The EMBO Journal Vol. 20 No. 16 pp. 4443-4453, 2001

HBYV infection of cell culture: evidence for
multivalent and cooperative attachment

Nir Paran’, Benjamin Geiger? and
Yosef Shaul'?

Departments of "Molecular Genetics and *Molecular Cell Biology,
Weizmann Institute of Science, Rehovot 76100, Israel

3Corresponding author
e-mail: yosef.shaul@weizmann.ac.il

Hepadnaviruses do not infect cultured cells, therefore
our knowledge of the mechanism of the early stages of
virus—cell interaction is rather poor. In this study, we
show that dimethylsulfoxide (DMSO)-treated HepG2
hepatoblastoma cells are infected efficiently by serum-
derived hepatitis B virus (HBV) as monitored by viral
gene expression and replication markers. To measure
virus attachment, a variety of HBV surface proteins
(HBsAgs) were conjugated to polystyrene beads and
their capacity to attach cells was visualized and quan-
tified by light microscopy at a single-cell resolution.
Remarkably, DMSO increases the attachment
efficiency by >200-fold. We further identify the
QLDPAF sequence within preS1 as the receptor-bind-
ing viral domain epitope. Interestingly, a similar
sequence is shared by several cellular, bacterial and
viral proteins involved in cell adhesion, attachment
and fusion. We also found that the small HBsAg
contains a secondary attachment site that recognizes a
distinct receptor on the cell membrane. Furthermore,
we provide evidence in support of multivalent HBV
attachment with synergistic interplay. Our data depict
a mechanistic view of virus attachment and ingestion.
Keywords: endocytosis/HBsAg proteins/HBV infection/
QLDPAF motif/virus attachment

Introduction

Hepadnaviruses replicate almost exclusively in the liver.
This liver tropism is believed to be determined, at least in
part, by hepatocyte-specific receptors and co-receptors.
Several cellular proteins were identified as putative viral
receptors (reviewed in De Meyer et al., 1997). The gp180
protein was identified as the putative duck hepatitis B virus
(DHBYV) receptor (Kuroki et al., 1995; Breiner et al., 1998;
Urban et al., 1998). The involvement of additional cellular
proteins, e.g. gpl20 and p55, in DHBV infection was
proposed recently (Li et al., 1996; Guo and Pugh, 1997). A
point of concern is that DHBV displays clear liver tropism
yet the putative receptor candidates are not strictly liver
specific. Our knowledge of hepatitis B virus (HBV) liver-
specific receptors is poorer and is still in its infancy.
Certainly, progress in understanding the early stages of
virus—cell interaction will facilitate the research into
resolving this issue.
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Parallel studies and identification of the viral regions
that bind the specific receptors on the target cell membrane
have been more rewarding. The viral envelope is com-
posed of a membrane originating from the cell in which
several virus-encoded surface proteins are anchored.
These include the small HBsAgs (p24 and gp28), the
middle HBsAgs (gp33 and gp36) and the large HBsAgs
(p39 and gp42). These proteins are presented on the
surface of both the infectious viral particle (the 42 nm
Dane particle) and the rod-shaped or spherical 22 nm
subviral particles (SVPs). The latter are composed of the
viral surface proteins and the cellular membrane. SVPs
comprise most (90-99%) of the circulating viral particles
in infectious serum as well as in culture media of infected
or transfected cells. Of all the viral surface proteins, the
large HBsAg of both avian and the mammalian hepadna-
viruses is believed to play a major role in mediating virus
attachment and entry into hepatocytes (Neurath et al.,
1986; De Meyer et al., 1997; Le Seyec et al., 1999).
Within the large HBsAg, the 21-47 amino acid epitope of
preS1 was shown previously to mediate binding to the cell
surface of HepG2 cells (Neurath et al., 1986). Antibodies
directed against this epitope were shown to block infection
(Neurath et al., 1989). Most of the preSl-interacting
proteins that have been identified so far interact with this
epitope (reviewed in De Meyer et al., 1997; Ryu et al.,
2000). Thus, it appears that a single viral epitope is
responsible for cell recognition and ingestion. However, as
learned from other viruses, the notion of simple recogni-
tion and attachment to a single cell surface molecule is
inaccurate (for a review see Haywood, 1994).

The study of HBV attachment and infection is hampered
by the fact that the established human hepatocyte cell lines
that retain the hepatocyte markers, such as HepG2 and
Huh-7, are refractory to HBV infection. As the transfected
HBYV genome is transcribed efficiently in these cell lines,
attachment and entry are believed to be the restrictive
steps. Human primary hepatocytes, on the other hand, are
variably susceptible to infection and for only a short period
after culturing (Gripon et al., 1988; Pugh et al., 1995).
However, upon their exposure to 1.5-2% dimethylsulf-
oxide (DMSO), enhanced and prolonged HBV (Gripon
et al., 1988) and DHBYV infection (Pugh and Summers,
1989) was obtained. We show here that DMSO-treated
HepG2 cells manifest efficient HBV infection. It is
therefore possible that DMSO improves HBV infection
by inducing expression and presentation of differentiation-
specific viral receptors, although other possibilities were
not ruled out. The main obstacle to defining the underlying
mechanisms is the lack of reliable tools to evaluate virus
attachment to the target cells quantitatively.

Studies on characterization of the factors that mediate
HBV and DHBYV cell attachment using either labeled
viral particles, anti-HBsAg antibodies (Klingmuller and
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Schaller, 1993; Pontisso et al., 1989) or coated beads
(Neurath et al., 1986) have been reported. However, these
methods neither demonstrate nor quantify attachment
at the single-cell level. As an alternative approach, we
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developed a bead-mediated attachment (BMA) assay,
where the attachment of a variety of HBV surface proteins,
covalently conjugated to synthetic 6 um beads, was
visualized and quantified by light and electron micro-
scopy. We show here that beads coated with subviral
recombinant particles attach, albeit poorly, to HepG2 cells,
but not to non-liver cells. The obtained attachment was
increased by >200-fold upon DMSO treatment, a treat-
ment that sensitized the cells to HBV infection.
Furthermore, our quantitative assay permitted fine map-
ping of the major viral epitope and detection of a second
minor region that is involved in attachment but via a
distinct cellular receptor. Thus, our quantitative assess-
ment of virus—host attachment permitted us to study the
molecular mechanism of virus-host attachment, a step in
infection that is inherently transient and, therefore, so far,
has been difficult to study.

