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Hepatitis A virus (HAV) infects African green monkey kidney cells via HAV cellular receptor 1 (haver-1). The
ectodomain of haver-1 contains an N-terminal cysteine-rich immunoglobulin-like region (D1), followed by a
mucin-like region that extends D1 well above the cell surface. D1 is required for binding of HAV, and a soluble
construct containing D1 fused to the hinge and Fc portions of human immunoglobulin G1 (IgG1), D1-Fc,
bound and neutralized HAV inefficiently. However, D1-Fc did not alter the virions. To determine whether
additional regions of havcr-1 are required to trigger uncoating of HAV, we constructed D1muc-Fc containing
D1 and two-thirds of the mucin-like region fused to the Fc and hinge portions of human IgG1l. D1muc-Fc
neutralized 10 times more HAV than did D1-Fc. Sedimentation analysis in sucrose gradients showed that
treatment of HAV with 20 to 200 nM D1muc-Fc disrupted the majority of the virions, whereas treatment with
2 nM D1muc-Fc had no effect on the sedimentation of the particles. Treatment of HAV with 100 nM D1muc-Fc¢
resulted in low-level accumulation of 100- to 125S particles. Negative-stain electron microscopy analysis
revealed that the 100- to 125S particles had the characteristics of disrupted virions, such as internal staining
and diffuse edges. Quantitative PCR analysis showed that the 100- to 125S particles contained viral RNA. These
results indicate that D1 and the mucin-like region of haver-1 are required to induce conformational changes
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leading to HAV uncoating.

Hepatitis A virus (HAV) is an atypical member of the family
Picornaviridae that causes acute hepatitis in humans (for a
review, see reference 20). HAV has a positive-strand genomic
RNA of approximately 7.5 kb that is covalently linked to a
small virus-encoded VPg protein at its 5’ end (38) and contains
a poly(A) tail at its 3’ end. The mature HAV capsid is formed
by 60 copies of at least three viral proteins, VP1, VP2, and
VP3. A small unmyristoylated protein, VP4, of 23 amino acids
plays a signal role in capsid assembly (29) but has not been
detected in mature virions. Nonstructural protein 2A remains
associated with the structural proteins and serves as a signal for
the assembly of pentamers, which are precursors involved in
the morphogenesis of the capsid (29).

Wild-type HAV usually does not grow in cell culture. The
virus was adapted to in vitro growth by serial passage in cell
cultures of primate origin, which resulted in the establishment
of persistent infections and attenuation (7, 8, 10, 12-14, 17, 30).
HAV has also been adapted to growth in guinea pig, pig, and
dolphin cell cultures (11), indicating that the cellular factors
required for HAV replication are not restricted to primates.

Picornaviruses have different cell entry mechanisms. For
instance, cellular receptors bind differently to a depression
around the fivefold axis of poliovirus and the major group of
rhinovirus (2, 18, 39) and induce conformational changes in the
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virions that result in the accumulation of 135S A particles and
other uncoating intermediates (for a review, see reference 32).
Foot-and-mouth disease virus binds to integrin receptors
through an RGD motif present in the G-H loop of VP1 (21)
without triggering the formation of A particles, enters the
endosomes, and uncoats in the acidic environment of this com-
partment (28). Another interesting example of the cell entry
mechanism diversity in the family Picornaviridae is that of the
minor group of rhinovirus, which binds low-density lipoprotein
receptors at the star-shaped dome on the fivefold axis rather
than in the canyon (19) and are internalized into acidic endo-
somes for uncoating (33). Little is known about the cell entry
mechanism of HAYV, which cannot be inferred from other
members of the family Picornaviridae because of the atypical
characteristics of HAV and the diverse cell entry modes of
members of the family. We have previously shown that HAV
binds to a cell surface receptor identified in African green
monkey kidney cells as HAV cellular receptor 1 (haver-1) (24).
Nucleotide sequence analysis revealed that havcr-1 is a class I
integral membrane glycoprotein with an extracellular domain
containing an N-terminal immunoglobulin-like cysteine-rich
region (D1), followed by a threonine-, serine-, and proline-rich
region that most likely extends D1 well above the cell surface.
haver-1 and its human homolog huhaver-1 are very similar and
have HAV receptor function in common (16, 24).

