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Abstract

We report a facile route for fabricating a new class of nanomimics that overexpress hepatitis B
virus (HBV) receptor via a natural biosynthetic procedure against HBV infection. We engineered a
nine-transmembrane HBV-specific receptor, human sodium taurocholate co-transporting
polypeptide (hNNTCP), to naturally immobilize it onto the cellular surface and subsequently trigger
the budding of hNTCP-anchoring membrane vesicles ('(NTCP-MVs) that favor the HBV virion.
We confirmed that ANTCP-MVs could rapidly block HBV infection in cell models. Furthermore,
hNTCP-MVs treatment could effectively prevent viral infection, spreading, and replication in a
human-liver-chimeric mouse model of HBV infection. Our findings demonstrate the receptor-
mediated antiviral effect of ANTCP-MVs to trick HBV and offer novel opportunities for further
development of antiviral strategies in nanomedicine.

Graphical Abstract

A facile and bioinspired strategy for fabricating a new class of nanomimics that over-express
Hepatitis B Virus (HBV) receptor via a natural biosynthetic procedure against HBV infection.
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Chronic hepatitis B virus (HBV) infection places patients at high risk of death due to liver
cirrhosis and hepatocellular carcinoma, and it remains a global public health issue.[]
Despite the use of preventive vaccines, it is estimated that there are still more than 290
million people who are persistently infected by HBV.[2] More importantly, a functional cure
is seldomly achieved in patients with chronic HBV infection by treatment using currently
approved anti-HBV drugs (usually <5% per year). Therefore, novel antiviral strategies are
urgently needed.[3]

Cellular membrane vesicles (MVs) are directly formed from the natural cell membrane
outward budding, they can reflect the antigenic content of the original cells, providing a new
strategy for natural protein/vaccine delivery systems. Recently, MVs have been
demonstrated as a novel targeted therapy with promising potential for the treatment of
various diseases.[4] The receptors anchored on the cell membrane are generally key proteins
for virus binding and entry, and they are also known as important therapeutic targets for
various infectious diseases.[>] However, most MVs are surface engineered with functional
motifs by chemical conjugation methods, which often suffer from poor biological stability
and are limited in terms of /n vivo delivery logistics and therapeutic activity.[! It is clear that
MVs engineered with highly stable “mimics” of receptor v/aa genetic modification
procedure has the potential to address the limitations of receptor-mediated antiviral
treatment with good specificity and safety profiles.[]

Human sodium taurocholate co-transporting polypeptide (NN TCP) is a nine-transmembrane
transporter consisting of 349 amino acids with a molecular mass of 56 kD. hNTCP has been
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demonstrated as a functional receptor of HBV and features essential high binding affinity for
HBVpreS protein.[8] We thus hypothesized that MVs from NTCP-reconstituted cells with
hNTCP overexpressed on the cell membrane could be an effective means of bestowing
binding specificity towards HBV, which would lead to a receptor-mediated antiviral effect.
To test this concept, we developed a facile route for fabricating hANTCP-MVs via a natural
biosynthetic procedure, as shown in Figure 1. Specifically, we engineered MVs to display
hNTCP receptors and validated the antiviral effect of ANTCP-MVs to trick HBV both /n
vitroand in vivo. We show that hNTCP-MVs can rapidly block HBV virion binding and
reduce the expression of HBV DNA/surface antigen protein in HBV-replicating stable cells.
Furthermore, hNTCP-MVs treatment can efficiently prevent HBV viral infection, spreading,
and replication in a human-liver-chimeric mouse model of HBV infection. These findings
highlight the novel roles of biomimetic binding strategies in which unique capabilities of
viral bio-interfacing are employed against HBV infection.

hNTCP-overexpressing cell linel®! was generated by a well-characterized sleeping-beauty
transposon-based system with the co-expression of red fluorescent protein mCherry and
puromycin-resistant selective marker by plasmid transfection as we previously described
(Figure 2A).[20] Immunofluorescence (IF) staining showed the cultures were positive for
hNTCP, whereas the parental cells were not (Figure 2B). To evaluate their binding activity to
the HBV virion, hANTCP-overexpressing cells were incubated with 0.2 uM FITC labeled
HBV preS-peptides (HBVpreS/2-48™Y"-FITC peptide) in dark for 4 h and then washed with
PBS.[11] The parental cells were used as a control (Figure 2C). Over 95% of the mCherry-
positive hNTCP-overexpressing cells were bound to HBVpreS/2-48™'-FITC after 4 h of
incubation, whereas the control cells showed negligible binding signal, manifesting the high
biological activity of hNTCP protein expressed on the membrane of hNTCP-overexpressing
cells (Figure 2D).