Results

DMSO improves HBV infection of HepG2 cells

Treatment of primary liver culture cells with 1.5-2%
DMSO results in enhanced and prolonged HBV (Gripon
et al., 1988) and DHBV infection (Pugh and Summers,
1989). To apply this protocol to the established cell lines,
HepG2 cells were treated with DMSO or left untreated,
and incubated with HBV-positive human serum. Four days
later, cells were analyzed by indirect immunoflourescent
staining for the presence of viral proteins. Interestingly,
HBcAg and HBsAg were both detected in the DMSO-
treated cells, whereas in untreated plates a few cells were
barely reactive (Figure 1A). These data suggest that
DMSO improved HBV infection of the HepG2 cells. Next
we checked whether this infection gives rise to viral
replication. To this end, total DNA was extracted from the
infected cells and from the HBV-positive sera virus stock.

Fig. 1. Efficient infection of DMSO-treated HepG2 cells by HBV.

(A) HepG?2 cells were seeded on 18 mm coverslips and either DMSO
treated or left untreated. After 6 days, cells were incubated for 14 h
with HBV-positive sera containing 10° particles per ml, diluted in
culture media. Subsequently, the unbound viruses were discarded and
the cells were incubated further with (left panel) or without (right
panel) DMSO for an additional 4 days. Viral infection was monitored
by indirect immunoflourescent staining with cHBcAg (red) and
aHBsAg (green) polyclonal sera, and by either RRX- or FITC-
conjugated antibodies, respectively. The stained cells were visualized
by scanning laser confocal microscopy. Yellow represents
co-localization of HBcAg and oHBsAg. (B) Viral DNA in the
duplicate samples was isolated from the infected cells and from the
virions and subjected to PCR to detect the presence of HBV RC and
cccDNA. The PCR results of the viral sample (lane 1), and extracts of
infected cells that were DMSO treated (lane 2) or left untreated (lane 3)
are shown. Control PCRs were performed for the endogenous AML-2.
The migration position of the DNA is shown as the molecular

weight in kb. (C) Southern blot analysis of total (lanes 2-9) and
extrachromosomal DNA (lanes 10-11), extracted from HBV- and
mock-infected (lane M) cells at the indicated days post-infection (dpi).
Cells were either DMSO treated (lanes 2, 5-9 and 11) or left untreated
(lanes 3, 4 and 10). The gel migration positions of relaxed circular
(RC), covalently closed circular (ccc) and single-stranded (ss) forms
are indicated. In lane 8, 100 uM lamivudine (3TC) was added to the
culture medium 14 h after infection. Fresh medium containing 3TC
was added every 3 days. To block infection by MA 18/7 neutralizing
monoclonal anti-preS1 antibody, 200 ul of HBV-positive serum was
pre-incubated with 0.5 pg of IgG for 4 h before infection. MW = DNA
molecular weight in kb.
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Fig. 2. Recombinant HBV SVPs containing all the HBV surface
proteins. CHO cells stably transfected with the AL26 plasmid express
22 nm HBV subparticles. (A) Purified particles were fractionated on a
CsCl gradient and the resulting fractions were assayed for HBsAg by
radioimmunoassay using !*I-labeled anti-HBsAg antibodies. The
density of HBsAg SVPs was calculated to be 1.22 g/ml, characteristic
of the 22 nm spherical HBsAg SVPs. The insert shows 22 nm particles
that were negatively stained by uranyl acetate followed by TEM.

(B) The composition of the various surface proteins was determined by
[**SImethionine labeling on SDS-PAGE and by western analysis with
MA 18/7, the antibody specific for preS1 (aS1), MA Q19/10 (for
preS2), and with polyclonal anti-S antibodies (a.S). The various HBV
surface proteins are indicated. (C) Schematic presentation of the
different (S, L and M) HBsAg proteins with the corresponding
antibody epitopes. The gray boxes represent the transmembrane
regions.

Equal amounts of DNA were analyzed by PCR for the
presence of HBV relaxed circular (RC) and covalently
closed circular (ccc) DNA, markers of productive infec-
tion and genome replication. RC DNA was detected both
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in the infected cells and in the virions, whereas cccDNA
was detected only in the cells (Figure 1B). No viral DNA
of any form was detected in cells not treated with DMSO.
Both samples contain equal amounts of DNA as quantified
by amplifying a genomic single gene (AML-2, Figure 1B,
lower panel). To determine HBV replication directly, both
untreated and DMSO-treated cells were harvested 5, 9 and
14 days after infection, and DNA from the cells was
analyzed for RC, single-stranded (ss) and cccDNA by
agarose gel electrophoresis and Southern blot hybridiza-
tion. Remarkably, already 5 days after infection significant
amounts of the DNA replication markers were detected
only in DMSO-treated cells. HBV DNA accumulated
further at 9 and 14 days (Figure 1C). Furthermore,
accumulation of these replicative intermediate DNA
forms is dependent on reverse transcription activity since
they were not detected in the presence of lamivudine
(3TC), a potent HBV reverse transcriptase inhibitor
(Figure 1C, lane 8). Antibody raised against the 21-47
amino acid region of preS1 neutralizes infection (Neurath
et al., 1989). This antibody (MA 18/7) displays similar
activity in our system and blocked infection (Figure 1C,
lane 9). These data strongly argue that DMSO sensitized
HepG2 to efficient HBV infection and replication.