Although the natural function of havcr-1 remains unknown,
Mclntire et al. (27) identified a family of murine orthologs of
haver-1, termed TIM, as asthma susceptibility genes. Interest-
ingly, it has been shown that there is an inverse relationship
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between HAV infection and the development of atopy (25, 26),
which could be explained by a modification of the Th2 re-
sponse triggered by the HAV infection (37). Because the in-
cidence of HAV infection is reduced in industrialized coun-
tries, these findings may explain the large increase in asthma
prevalence in those countries over the last 20 years (27).
Therefore, if the association between HAV infection and atopy
is confirmed, the current practice of vaccinating children
against HAV will need to be reassessed.

We previously showed that D1 and its first N-glycosylation
site are required for binding of HAV (35) to haver-1. We also
showed that D1 fused to the hinge and Fc portions of human
immunoglobulin G1 (IgG1l), D1-Fc, binds and neutralizes
HAV (34). However, our preliminary studies indicated that
D1-Fc does not induce HAV conformational changes leading
to uncoating of the viral genome. In this paper, we show that
D1 plus the mucin-like region of havcer-1 fused to the hinge and
Fc regions of human IgG1 (D1muc-Fc) neutralized HAV more
efficiently than did D1-Fc and disrupted the viral particles.
Electron microscopic (EM) analysis of negatively stained HAV
showed that the altered particles had diffused edges and were
internally stained, which is characteristic of altered particles.
These results indicate that D1 and the mucin-like region of
haver-1 are required to induce alteration and uncoating of
HAV.

MATERIALS AND METHODS

Antisera. Guinea pig anti-HAV antibody produced in rabbits immunized with
heat-disrupted HAV particles was a gift of S. Feinstone, Food and Drug Ad-
ministration. Anti-HAV serum was produced in rabbits immunized with com-
mercially available HAV vaccine (34).

Murine IgG1 monoclonal antibodies (MAbs) 190/4, directed against haver-1
(24), and M2, directed against the FLAG peptide DTKDDDDK (Kodak), were
purified through affinity columns. Unlabeled human anti-HAV polyclonal anti-
serum was obtained from the HAVAB kit (Abbott Laboratories). Goat anti-
human Fc antibodies, phosphatase-labeled goat anti-human IgG antibodies,
phosphatase-labeled goat anti-mouse IgG antibodies, phosphatase-labeled goat
anti-guinea pig IgG antibodies, and peroxidase-labeled rabbit anti-human Fc
antibodies were used as suggested by the manufacturer (Kirkegaard & Perry
Laboratories, Inc.).

Cells and viruses. Fetal rhesus monkey kidney (FRhK-4) cells were a gift of S.
Emerson, National Institutes of Health. Cells were grown in monolayer cultures
in Eagle’s minimal essential medium (EMEM) supplemented with 10% horse
serum.

Continuous clone GL37 of African green monkey kidney (AGMK) cells (36),
termed AGMK GL37 cells, was grown in EMEM with 10% fetal bovine serum
(FBS) at 37°C in a CO, incubator.

Chinese hamster ovary (CHO) cells deficient in the enzyme dihydrofolate
reductase (dhfr™) were obtained from the American Type Culture Collection
and expanded in growth medium consisting of Iscove’s medium containing 10%
FBS and supplemented with 100 uM hypoxanthine and 16 wM thymidine (Sigma
Chemical Co.). CHO cell transfectants expressing the hamster DHFR minigene
were selected in Iscove’s medium containing 10% dialyzed FBS with no supple-
ment (selection medium).