The MVs derived from hNTCP-overexpressing cells ('(NTCP-MVs) were generated using a
previously reported procedure.[*2] Briefly, cell membrane was collected by a previous
reported freeze-thaw process. After sonication and centrifugation, major MVs were
obtained. The vesicular structure of ANTCP-MVs was confirmed by transmission electron
microscopy (TEM) (Figure 2E), and the vesicle size was approximately 200 nm, which
matched the hydrodynamic diameter measured by dynamic light scattering (Figure 2F). The
hNTCP-MVs maintained a stable size intensity within 10 days at 4 °C and after
cryopreservation at —80 °C (Figure S1). Western blotting analysis demonstrated the presence
of hNTCP on hNTCP-MVs (Figure 2G). To evaluate the biological activity, ANTCP-MVs
and Control-MVs were used to competitively bind to the HBV virion and block virus-host
binding. ANTCP-MVs showed significantly higher binding activity to HBVpreS/2-48™'-
FITC peptide than the Control-MVs, which indicated the over-expression of hNTCP
receptor mainly mediated the binding between the virion and hNTCP-MVs (Figure S2).
Secondly, hNTCP-overexpressing cells /n vitro cultured in 24-well plate were incubated
with an excess of MVs (0.4 ug/uL) (Figure 2H). Fluorescence images showed over 90% of
the binding between hNTCP-overexpressing cells and HBVpreS/2-48™"-FITC peptide was
blocked by hNTCP-MVs, whereas the incubation of Control-MVs had no effect (Figure 21).
Notably, TEM images displayed the pattern of the HBV-hNTCP-MVs binding complex and
indicated a size of 200-300 nm (Figure 2J and Figure S3). These findings demonstrate that
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hNTCP-MVs engineered with “mimics” of the multiple transmembrane HBV receptor are
able to recognize and bind to the HBV virion with high specificity.

To investigate the potential of hNTCP-MVs blocking the binding and entry into host cells of
the HBV virion, hNTCP-overexpressing cells were incubated with hNTCP-MVs at various
concentrations immediately after HBV infection (Figure 3A). We detected and analyzed
HBV DNA and surface antigen (HBsAg) [13] to measure the viral load in this study. In
contrast to the untreated controls (with an equal volume of PBS added), treatment with a 0.1
ug/uL dose of ANTCP-MVs significantly reduced HBsAg by 75.7 £ 2.5% (p < 0.001) and
HBYV DNA by 72.8 £ 1.6% (p < 0.001) in the supernatant 3 days post infection (3 dpi). The
HBV suppression effects of hNTCP-MVs were dose-dependent and were prolonged to 6 dpi
(Figure 3B, 3C, red column). In contrast to the ANTCP-MVs treated groups, the cells treated
with equal doses of Control-MVs showed no significant HBV suppression effects (Figure
3B, 3C, blue column). Moreover, ANTCP-MVs treated cells, Control-MVs treated cells and
untreated cells with HBV infection were detected by IF staining for intracellular expression
of HBsAg. Notably, hANTCP-MVs treatment significant reduced intracellular HBsAg
expression at 6 dpi (Figure 3D). The entecavir (ETV, a clinical nucleotide analogues used in
the treatment of HBV infection) control group showed no HBsAg suppression but a
significant and dose-dependent suppression of HBV DNA at 3 dpi (Figure S4A and S4B).
These results imply that ETV can only suppress HBV repication, but has no effect on
blocking HBV virion binding.