Preparation of HBV subviral particles (SVPs)

Our data suggest that DMSO might improve HBV
infection by inducing expression and presentation of
differentiation-specific viral receptors (receptor acti-
vation). To substantiate this, we developed the BMA
assay that measures viral attachment at a single cell
resolution. Recombinant HBV SVPs were produced in
animal cells by utilizing the AL26 plasmid that contains an
integrated form of HBV DNA (Faktor et al., 1988).
Chinese hamster ovary (CHO) cells were transfected with
AL26 plasmid, and high HBsAg producer lines were
established that secrete HBsAg SVPs with the expected
1.22 g/ml density (Figure 2A). Electron microscopy
revealed that the particles are spherical and homogeneous
in size (22 nm in diameter). For protein composition
analysis, metabolically 3°S-labeled particles were prepared
and analyzed by SDS-PAGE. The small HBsAgs p24
and p28 are the major components and the middle preS2
proteins, p33 and p36, are the minor components
(Figure 2B and C), whereas the large preS1 proteins
are barely detectable. However, the fact that these
particles contain all three components was confirmed by
immunoblotting utilizing different specific antibodies.
Collectively, our analysis shows that the structure, density
and composition of the purified recombinant SVPs are
similar to those reported for serum-derived 22 nm SVPs.

DMSO improves SVP-bead attachment

Recombinant SVPs containing all three HBsAg
components were conjugated to synthetic beads to obtain
SVP-beads. Control bovine serum albumin (BSA)-conju-
gated beads were also prepared and both were incubated
for 16 h with untreated HepG2 cells. The unbound beads
were removed, the cells were fixed and the number of
attached beads per cell was determined by light micro-
scopy. The percentage of cells that bind SVP-beads was
significantly higher than for the control BSA-beads
(Figure 3A and B), normally 50 and 18.7%, respectively.
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Fig. 3. DMSO improves SVPs attachment. (A) HepG?2 cells were seeded on coverslips and incubated with beads coated with either recombinant SVPs
or BSA. Non-attached beads were removed and the cells were fixed and visualized by DIC light microscopy at 66X magnification. Attachment of
beads was quantified for each representative microscopic field and the average attachment for a given number of beads per cell was determined.

(B) The percentage of cells that attached beads out of the overall cell population (total) and the percentage of cells out of the total population that
attached more than four beads per cell (high) for either BSA— or SVP-beads are presented together with their respective standard deviation bars.

(C and D) As in (A) and (B), but cells were treated with 2% DMSO.

Remarkably, DMSO significantly improved SVP-bead
attachment and ~93% of the cells bind beads as compared
with 50% of untreated cells (Figure 3C and D). Moreover,
~49% of the cells bind more than four SVP-beads per cell
(Figure 3D). This is 244-fold higher than that observed in
untreated cells (0.2%, Figure 3B). The improvement in
SVP-bead attachment is specific, as the majority (56%) of
the cells do not bind BSA-beads at all and only 0.8% bind
more than four beads per cell. Also the SVP-beads
attached non-liver Cos-1 and HeLa cells poorly (data not
shown), suggesting that SVP-bead attachment is cell type
specific. We therefore concluded that DMSO increases not
only the number of cells that bind HBsAg SVPs but also
the binding capacity of a single cell. Similar results were
obtained when purified serum-derived HBV particles were
conjugated to the synthetic beads (data not shown). The
fact that DMSO improved both HBV infection and SVP
attachment suggests that the HBV receptors on the cell
membrane became activated.

Bead attachment and endocytosis

The effect of bead attachment on the cell surface was
examined further by transmission electron microscopy
(TEM, Figure 4A-D). Cells that bound SVP-beads show
extensive membrane protrusions around the attached
beads, that upon long incubation are internalized effi-
ciently into DMSO-treated HepG2 cells (Figure 4C). This
was hardly observed at all when either HepG2 cells not
treated with DMSO or BSA-conjugated beads were used
(not shown). Scanning electron microscopy (SEM)
revealed a tight association of the beads with the cell
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surface (Figure 4E-H). In agreement with the TEM
results, SVP-conjugated beads were partially (Figure 4G)
or fully (Figure 4H) engulfed by the cells. The bead
internalization, which is very probably the outcome of
endocytosis, is rather an efficient process, and up to eight
beads were found inside any given cell (Figure 4H).
Interestingly, 21-47 peptide-conjugated beads (see below)
were internalized efficiently whereas, under the same
conditions, concanavalin A-conjugated beads, although
able to attach the cells efficiently, did not internalize (data
not shown). Together, these results demonstrate that the
attachment of SVP-beads to HepG2 cells is followed by
endocytosis.

Recombinant preS1 and cell attachment

To localize the region within HBsAg that plays a role in
cell attachment, we prepared a recombinant preS1 protein
and conjugated it to beads (preS1-beads). This region of
the large HBsAg protein was shown previously to play an
important role in receptor recognition (Neurath et al.,
1986; De Meyer et al., 1997; Le Seyec et al., 1999).
Untreated cells did not bind preSl-beads efficiently.
However, DMSO treatment improved this step >50-fold
(Figure 5A and B). Although the number of recombinant
preS1 molecules per bead exceeds by far that of SVPs per
bead (data not shown), the maximal attachment efficiency
is ~2-fold lower than that obtained with SVP-beads.

The 21-47 amino acid region of preS1 blocks HBV
attachment to HepG2 cells. Antibody raised against this
epitope has neutralizing activity (Figure 1C; Neurath et al.,
1989). We subjected a corresponding synthetic peptide to



Fig. 4. Attachment of SVP-conjugated beads is accompanied by
endocytosis. (A-D) Late stages (A, B and D) and completion of
SVP-bead engulfment (C) by the cell membrane are visualized by
TEM. (B) is a higher magnification of (A). (E-H) Poor (E) and
efficient (F) endocytosis of SVP-beads by untreated and DMSO-treated
HepG?2 cells, respectively, as visualized by SEM. Various stages of
bead internalization are demonstrated (G and H).

