

vector using In-Fusion technology. Primers used for cloning are shown below.

Sequence

gaggtgcagcttgttgagtctggt ggaggattggt gcagcctaaaggatcattgaaactctcatgt gccgectet ggtttcaccttcaatac

) <Z( ctatgccatgcactgggtctgccaggetccaggaaagggtttgaaatgggttgctcgcataagaagtaaaagtaataattatgcaacatatt
Heavy chain of A |atgccgattcagtgaaagacagattcatcatctccagagatgattcacaaageatgetctatctgcaaatgaacaacctgaaaactgaggac
o-preS1 é#33) acagccatgtattactgtgtgagagagggcaacggctttgactactggggccaaggcaccactctcacagtctectca
mA
,8 © |[EVQLVESGGGLVQPKGSLKLSCAASGFTFNTYAMHWVCQAPGKGLKWVARIRSKSNNYATYYADSVKDR
g < [FISRDDSQSMLYLQMNNLKTEDTAMYYCVREGNGFDYWGQGTTLTVSS
gacattgtgatgtcacagtctccatecteectagetgt gtcagtt gga gagaaggttactatgagctgcaagt ccagtca gagecttttatat
<Z( agtagcaatcaaaagaactacttggcctggtaccagcagaaaccagggcagtctectaaactgetgatttecct gggeatccactagggaat
Light chain of A |ctggggteccctgatcgettcacaggecagtggatctgggacagatttcagtctcaccatcagcagtgtgaaggctgaagacctggceagttt
a-preS1 (#33) attactgtcagcaatattatagctatcegtacacgttcggaggggggaccaagetggaaataaaacgggetgatgcet
mAb

,8 T [DIVMSQSPSSLAVSVGEKVTMSCKSSQSLLYSSNQKNYLAWYQQKPGQSPKLLISWASTRESGVPDRFTG
E < |SGSGTDFSLTISSVKAEDLAVYYCQQYYSYPYTFGGGTKLEIKRADA

Produced vector name

Primer name

Primer seq (5'- segence -3')

SynNotch vector

BstZ171-S1scFv-Syn-F

GAGGACCTCGTATACCAAGTTCAGCTGCAG

BamHI-S1scFv-Syn-R

GTCCAGGATGGATCCAGCGTCGGCCCTCTTG

BstZ171-S2scFv-Syn-F

GAGGACCTCGTATACCAAGTTCAGCTGCAAG

BamHI-S2scFv-Syn-R

GTCCAGGATGGATCCCAGCACAGTCACTG

pGF1-F2 CTCGAGTCGACTCGACAATCAACC
Reporter vector for secNL gene
pGF1-R2 CATGGTGGCGGATCCAACGAATG
. IF-secNL-F TGGATCCGCCACCATGAACTCCTTCTCCACAA
secNL gene into reportor gene
IF-secNL-R TCGAGTCGACTCGAGCTACGCCAGAATGCG
Gal4-BamHI-R GGATCCAACGAATGTCGAGAGGCTGG
Reporter vector for IFNB1 gene -
T1-Hi-F TCTGGAGCTAGTGCTGGAGTGAGC
. BamHI-hIFNB1-F TCGAGTCGACTCGAGCTACGCCAGAATGCG
IFNB1 into reportor gene
T1-hIFNB1-R AGCACTAGCTCCAGAGTTCCTTAAATAGCCGG
HBs vH F GATCACCGGTGAATTCACCATGGTGTTGGGGCTG
L . HBs vH R GGCCCTTGGTGCTAGCTGAGGAGACTGTGAG
#33 chimeric antibody vector
HBs vL F CACCGGTCACCATGGACCATGTTACTGCTGC
HBs vL R TGCAGCCACCGTACGAGCATCAGCCCG
GF1-33hG-F ACATTCGTTGGATCCACCATGGAATGTAACTGG
single frame sequence of Furin-33H-R CCTTCTCTTCC ACCCGGAGACAGGG
#%3 chimeric zntibod T2A-F AAAAGGAAGAGAAGGACCGGTGAGGGCAGAGG
. ) y T2A-R AGAAGTGGACACCATACCGGAAGGGCC
into pGreenFire-Gal4
33L-F ATGGTGTCCACTTCTCAGCTCC
GF1-33hk-R TCGAGTCGACTCGAGCTAACACTCTCCCC

Cell culture

Jurkat cells were cultured in RPMI containing 10% (V/V) fetal bovine serum

(FBS; Gibco-BRL). HepG2 cells were maintained on collagen-coated dishes with

DMEM containing 10% (V/V) FBS. HepG2.2.15.7 cells were maintained on

collagen-coated dishes

with DMEM/F-12,

GlutaMAX (Life Technologies)

supplemented with 10% (V/V) FBS, 10mM HEPES and 5 pg/ml insulin. To generate



HepG2 Tet-ON-SHBs cells, a HepG2 Tet-ON Advanced Cell (Clontech) parental cell
line was transduced with a retroviral vector encoding the SHBs gene fused to a
tetracycline-responsive element, then was selected with puromycin (1 pg/ml), and
cultured with DMEM (Wako) supplemented with 10% FBS. Unless otherwise indicated,
Tet-ON-SHBs cells were treated with Spug/ml doxycycline (Sigma-Aldrich) for 24 hours
before experiments. HepG2 Tet-ON-NTCP (HepG2-iNTCP) cells were cultured as
previously reported (Miyakawa et al., 2018). Primary human hepatocytes (PXB cells)

and the specific medium were purchased from PhoenixBio.