Clinically, suppressing serum HBV DNA in patients with sustained viremia is critical to
achieving a functional cure.[3] Thus, we investigated whether ANTCP-MVs could suppress
HBYV DNA in a cell model with stable HBV DNA expression. Generally, HBV-replicating
stable cell lines were used to model host cells with a sustained infection with HBV.[1% In
this study, HBV-Ae/Ba stable cells (genotype A/B with replication-competent HBV genome
stably integrated (Figure 3E) )were incubated with ANTCP-MVs to evaluate the antiviral
effect of ANTCP-MVs (Figure 3F). In contrast to the treatment with the Control-MVs,
treatment with hNTCP-MVs rapidly reduced the HBV DNA level in the supernatant by
approximately 50% after incubation in both cell lines (Figure 3G, 3H). However, ETV
showed no suppression of HBV DNA in HBV-Ae/Ba stable cells after treatment (Figure
S4C). To rule out the possibility that the decreased HBV expression was caused by
nonspecific cytotoxicity, we performed CCK8 assay with those MVs. The CCK8 results
showed over 90% cell viability, which indicated a very low cytotoxicity of ANTCP-MVs
(Figure S5). Taken together, these /n vitro results suggest the antiviral effect of ANTCP-MVs
vig efficient and competitive binding to the dissociative HBV virion and blocking virus-host
binding.

Next, we evaluated the antiviral effect of ANTCP-MVs in7 vivo in human liver chimeric mice
(Hu-FRGS), a classic mouse model of HBV infection. Firstly, to obtain Hu-FRGS mice
modeling HBV-induced viremia in human patients, immunodeficient FRGS mice were
engrafted with primary human hepatocytes by splenic injection as we previously described.
[14] Hu-FRGS mice received a caudal vein injection of 500 pL of hANTCP-MVs suspension
(1 pg/pL) immediately post infection (Figure 4A). All the Hu-FRGS mice retained serum
human albumin (hALB) levels of 1-3 mg/mL (Figure S6A), which indicated a considerable
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and stable human liver chimerism supporting HBV infection. In contrast to the Control-MVs
treatment, the hNTCP-MVs treatment reduced serum HBsAg and HBV DNA levels by over
90% at 20 dpi. This indicated that ANTCP-MVs can effectively prevent HBV infection and
the progression of viremia (Figure 4B, 4C). Importantly, immunohistochemistry (IHC)
staining showed that hNTCP-MVs treatment prevented the widespread expression of HBsAg
and HBV core antigen (HBcAQ) in chimeric human liver lobes (Figure 4D). In addition, the
treated mice showed normal physiological characteristics and liver function, suggesting the
safety of the hNTCP-MVs regimen (Figure S6B and Figure S7). As expected, the ETV
control group showed no effect on prevention of HBV spreading in chimeric human liver
lobes (Figure S8D). Over all, these results strongly demonstrate that ANTCP-MVs treatment
prolonged the suppression effect of HBV infection, spreading, and replication /7 vivo. The
curative therapeutic effect also indicated promising potential for future clinical translation,
upon further optimization and investigation in large animal models.

In summary, we successfully developed a new class of bioengineered nanodecoy anchoring
natural HBV receptor (hnNTCP) for use against HBV infection. We confirmed that the
nanomimics are able to recognize and bind to the dissociative HBV virion with high
specificity and sensitivity. The results show promise for inhibiting viral-host cell attack,
suppressing viral load, and preventing viral spreading both /n vitro and /n vivo by mimicking
a natural HBV infection process. Compared to soluble receptor proteins, MVs bestow
natural properties of the source cell membrane in a straightforward manner, including unique
virus bio-interfacing capabilities and lipid-based structures. The laterally mobile, two-
dimensional lipid-bilayer environment and specific molecular compositions modulate the
conformational equilibria of receptors and coordinate the bioactivity of membrane
constituents. [15] Furthermore, the approach avoids the potential risk of inhibitors and
antagonists, such as CsA, which might subvert the normal cellular functions of receptor
proteins by inactivation of host receptors. [16] NTCP also plays an important role in the
enterohepatic circulation of bile salts. Prolonged inactivation of hNTCP might lead to a
harmful high level of serum conjugated bile salts.[}7] Most importantly, to target different
kinds of pathogens, the receptor can be changed, modified, and even further co-expressed by
genetic engineering methods. Thus, the flexibility of bioinspired nanotechnology could
potentially allow the prevention and treatment of multiple infectious diseases in future
clinical translations.
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Figurel.
Schematic of the generation and antiviral treatment of ANTCP-MVs. A) Generation of