BMA analysis. Here again, DMSO dramatically improved
the attachment of these beads, but only ~18% of the cells
bound four or more beads (Figure 5). This number is
comparable with that obtained with the recombinant
preS1-beads. These data suggest that the attachment
activity of the preS1 region is likely to be confined within
the 21-47 amino acid sequence and that SVPs are twice as
efficient in terms of cell attachment.

Fine mapping of the preS1 major determinant that
mediates attachment

The major antigenic determinant of the HBV infection-
neutralizing monoclonal antibody MA 18/7 is the preS1
DPAF sequence (Figure 2C; Sominskaya et al., 1992),
suggesting that this sequence may be important for
attachment (see below). We prepared a recombinant
preS1 protein with a scrambled QLDPAF epitope to
substantiate its role in cell attachment (Figure 6A). The
wild-type and mutant are His-tagged preS1 proteins and,
as expected, both are reactive with the His tag-specific
antibody (Figure 6B). However, the MA 18/7 antibody did
not recognize the mutant protein. These proteins were
conjugated to beads and subjected to BMA assays. In

HBV attachment and infection

A
0
B 60t 48.8
(]
Q0
s |
230
ﬂ L
]
S 0
R BSA  SVP preS1 21-47
B_
(2]
T eof
(0]
e}
<t
A 30
2
8 oL01 02 04 0
* BSA  SVP  preS1 21-47

Fig. 5. The preS1 epitope (amino acids 21-47) mediates cell
attachment. (A) Beads conjugated with either BSA, SVPs, recombinant
preS1 or synthetic peptide encompassing amino acids 21-47 of preS1
were incubated with DMSO-treated cells. The percentage of cells out
of the total population that attached more than four beads per cell was
calculated and is presented together with their respective standard
deviation bars. (B) The experiment described in (A) was repeated with
untreated HepG2 cells.

contrast to the wild-type, the mutant shows poor attach-
ment (Figure 6C). Moreover, a soluble fraction of this
mutant is not capable of blocking the binding of wild-type
preS1-beads to cells. Thus, the preS1 QLDPAF motif is
the site that dominates HBV attachment.

Interestingly, we noticed that the X protein of HBV
contains a sequence similar to the major preS1 attachment
epitope (QLDPS/AR). Accordingly, we found that pX can
be immunoprecipitated by the MA 18/7 anti-preS1 anti-
body (our unpublished data). This similarity raises the
intriguing possibility that pX might also be involved in cell
attachment. A search of the database revealed that this
minimal epitope is shared by other viral, bacterial and
cellular proteins that participate in cell adhesion, attach-
ment and fusion (Figure 6D). It is tempting to suggest that
the QLDPAF sequence, or part of it, is a general motif that
plays a role in cell adherence and attachment.

Evidence for multivalent interaction

The fact that both recombinant preS1 and the synthetic
21-47 amino acid peptide show only 50% of the attach-
ment activity of the SVP-beads strongly argues for the
presence of a second region that plays a role in this
process. To localize the second SVP attachment site, we
prepared HBV SVPs composed of the small HBsAg and
lacking the preS1 and preS2 regions (sSVP, Figure 7A).
Interestingly, these beads display specific attachment in a
DMSO-dependent manner (Figure 7B). However, the
efficiency was ~5 times lower than that obtained with
SVP harboring the preS1 domain (7.9 versus 48.8). These
results strongly argue that the small HBsAg has an
additional and independent attachment site that interacts
with a distinct cellular receptor.

Evidence for synergistic cooperation between the
distinct attachment sites

The preS1 region displays attachment efficiency of 50% as
compared with SVP-beads, yet particles lacking the preS1
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Fig. 6. The QLDPAF motif in preS1 mediates preS1 attachment. (A) Sequence comparison of the wild-type QLDPAF preS1 and of the scrambled
mutant protein. (B) Preferential detection of wild-type versus mutant preS1 by anti-preS1 (MA 18/7) (upper panel); there was equal detection by
a6His. (C) Attachment efficiencies of beads conjugated to the indicated proteins in the presence or absence of pre-incubated mutant preS1 as a
competitor. The attachment assay and the quantification of attached beads were performed as described in Figure 2. (D) Database analysis revealed
that the QLDPA sequence is also found in pX, a second HBV protein. Also, a sequence similar to this motif was found in a number of viral bacterial
and cellular proteins that are involved in cell adhesion, attachment and fusion.
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Fig. 7. Small SVPs (sSVPs) lacking the preS1 region contain an
independent attachment region. (A) Recombinant sSVPs were produced
by transfection of HEK 293 cells with the pMH8 plasmid. Western
analysis with polyclonal anti-HBsAg (0.S) and monoclonal anti-preS1
antibodies (MA 18/7) was performed to compare the composition of
the various HBsAgs in sSVPs versus the recombinant SVPs. The
various HBsAgs are indicated. (B) Both SVPs and the sSVPs were
conjugated to beads and their ability to mediate bead attachment in the
presence or absence of DMSO was determined. See Figure 2 for the
structure of the different HBsAg proteins.

and preS2 regions exhibit only 8% attachment activity.

This implies that either additional attachment epitopes are
present that escaped our mapping or that the two regions
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identified by us act in a synergistic manner. To examine
these possibilities, we determined the contribution of the
preS1 domain in the context of SVPs. For this purpose, we
performed ligand competition experiments using the
soluble recombinant preS1 as a competitor. Cells were
pre-incubated with increasing amounts of the preSl1
protein prior to the addition of the conjugated beads. As
expected, the preSl-bead attachment was completely
blocked by the homologous soluble preS1 protein
(Figure 8A). Interestingly, SVP-bead attachment was
also competed by preS1, but ~8% of the cells continued to
show efficient SVP attachment even in the presence of a
vast excess of the competitor (Figure 8A, lower panel).
Under the same conditions, the attachment activity of the
small SVPs remained refractory to the preS1 competitor,
suggesting that this region binds a distinct receptor on the
cell surface.