Production of lentiviral vectors and synNotch cells

SynNotch cells were established using lentivirus vector system (Morsut et al.,
2016). In brief, lentivirus was produced by co-transfecting either response plasmid or
synNotch plasmid and vectors encoding packaging proteins (pCMV-VSVg and
pHIV-GagPol) using Lipofectamine 3000 reagent (Invitrogen) in lintiX-293A cells
(TaKaRa Bio) plated in 6 cm dish at approximately 70% confluence. Viral supernatants
were collected 2 days after transfection, by filtering through 0.45 pm pore sized
membrane filter and were used for transduction immediately or stored at -80 °C for later
use.

For producing synNotch cells, the initial step was the incorporation of each
reporter vector into Jurkat cells. For lentiviral transduction, viral supernatant including
each response plasmid at MOI of ~50 was added directly to ~ 1x 10°cells Jurkat cells
seeded in 12 well plates. Viral media was replaced with sterile growth medium 24 hours
post-infection and cultured further for 2 days. The cultured cells were subsequently
selected with 1 pg/ml puromycin. Viral supernatant including each synNotch plasmid
were concentrated approximately 15 times using Lenti-X concentrator (TaKaRa Bio)
according to the manufacturer’s instructions (Ginsberg et al., 2015). The concentrated
viral supernatant at MOI of ~100 was mixed ViroMag (OZ Biosciences) and then added

directly to ~ 5x 10’ reporter gene-transduced Jurkat cells plated in 12-well plates. They



were cultured for 24 hour using the recommended magnetic plate (OZ Biosciences) and
viral media was replaced with sterile growth medium.

For single-cell clonal population establishment, a-HBs SNR cells that
responded to express GFP were seeded 1x107 cells in the 25 cm?” flask and stimulated
with 70 ng/ml SHBsAg for 24 hours. The population of GFP-positive cells was then
sorted using a FACS ARIA II. Subsequently, single cells were isolated as 24 clones
from GFP-positive pool cells using limited dilution method. Among them, the clone that
showed better ON/OFF response was selected to perform further tests using

fluorescence imaging and flow cytometry.

Flow cytometry

To determine the surface expression level of SynNotch receptor, a-HBs SNR
cells were incubated with anti-myc antibody (clone 9E10, ThermoFisher) in PBS
containing 2% FBS and 0.02% azide. Cells were then stained with PE-conjugated
secondary antibody (#12-4010-82, invitrogen). GFP-positive a-HBs SNR cells
stimulated with HBV particle were fixed with 4% formalin. Flow cytometry was
performed using a FACSCanto II instrument (BD Biosciences), and data were analyzed

with FlowJo software (TreeStar).

Validation of synNotch function

a-HBs SNR cells were seeded at a concentration of 1x10” cells/well in a 96-well
plate and then recombinant LHBs protein (Beacle. Inc.) or HBsAg or HBV particles
were added and incubated for 48 hours at 37 °C, 5% CO,. In case of co-culture with
Tet-ON-SHBs cells or HepG2.2.15.7 cells, 3 x 10" cells or 3 x 10°cells target cells were
plated in each well of a 96- or 12-well collagen-coated plate with 1x10* or 5 x 10> cells
a-HBs SNR cells and then cells were co-cultured for 48 hours. For detecting synNotch
cells’ activation, secreted Nano-Luciferase (secNL) or IFNBI1-HiBiT in the cell

supernatant was measured using Nano-Glo luciferase assay system or Nano-Glo HiBiT



Extracellular Detection System (Promega), respectively, according to the
manufacturer’s instructions. The secreted chimeric antibodies (a-preS1 ncAb) were
measured by biotinylated preS1 peptide using AlphaScreen assay. Briefly, cellular
supernatant containing a-preS1 ncAb was incubated with biotinylated preS1 peptide in
the 384-well OptiPlate (PerkinElmer) for 30 min at 26 °C and then added to proteinG
acceptor beads and Streptavidin-coated donor beads. After incubation for Imin at 26°C,
AlphaScreen signal was analyzed by the AlphaScreen detection program with Envision
(Perkin Elmer). Image of GFP-positive cells were captured using a luminescence

microscopy (KEYENCE).