hNTCP-MVs derived from hNTCP-overexpressing cells. i, ii) Engineering of hNTCP-
overexpressing cell line stably expressing HBV receptor (nNTCP) on the cell membranes.
iii) Harvesting of the cell membrane expressing hNTCP and preparation of ANTCP-MVs. B)
Antiviral treatment of ANTCP-MVs. i) Construction of liver chimeric mouse model (Hu-
FRGS) through transplantation of human primary hepatocytes (PHH), the natural host cells
of HBV, to FRGS mouse. ii) PHH of Hu-FRGS infected with HBV /n vivo. iii) The hNTCP-
MVs bind to the dissociative HBV virion and prevent viral entry into PHH in Hu-FRGS.
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hNTCP-MVs

Generation and characterization of ANTCP-MVs. A) Establishment of hNTCP-
overexpressing cell line stably expressing hNTCP on cell membranes. B) IF staining for
hNTCP (green) expression in parental cells and hNTCP-overexpressing cells. Cell nuclei
were stained with DAPI (blue). Scale bar: 20um. C) Scheme of HBVpreS/2-48™-FITC
peptide binding. D) Fluorescence images of HepG2 and hNTCP-overexpressing cell lines at
4 hours after HBVpreS/2-48™"-FITC peptide (green) binding. Cell nuclei were stained with
DAPI (blue). Scale bar: 50 pm. E) TEM images for ANTCP-MVs negatively stained with
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uranyl acetate. Scale bar: 200 nm. F) Size intensity curve of hNTCP-MVs measured by
DLS. G) Western blot assay exhibited the expression of hANTCP on the hANTCP-MVs and
whole cell lysate of hNTCP-overexpressing cell line. Na+/K+ ATPase was used as a loading
control. H) Schematic of ANTCP-MVs competitively blocking HBVpreS/2-48™"-FITC
peptide binding to hNTCP-overexpressing cells. 1) Fluorescence images of PBS, hNTCP-
MVs, and Control-MVs blocking HBVpreS/2-48™'-FITC binding to hNTCP-
overexpressing cells. Scale bar: 20 um. J) TEM images of HBV-hNTCP-MVs complexes
negatively stained with uranyl acetate. Scale bar: 100 nm. HBV virion was indicated by
white arrow.
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Figure 3.
hNTCP-MVs prevent HBV infection and reduce viral load /in vitro. A) Schematic of HBV-

infected hNTCP-overexpressing cells that received hNTCP-MVs treatment. B) Relative
HBsAg and C) HBV DNA levels in supernatant of uninfected hNTCP-overexpressing cells,
untreated, ANTCP-MVs-treated and Control-MVs-treated hNTCP-overexpressing cells with
HBYV infection at 3 and 6 dpi (n = 3/group). D) IF staining for HBsAg (green) expression of
untreated, ANTCP-MVs-treated and Control-MVs-treated hNTCP-overexpressing cells at 6
dpi. Scale bar: 200 um. E) HBV DNA levels in cell culture supernatant of HBV-Ae/Ba cell
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lines from 0 to 24 days after 100% confluence (n=5/group). F) Schematic of HBV-Ae/Ba
cells that received hNTCP-MVs treatment. G, H) Relative HBV DNA levels in supernatant
of control and HBV-Ae/Ba cells treated with 0.4 pg/uL of hNTCP-MVs (n = 3/group).
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Figure 4.
hNTCP-MVs prevent HBV infection in liver humanized mouse model. A) Schematic design

of HBV-infected Hu-FRGS mice that received hNTCP-MVs treatment. B) Serum HBsAg
and C) HBV DNA levels of untreated, Control-MVs-treated, and hNTCP-MVs-treated Hu-
FRGS mice with HBV infection from 0 to 20 dpi (n = 6/group). D) IHC staining for HBsAg
and HBcAg expression in chimeric human liver lobes of untreated, Control-MVs-treated,
and hNTCP MVs-treated Hu-FRGS mice with HBV infection. Hu-FRGS mice without HBV
infection were used as a control. Scale bar: 200 um.
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