Next we performed attachment-neutralizing experi-
ments using the M/A 18/7 neutralizing monoclonal
antibody. The SVP-conjugated beads were incubated for
2 h with the monoclonal MA 18/7 antibody prior to being
subjected to the BMA assay. This antibody was effective
in diminishing the attachment of preS1-beads (Figure 8B).
Notably, here again the SVP-bead attachment was only
partially blocked and ~8% of the cells continued to display
efficient attachment (Figure 8B, right panel). As a negative
control, we used a specific anti-HBcAg monoclonal
antibody, and no significant inhibition was observed.
Thus, based on the competition assays and on the results
obtained from the employment of the neutralizing anti-
body, we can conclude that the preS1 epitope is the major
attachment epitope. As the small SVPs displays ~8%
attachment activity (Figure 7), which is the same level of
activity that resisted competition, we suggest that in our
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Fig. 8. Cooperative action of multivallent attachment sites in SVPs.
(A) DMSO-treated HepG2 cells were pre-incubated for 2 h with

500 pg/ml of either BSA or recombinant preS1 as competitors prior to
addition of preS1-conjugated beads. The soluble competitor proteins
were pre-incubated at 100X the concentration of the conjugated ligand.
The percentage of cells of the total population that attached more than
four beads per cell is shown (upper panels). The experiment was
carried out with an increasing amount of the competitor as indicated
(lower panel). (B) The attachment of the preS1-beads was neutralized
by pre-incubation of the beads for 2 h with either monoclonal
anti-preS1 (MA 18/7) or the control monoclonal anti-HBcAg

(ns, non-specific), as indicated.

assays, other HBsAg regions, such as preS2, play a minor
role. Collectively, these results strongly argue that the
distinct attachment regions of HBV surface antigen
particles are likely to act in a synergistic manner.

Discussion

We report here that DMSO-treated hepatoblasoma HepG2
cells can be infected efficiently by HBV, as determined by
expression of the viral proteins and by the formation of
HBV RC, ss and cccDNA, the HBV replication markers.
The latter provides strong evidence for active HBV
replication. Naive HepG2 cells can support HBV tran-
scription and replication of the transfected HBV DNA;
therefore, lack of infection is very likely to be due to
inefficient HBV attachment and entry. Our finding that
DMSO sensitizes HepG2 to HBV infection raises the
possibility that DMSO overcomes these restrictive steps.
This hypothesis was tested here by developing a tool that
quantitatively measures virus attachment. Although pre-
vious reports have indicated that DMSO treatment of the
primary cultured human hepatocytes enhances HBV
(Gripon et al., 1988) and DHBV infection (Pugh and
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Summers, 1989), the underlying mechanisms remained
unexplored. DMSO allows sustained highly differentiated
stages of the cultured cells (Guguen-Guillouzo et al., 1986,
1988; Isom et al., 1987; Pugh and Summers, 1989) and
arrests primary hepatocyte cultures (Rumin et al., 1996)
and HepG2 cells at the G; phase (our unpublished
observation). It is therefore possible that DMSO acts at
multiple levels. Nevertheless, the possibility that it
improves expression and presentation of differentiation-
specific viral receptors, a process we generally refer to as
receptor activation, remained particularly difficult to
investigate. The major problems were our lack of infor-
mation on the nature of the involved receptors and the
difficulty in measuring virus attachment quantitatively.
In this study, we have utilized synthetic beads with
conjugated viral proteins to evaluate virus attachment
quantitatively. This method was used previously for the
analysis of adhesion-mediated interactions (Levenberg
et al., 1998, and references therein). The use of such beads
has several advantages. (i) Beads are readily visible and
their attachment is not followed by immediate entry into
the cells and, therefore, is more reliably measurable.
Image analysis systems can be developed for automated
scoring of virus attachment. Thus, the viral epitopes
involved and the cellular receptors interacting with it can
be determined easily. (ii) Using this method, attachment is
evaluated at single-cell resolution. (iii) Susceptible cells
can be sorted out easily from the rest of the cells in a
heterogeneous cell population. Furthermore, cells can be
categorized and separated based on their attachment
capacity. (iv) The high concentrations of the conjugated
ligands on their surface may increase the binding avidity
and permit detection of otherwise weak attachment.
(v) Use of beads which can be visualized readily allows
real time analysis. Thus the direct effect of viral attach-
ment on cell behavior and morphology can be monitored.
(vi) The physical properties of the beads allows the
development of simple receptor purification protocols.
(vii) Lastly, we show here that this method can be used to
determine the effectiveness of neutralizing antibodies,
sequestering peptides as well as inhibitory drugs.
Utilizing the BMA assay, specific but poor attachment
of HBV SVPs to HepG2 cells was detected. Remarkably,
DMSO treatment improved the attachment by >200-fold.
DMSO increased both the number of attached beads per
cell and the number of the cells engaged in attachment.
About 5% of the cells do not attach SVPs at all, ruling out
the involvement of ubiquitous factors in this process. The
other 95% of cells show either low (1—4 beads per cell) or
high (>4 beads per cell) attachment capacity. As HepG2 is
a cell line, this rules out a genetic basis for this variation
and therefore these subpopulations may represent cells
with discrete concentrations of activated receptors. In that
case, the level and presentation of these putative receptors
must be highly regulated in order to account for the
variations obtained. The mode of regulation of expression
of the putative HBV receptors awaits clarification, but it
might be regulated in part by the associated particles
(Klingmuller and Schaller, 1993; Bruns et al., 1998). The
particles may increase the concentration of anchored
receptors by mediating receptor aggregation or by inter-
fering with their proper recycling. The facts that the
HBsAg SVPs regulate infection of Dane particles (Bruns
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et al., 1998) and that a relatively long incubation time,
>10 h, is required for full productive infection lend further
support to this model.