Cell culture-adapted strain HM175 of HAV was derived from infectious
c¢DNA (7), passaged approximately 100 times in BS-C-1 cells, and termed HAV
PI. Virus stocks were prepared by growing HAV PI in FRhK-4 cells. After 10
days, culture supernatants were collected and clarified by centrifugation. Cell
culture-adapted strain KRMO003 of HAV, which we termed KRM003 HAV, was
grown in GL37 cells (36).

A sucrose-purified cytopathic variant of cell culture-adapted strain HM175 of
HAV (9), which we termed cytopathic HAV, was obtained from Viral Antigens,
Inc.

HAV titer determination. Cytopathic HAV was titrated on 96-well plates
containing confluent monolayers of FRhK-4 cells. Eight to 16 replicate wells
were inoculated with 100 pl of 10-fold dilutions of HAV prepared in EMEM-
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FIG. 1. Schematic representation of immunoadhesins DI-Fc,
Dl1muc-Fc, and PVR-Fc. D1-Fc contains the cysteine-rich region of
haver-1 (D1) tagged at the N terminus with peptide DTKDDDDK
(FLAG) and fused to the hinge and Fc regions of human IgG1 (34).
PVR-Fc contains the ectodomain of pvr, the poliovirus receptor, with
its three Ig-like domains (V1, C1, and C2) fused to the hinge and Fc
regions of human IgG1 (34). To construct D1muc-Fc, D1 and two-
thirds of the mucin-like region were tagged at the N terminus with the
FLAG peptide and fused to the hinge and Fc regions of human IgG1.
The fusion proteins form homodimers linked by the Fc disulfide bonds.

10% FBS. Plates were incubated at 35°C for 10 days in a CO, incubator.
Cytopathic effect was assessed under a microscope, and viral titers were calcu-
lated by the method of Reed and Muench (31).

HAYV PI was titrated by an endpoint assay in 96-well plates containing con-
fluent monolayers of AGMK GL37 cells (34). Briefly, 8 to 16 replicate wells were
inoculated with 100 pl of 10-fold dilutions of HAV and incubated at 35°C for 2
weeks in a CO, incubator. Cells were fixed with 95% methanol, and HAV was
detected by enzyme-linked immunosorbent assay (ELISA). Wells that developed
at least 2.5 times the color of uninfected control wells were considered positives,
and viral titers were calculated by the Reed and Muench method (31).

Plasmids. A plasmid coding for the Ig-like region and two-thirds of the mucin-
like region of havcr-1 fused to the Fc and hinge fragments of human IgGl
(D1muc-Fc) was constructed and termed pEF-D1muc-Fc. The cDNA fragment
coding for D1 in pEF-HAVcr-1D1flag (34) was replaced with a cDNA PCR
fragment amplified from pDR2GL37/5 (24) coding for D1 plus two-thirds of the
mucin-like region of haver-1 (amino acids 1 to 281). The PCR was performed in
20 cycles with the Tag and Pwo DNA polymerases from the Expand High Fidelity
PCR System (Roche Laboratories) as recommended by the manufacturer. Syn-
thetic oligonucleotide D1/Sall (5'-CGGATACCCGTCGACATAATGCATCTT
CAAGTGGTCATC-3"), coding for a Sall site before the initiation codon of
havcr-1, followed by nucleotides 198 to 216 of the haver-1 cDNA, was used as the
positive-sense PCR primer. Synthetic oligonucleotide D1muc/flag/Spel (5'-GG
ACTAGTACTCACCCTTGTCATCGTCGTCCTTGTAGTCGTCTGTTGAG
AAGGTTGTTGTTGTTGAGACGGTTGCTGTTGGTAGCAAAGA-3'), con-
taining an Spel site, followed by an artificial splicing donor signal (GTGAGT), 24
nucleotides coding for the FLAG peptide DTKDDDDAK, and nucleotides 1022
to 986 of the havcer-1 cDNA, was used as the negative-sense PCR primer. The
unique band produced in the PCR was purified by Tris-acetate-EDTA-1%
low-melting-point agarose gel electrophoresis, cut with Sa/l and Spel, ligated into
Sall/Spel-cut and phosphatase-treated pEF-HAVcr-1D1flag, and used to trans-
form Escherichia coli DH5a. The nucleotide sequence of a plasmid that had the
expected restriction pattern of pEF-D1muc-Fc was verified with an ABI Prism
automatic sequencer and the ABI Prism Dye terminator cycle-sequencing ready
reaction kit (Perkin-Elmer Cetus, Inc.).