Imaging and image analysis

NanoLuc luciferase images at the single-cell level were obtained using the
LUMINOVIEW LV200 imaging system (Olympus) as described previously (Horibe et
al., 2014; Ogoh et al., 2014). Briefly, after stimulation with HBV particles or without
stimulation, synNotch cells were recovered and re-suspended with PBS. In case of
co-cultured experiment, cells were treated with trypsin for 2 min and only a-HBs SNR
cells were recovered by gentle pipetting. The cells were then transferred to a multi-well
glass-bottom dish. Images were taken using a 20x objective lens with 1 second
exposures after adding the furimazine substrate (Promega) at 50-fold dilution. Data
analysis was performed using ImageJ software (Hartig, 2013). All images were changed
to 8-bit grayscale, subtracted background noise and then threshold was defined (Otsu
mode). A total of 300-400 cells were counted for each sample including luminescent
and non-luminescent cells. Using phase contrast image, the luminescence intensity of
each bioluminescent image was defined as follows: (area integrated intensity) x (mean
grey value). Data was analyzed and graphed using GraphPad Prism software (GraphPad

Software Inc.).



Generation of a-HBs monoclonal antibody

Immunization of BALB/c mice with full-length recombinant LHBs protein
(Beacle. Inc.) and generation of hybridoma cells producing o-HBs antibody were
performed as previously described (Matsunaga et al., 2014; Yamaoka et al., 2016).
Epitope identification of the generated antibodies was performed by immunoblot
analysis using recombinant HBs proteins produced by wheat germ cell-free protein
system (CellFree Sciences) or LHBs-3x FLAG-overexpression cell lysate. To identify
the variable region of heavy and light chain, antibody’s mRNA was extracted from
hybridoma cells using RNeasy kit (QIAGEN). Then cDNA synthesis was performed
using SMARTer RACE 5°/3’ Kit (TaKaRa) according to manufacturer’s instructions and
then sequenced the variable region. Reverse transcription primers were designed for the
constant regions of heavy and light (k) chain based on the sequence of mouse IgG
classes registered in the NCBI nucleotide database; heavy chain; 5°-

gattacgccaagcttGGAAATAGCCCTTGACC-3’, light chain (¥); 5°-

gattacgccaagcttGGCACCTCCAGATGTTAAC-3>  (under line; vector  specific

sequence).

Protein-protein interaction using AlphaScreen

Inhibitor assay of preS1 peptide and NTCP interaction was established
according to previous reports (Saso et al., 2018; Watashi et al., 2014). Briefly,
recombinant NTCP was synthesized using wheat cell-free protein system. 70 nM
biotinylated preS1 peptide was incubated with serially diluted antibody at 26 °C for 10
min followed by the addition of 0.1ul of recombinant NTCP protein in a 384-well
OptiPlate and the mixtures were then incubated at 26 °C for 1 hour. Then the Nickel
Chelate acceptor beads and streptavidin-coated donor beads were added to the 384-well
plate. After further 1 hour incubation at 26 °C, AlphaScreen signal was analyzed by the
AlphaScreen detection program with Envision (Perkin Elmer) as described previously

(Eglen et al., 2008).



HBY preparation and infection

Wild-type HBV and HBV reporter viruses (HBV-NL) were prepared as
previously reported (Miyakawa et al., 2018; Nishitsuji et al., 2015). Briefly, wild-type
HBV and HBV-NL were derived from the supernatants of Hep(G2.2.15.7 cells and
concentrated approximately 100 times using a PEG Virus precipitation kit (Bio Vision).
Cells were infected with wild-type HBV at a concentration of 500 genome equivalents
per cell in the presence of 4% PEGS8000 for 16 hours. Alternatively, cells in a 48- or
98-well plate were inoculated with 1 pl or 0.4 pl of HBV in the presence of 4%
PEG8000 for 16 hours. HBV-infected cells were cultured in fresh medium for an
additional 5-6 days and their infectivity was determined by vDNA quantification in
culture supernatants, as previously described (Miyakawa et al., 2015). The infectivity of
HBV-NL was quantified using the Nano-Glo Luciferase System (Promega) according to

the manufacturer’s instructions.

Quantification of HBs proteins (HBsAg)

HBs antigen derived from HepG2 Tet-On-SHBs cells or HepG2.2.15.7 cells was
quantified by enzyme-linked immunosorbent assay (ELISA; Alpha Diagnostic Intl Inc.)
as described previously (Miyakawa et al., 2018). HBsAg amount was calculated with

standard curve using control HBsAg according to the manufacturer’s instructions.

Gene expression analysis

Messenger RNA extraction and subsequent cDNA synthesis was performed
using ISOGEN (NIPPON GENE) and ReverTra Ace (Toyobo), respectively, according
to their corresponding manufacturer’s instructions. Gene expression was analyzed by
qPCR using SYBR Premix Ex Taq II (TaKaRa). The primer pairs used were
5’-GGCTGTTTACCAGACTCCGACA -3’ and 5’-CACAAAGCCTGGCAGCTCTCTA
-3’ for Mx1; 5’-CTCTGAGCATCCTGGTGAGGAA -3’ and
5’-AAGGTCAGCCAGAACAGGTCGT -3’ for ISG15.



Statistical analyses

All data were analyzed for statistical significances using unpaired t-test.
Difference was assessed with two-side with a significance level of 0.05. Calculation of
half maximal effective value (Figure 2B) was performed using GraphPad Prism

software (GraphPad Software Inc.).
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