We show that activation of virus attachment correlates
nicely with the rate of infection. We further show that
DMSO significantly improved the cell attachment via this
preS1 sequence, both as an isolated domain and as an
integral component of the viral particle. Previously, it has
been reported that preSl—cell interaction is essential for
HBYV attachment and infection (De Meyer et al., 1997; Le
Seyec et al., 1999). We therefore suggest that the observed
attachment of SVPs to DMSO-treated HepG2 cells is
mediated via authentic HBV receptors. This conclusion is
also supported by the fact that the 21-47 amino acid
epitope of preS1 is involved in this process, in line with the
reports of Neurath et al. (1986, 1989). So far, several
cellular proteins have been isolated that bind the 21-47
amino acid epitope of preS1 (De Meyer et al., 1997).
Unfortunately, no data are available as yet regarding the
exact amino acid residues in preS1 that mediate these
interactions and their relevance to virus—cell interactions
in vivo. Studies on the interaction of the DHBV preS with
carboxypeptidase D (gp180), the putative receptor, have
revealed a relatively broad region in preS which mediates
attachment (Urban et al., 2000). Although multiple
epitopes may contribute sequentially to adhesion strength-
ening, our study shows that a rather small epitope plays the
major role in attachment.

TEM and SEM studies reveal that improved attachment
of SVPs to DMSO-treated cells is accompanied by bead
internalization. Endocytosis was suggested previously as
the mechanism for HBV entry into cells (Hagelstein et al.,
1997). Although the preS1 attachment epitope is required
for the observed internalization (data not shown), utilizing
the same experimental approach it will be interesting to
determine the importance of additional regions in this
process.

The BMA assay was also used for fine mapping of the
sequence within preS1 that mediates cell attachment. A
monoclonal antibody raised against the 21-47 peptide
could elicit the neutralizing effect (Neurath et al., 1989)
and block attachment (this study). Fine epitope mapping
of this antibody has indicated that the DPAF sequence
within this region is the major antigenic determinant
(Sominskaya et al., 1992). We therefore expected this
motif to play a role in HBV attachment. Accordingly, we
found that a recombinant preS1 mutated at this region is
inefficient in attachment. Analysis of the database revealed
that this minimal epitope is shared by other viral, bacterial
and cellular proteins that participate in cell adhesion,
attachment and fusion. This suggests that the QLDPAF
sequence or part of it may play a role in cell adherence and
attachment. Variations in this epitope and the adjacent
sequences may confer a higher order of specification such
as tissue tropism and species specificity, as exemplified in
HBV. To test this hypothesis, more detailed mutagenesis
studies are required.

Interestingly, the X protein of HBV contains a similar
sequence to the major preS1 attachment epitope (QLDPS/
AR) at position 8-13. In agreement with this possibility,
we found that pX can be immunoprecipitated by the MA
18/7 anti-preS1 antibody with low efficiency (our unpub-
lished data). This region of pX is highly conserved, yet
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mutational studies so far have assigned no clear function to
this region. The sequence similarity to the preS1 attach-
ment domain raises the intriguing possibility that pX might
be involved in cell attachment. We have identified two
similar EGF repeat-containing proteins that bind the
recombinant preS1. Furthermore, the expression of one
of them is induced dramatically in DMSO-treated HepG2
cells (our unpublished data). Interestingly, one of these
proteins was reported to bind pX (Sun et al., 1998),
lending additional support to the hypothesis that pX and
preS1 might share some functions.

We report here that the virus contains a secondary
attachment region at the small HBsAg. This conclusion is
based mainly on the fact that the HBsAg—beads lacking the
preS1 and preS2 domains attached cells in a specific
manner. This is in agreement with the reported coopera-
tion in attachment between the preS1 and the non-preS1
components (Neurath et al., 1986; Gripon et al., 1988;
Pugh and Summers, 1989; Petit et al., 1991; Page et al.,
1992; Ishikawa et al., 1994; Qiao et al., 1994; Breiner
et al., 1998; Urban et al., 1998). This cooperation may also
have post-attachment roles affecting virus entry (Pugh
et al., 1995). Furthermore, the fact that this attachment is
not competed out by recombinant preS1 argues strongly
that a distinct receptor on the cell surface specifically
recognized the secondary HBsAg attachment site. The
nature of such a receptor was not resolved but a few
candidates were reported (reviewed in De Meyer et al.,
1997). In any case, our data show that DMSO also
activates this putative receptor. Thus, HBV displays
multivalent binding to multiple receptors. Multivalent
binding is expected to increase the binding avidity and, for
many viruses, a secondary binding step has been shown to
follow the initial binding (for a review see Haywood,
1994).

Quantitative evaluation of the attachment activity of the
particles made of small HBsAg revealed that they retain
only 15-20% activity as compared with particles contain-
ing the preS1 and preS2 regions. Yet beads conjugated to
the recombinant preS1 protein display only 50% and not
the remainding 80-85% activity. The difference might be
the result of the involvement of an additional region, such
as preS2. As preS2 has to be glycosylated (Heermann ez al.,
1984), we faced difficulties in directly evaluating its
contribution to cell attachment. However, attachment
competition and neutralization experiments both strongly
argue that under the employed conditions, the preS2
contribution to cell attachment is minor if any. Thus, we
are left with the possibility that the two attachment regions
on the HBV surface proteins act synergistically rather than
additively. Consequently, abolishing one of these affects
the attachment rate beyond its intrinsic capacity. Based on
these considerations, we propose a model whereby HBsAg
brings the particles into close contact with the cell
membrane to facilitate specific interaction of the preSl
domain with its receptor. The number of small HBsAgs on
the HBV envelope is much higher than that of preS1
domains and they are therefore expected to form multiple
contacts with the cell membrane and to increase the
attachment rate. This binding, however, is probably
unstable, but can be stabilized if followed by the
interaction of preS1 epitope with its corresponding
receptor.