Production of soluble receptor forms. Expression and purification of immu-
noadhesins coding for the hinge and Fc portions of human IgG1 fused to D1
(D1-Fc) and the ectodomain of the poliovirus receptor (PVR-Fc) have been
described previously (34). Figure 1 shows a schematic representation of D1-Fc
and PVR-Fc compared to D1muc-Fc. D1muc-Fc was expressed in CHO cells as
described for D1-Fc and PVR-Fc (34). Briefly, dhfr~ CHO cell monolayers were
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cotransfected with 0.45 pg of pDHIP and 3.5 pg of pEF-Dlmuc-Fc with the
Fugene6 reagent as recommended the manufacturer (Roche Laboratories).
CHO cells were incubated for 14 days in selection medium consisting of Iscove’s
medium containing 10% FBS, and transfectants were cloned by endpoint dilu-
tion in 96-well plates. DImuc-Fc expressed in the supernatant of the CHO
transfectants was assayed by capture ELISA in 96-well plates coated with goat
anti-human Fc antibody and staining with peroxidase-labeled rabbit anti-human
Fc conjugate. To produce higher levels of secreted soluble receptor, clones
expressing D1muc-Fc were treated with increasing concentrations of methotrex-
ate to a maximum of 5 wM. To purify D1muc-Fc, CHO cell transfectants ex-
pressing the highest levels of the soluble receptor were grown in 2,100-cm?
hollow-fiber bioreactors (FiberCell Systems Inc.) at 37°C in a CO, incubator.
Bioreactors were inoculated with 2 X 10 cells and grown in selection medium
containing 5 wM methotrexate and 2% dialyzed FBS. Lactic acid production
rates in the culture medium were monitored every day. The medium from the
extracapillary space (60 ml) containing the soluble receptor was harvested every
2 days. D1muc-Fc was purified from 250 ml of medium by affinity chromatog-
raphy with a 2-ml column of Affi-Gel protein A-agarose (Bio-Rad Laboratories)
as recommended by the manufacturer. D1muc-Fc was eluted at pH 3 in 20 1-ml
fractions that were neutralized with 300 pl of 1 M Tris-HCI (pH 9.0) per fraction.
Fractions containing D1muc-Fc were identified by dot blot analysis staining with
phosphatase-labeled anti-human Fc antibodies. Eluted fractions were also ana-
lyzed by SDS-PAGE with Novex Tris-glycine—4 to 20% polyacrylamide gels
(Invitrogen) and staining with Coomassie blue.

Western blot analysis. Samples containing purified D1-Fc, D1muc-Fc, and
PVR-Fc were resolved by denaturing SDS-PAGE in Novex Tris-glycine—4 to
20% polyacrylamide gels, transferred to polyvinylidene fluoride membranes (Im-
mobilon-P; Millipore, Inc.), and stained with a 1:1,000 dilution of goat anti-
human Fc antibody and a 1:5,000 dilution of phosphatase-labeled rabbit anti-
goat antibody or with 1 pg of MAb M2 per ml and a 1:1,000 dilution of
phosphatase-labeled anti-mouse IgG antibody. The substrate 5-bromo-4-chloro-
3-indolylphosphate (BCIP)-nitroblue tetrazolium (Kirkegaard & Perry Labora-
tories) was used as recommended by the manufacturer.