Materials and methods

Cell culture

HepG2 and HEK 293 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) containing penicillin (100 U/ml) and
streptomycin (100 pg/ml), supplemented with 8% fetal calf serum
(Gibco). Transfections were carried out by the CaPi method as previously
described (Haviv et al., 1995). Cells were seeded 812 h prior to
transfection. About 60% confluent plates were transfected with the
desired plasmids. Carrier DNA plasmid was added to reach the final
amount of 20 ng of total DNA per 10 cm diameter plate. For DMSO
treatment, cells were seeded at 60% confluence, on 18 mm coverslips in a
12-well plate (Costar), and after 8—12 h DMSO was added to reach 2%
(v/v) final concentration.

Plasmid constructions

For bacterial expression of preS1, the DNA containing the preS1 domain
(amino acids 6-113) was cloned into the pRSET B vector (Invitrogen) at
the Xhol-HindllI sites. Site-directed mutagenesis was performed by PCR
using PWO Tag DNA polymerase (Boehringer Mannheim) and the
following primers: 5-CCCGATCATGCATTGCAGCCTGACTTCGG-
AGCC-3’ (sense) and 5-GGCTCCGAAGTCAGGCTGCAATGCATG-
ATCGGG-3’ (antisense) (adw strain), and two vector primers 5-CGC-
GGATCCTTGGCCGATTCATTAATGCAG-3" and 5’-TCCCCGCGG-
GCTAACCAGATCCGGATATAGTTCCT-3". The constructed mutants
were analyzed by DNA sequencing.

Production and purification of HBV SVP surface proteins
For production of SVPs, CHO cells were stably transfected with the AL26
plasmid, and high HBsAg-producing cells were isolated. The culture
medium was collected, and centrifuged (Rotor SS34 17 000 r.p.m.,
30 min at 4°C) to remove cell debris, and SVPs were fractionated on CsCl
gradients. The HBsAg level in the resulting fractions was determined by
radioimmunoassay using !ZI-labeled polyclonal oHBsAg antibody.
Fractions enriched for HBsAgs were collected and SVPs were enriched
by centrifugation through a 30% (w/v) sucrose cushion in phosphate-
buffered saline (PBS) (16 h, 27 000 r.p.m., 4°C, SW28 rotor). Mass
production and purification of SVPs was performed by Bio-Technology
General (BTG; Israel). SVPs containing only the small HBsAg (sSVP)
were produced by transfection of HEK 293 cells with pMH8 plasmid. Six
days post-transfection, the culture medium was collected and centrifuged
(17 000 r.p.m., 30 min at 4°C), to remove cell debris. The supernatant
was then layered on top of a 30% (w/v) sucrose cushion (in PBS) and
was subjected to ultracentrifugation (16 h, 27 000 r.p.m., 4°C, SW28
rotor). The pellet was resuspended in PBS, and analyzed for sSVP by
western immunobloting using polyclonal anti-SVP antibodies.
Recombinant preS1 (wild-type or mutant) was produced using the
pRSETB preS1 vector in BL-21::pLysS bacteria as described previously
(Haviv et al., 1996). Protein expression was induced at ODggg 0.8 by
1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) for 30 min at 37°C.
Cells were collected, washed and sonicated in 30 ml per 500 ml of
original culture volume of lysis buffer [25mM HEPES-KOH pH 7.9,
5 mM MgCl,, 200 mM NaCl, 10 mM B-mercaptoethanol, 10% glycerol,
200 mM phenylmethylsulfonyl fluoride (PMSF), 100 mM benzamide and
10 mM benzamidine]. Soluble proteins were separated from the debris
and inclusion bodies by centrifugation with SS-34 (16 000 r.p.m.,
30 min), pre-incubated with 10 mM imidazole and loaded on a 1 ml Ni-
NTA-agarose column (Qiagen) pre-equilibrated with the equivalent
buffer containing 10 mM imidazole. Non-specific proteins were washed
out by 150 column volumes of lysis buffer containing 10 mM imidazole.
The preS1 proteins were step-eluted in lysis buffer containing 150 mM
imidazole, and dialyzed against PBS. The identity and homogeneity of the
purified proteins were determined by Coomassie staining and western
immunoblotting.

Preparation of conjugated beads

Polybead amino microspheres (mean diameter 6 m, Polysciences) were
conjugated to the desired proteins according to the manufacturer’s
protocols. Briefly, 108 beads were washed three times with PBS at pH 7.4,
incubated with 8% glutaraldehyde in PBS for 16 h at room temperature
with gentle mixing, washed with PBS and incubated with the desired
protein for 5 h at room temperature. The beads were then incubated with
0.5 M ethanolamine in PBS for an additional 30 min, followed by
incubation with 10 mg/ml BSA in PBS for 30 min. The beads were then
resuspended in a storage buffer containing 10 mg/ml BSA, 0.1% NaN;
and 5% glycerol in PBS, pH 7.4, and stored at 4°C until used.
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Antibodies and peptides

Polyclonal goat antibodies against SVPs (0.S) were obtained from BTG
(Israel), and were diluted 1:3000 (in PBS) for both antibody-mediated
blocking assays and western analysis (PBS, 0.1% Tween 20 + 4% dried
low fat milk). The monoclonal mouse anti-preS1 antibody (MA 18/7)
(IgG 0.5 mg/ml) was diluted 1:5000 in PBS for antibody-mediated
blocking assays. The monoclonal mouse anti-His6 (Sigma) antibody was
diluted 1:3000 for western analysis. Monoclonal mouse anti-HBcAg
antibodies were generated by injection of bacterially expressed FPLC-
purified HBV core particles and selection of hybridoma-secreting
oHBcAg antibodies. Polyclonal rabbit antibodies against HBV core
protein were generated by repeated injection of bacterially expressed
FPLC-purified HBV core particles. For antibody-mediated blocking
assays, the ascites fluid was diluted 1:5000 in PBS. For western analysis,
horseradish peroxidase-conjugated donkey anti-goat and goat anti-mouse
antibodies (Jackson Immunoresearch Laboratories) were used.

A synthetic peptide encompassing the 21-47 amino acids of preS1
(PLGFFPDHQLDPAFGANSNNPDWDEFNPGK) was synthesized, puri-
fied on a C18 column by HPLC, lyophilized and freshly resuspended in
PBS before use. The peptide composition was confirmed by amino acid
analysis.

Bead-mediated attachment (BMA) assays

Cells were seeded and, 2 h before addition of the conjugated beads,
competitor antigens were added as described in the Figure legends.
Subsequently 2 X 10° beads were added to the cells and incubated for an
additional 14 h. The unbound beads were removed and cells were fixed in
4% paraformaldehyde solution and mounted in Aqua-polymount
(Polysciences). Attached beads were visualized, documented and
quantified by DIC light microscopy (Zeiss Axiophot). The average
number of beads per cell was evaluated by monitoring ~300 cells from
7-10 representative fields. Attachment efficiency was quantified for each
representative microscopic field and the average attachment efficiency of
a certain number of beads per cell was determined. The results were
grouped into the following categories: cells that remained unoccupied
(0 beads per cell), cells that attached 1-4 beads per cell and cells that
attached more than four beads per cell. For each group, the average is
presented together with the standard deviation.

HBY infection and DNA analysis

HBV-positive sera were used to infect cells as previously described
(Tuttleman et al., 1986; Gripon et al., 1988; Pugh and Summers, 1989).
Briefly, HepG2 cells were cultured on glass coverslips (18 mm in
diameter, No.1) in a 12-well plate (Costar), and treated with 2% DMSO
for 6-10 days or left untreated. Cells were incubated with HBV-positive
sera (10° particles/ml) for 14 h at 37°C, washed extensively with PBS and
fresh medium was added with or without DMSO. For PCR analysis, at 4
days post-infection cells were washed extensively in PBS, collected using
a rubber policeman and lysed in a proteinase K lysis buffer for 6 h at
37°C, extracted with phenol—chloroform and precipitated with ethanol.
Detection of cccDNA and RC DNA was performed as described (Ilan
et al., 1999). The amount of DNA was determined by conducting semi-
quantitative PCR analysis of a cellular gene (AML-2). Equal amounts of
DNA were used for HBV RC and cccDNA analysis. A similar analysis
was performed with the secreted virions.

For analysis of HBV replicative DNA forms, infected cells were
harvested at various time intervals as indicated, and both total and
extrachromosomal DNA were extracted and analyzed by agarose gel
electrophoresis and Southern blotting (Tuttleman er al., 1986). HBV
sequences were detected by employing an intact HBV DNA genome that
was used as a template for production of a 32P-labeled DNA probe by
random priming.

For detection of viral proteins, 4 days after infection cells were washed
four times in cold PBS, fixed as described above and incubated with
polyclonal oS and aCore antibodies. For immunostaining, fluorescein
isothiocyanate (FITC)-conjugated anti-goat antibodies and rhodamine red
X (RRX)-conjugated anti-rabbit antibodies (Jackson Immunoresearch
Laboratories) were used. Slides were mounted in Aqua-polymount
(Polysciences). Microscopic images were obtained using a Bio-Rad
MRC-1024 confocal system, utilizing an argon—krypton mixed gas laser,
and mounted on a Zeiss Axiovert microscope.

Scanning electron microscopy

Cells were cultured on glass coverslips (13 mm in diameter, No.l,
Marienfeld) in a 12-well plate (Costar) for at least 4 days with or without
DMSO before incubation with beads for 16 h. Cells were washed
extensively with DMEM pre-warmed to 37°C. Cells were fixed for 1 h
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with Karnovsky’s fixative (3% paraformaldehyde, 2% glutaraldehyde,
5 mM CaCl, in 0.1 M cacodylate buffer, pH 7.4 containing 0.1 M
sucrose). Cells were rinsed and post-fixed for 1 h with 1% osmium
tetroxide in 0.1 M cacodylate buffer followed by incubation with 1%
tannic acid in water and then with 1% uranyl acetate in water. All the
buffers and DMEM were freshly prepared and were filtered using a 0.2 um
filter before use. The slides were rinsed, dehydrated with a graded ethanol
series, critically point dried (Pelco CPD2) and sputter coated with gold
(S150 Edwards, USA). The specimens were examined at an accelerating
voltage of 20-25 kV using a JEOL GMC 6400 scanning electron
microscope.

Transmission electron microscopy

For TEM, cells were seeded in 35 mm Falcon dishes, for 4 days with or
without DMSO, before adding the beads for an additional 16 h. Cells were
fixed in Karnovsky’s fixative and post-fixed with 1% osmium tetroxide,
0.5% potassium dichromate and 0.5% potassium hexacyanoferrate in
0.1 M cacodylate buffer. Cells were stained en bloc with 2% aqueous
uranyl acetate, followed by ethanol dehydration. The dishes were
embedded in Epon 812 (Tuosimis, MD). Sections were cut using a
diamond knife (Diatome, Biel) and examined using a Philips CM-12
transmission electron microscope at an accelerating voltage of 100 kV.
Negative staining of SVP was performed as described (Laub e al., 1983).
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Note added in proof

We found that combined treatments of the HepG2 cells with 2% DMSO +
100 mM 5-aza-2’-deoxycytidine further improved HBV attachment and
infection.

HBV attachment and infection
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