Neutralization assays. HAV PI (10° 50% tissue culture infective doses
[TCIDs]) was incubated with 50 wg of purified D1-Fc, D1muc-Fc, or PVR-Fc
overnight at 4°C in 500 pl of EMEM-10% FBS. Tenfold dilutions of the neu-
tralization reaction mixtures were titrated in 96-well plates containing confluent
monolayers of AGMK GL37 cells. Each dilution was inoculated in 8 to16 wells,
and the virus was adsorbed for 4 h at 37°C in a CO, incubator. After washing
three times with EMEM, 200 pl of EMEM-10% FBS was added per well and the
plates were incubated at 35°C under CO, for 10 days. Cells were fixed with 90%
methanol, and HAV titers were determined by ELISA (34).

To determine the specificity of the soluble-receptor-mediated neutralization of
HAYV, 10 ng of purified D1muc-Fc or PVR-Fc was treated with 30 ug of MAb
190/4 or control MAb M2 for 2 h at 4°C, followed by the addition of 10° TCID5,
of cytopathic HAV and further overnight incubation at 4°C. Confluent mono-
layers of FRhK-4 cells in 96-well plates were inoculated with 100 pl of 10-fold
dilutions of the neutralization reaction mixtures per well. Each dilution was
inoculated into 32 wells, and the plates were incubated for 4 h at 37°C. After
washing three times with EMEM, 200 pl of EMEM-10% FBS was added per
well and the plates were incubated at 35°C under CO, for 10 days. Cytopathic
effect was assessed under a microscope, and viral titers were calculated by the
method of Reed and Muench (31).

Sedimentation analysis of HAV particles. HAV virions were purified by sed-
imentation in linear 15 to 30% sucrose gradients with a Beckman SW41 rotor at
4°C for 100 min at 40,000 rpm. Gradients were collected from the bottom in 20
fractions of 0.5 ml each, and HAV was detected by ELISA (34). The 160S virion
peak was pooled and stored at —70°C. Sucrose-purified HAV virions were
treated with different amounts of PVR-Fc or D1muc-Fc and analyzed by ultra-
centrifugation in 15 to 30% sucrose gradients as indicated above. To minimize
the loss of material, incubation of HAV with soluble receptors was done in
siliconized tubes. Under these experimental conditions, we observed a consistent
loss of about 30% of the material. This sedimentation analysis was repeated at
least three times with similar results. Alternatively, fractions were immunopre-
cipitated with rabbit anti-HAV antibodies. Seventy microliters of MagnaBind
goat anti-rabbit IgG beads (Pierce) was incubated for 2 h at 4°C with 2 pl of
rabbit anti-HAV antibodies, 500 pl of each sucrose gradient fraction, and 600 .l
of PBL buffer (0.1% sodium dodecyl sulfate [SDS], 1% sodium deoxycholate, 1%
Triton X-100, 0.05% sodium azide). After extensive washing, immunoprecipi-
tated proteins were analyzed by Western blotting and developed with a 1:2,000
dilution of guinea pig anti-HAV antibody and a 1:1,000 dilution of phosphatase-
labeled goat anti-guinea pig IgG antibody.
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35S-labeled poliovirus (22) was used as a sedimentation marker, and 160S
virions and 80S empty particles were identified by scintillation counting.

Quantitative RT-PCR. To quantitate the HAV RNA in each sucrose gradient
fraction, 10 pl of each fraction was diluted with 200 w1 of water and boiled for 5
min to release the viral RNA and 10 pl of the sample was used for reverse
transcription (RT)-PCR. To quantitate the HAV RNA in pooled fractions, RNA
was extracted with phenol and precipitated with ethanol. HAV RNA was quan-
titated by TagMan with the Platinum Quantitative RT-PCR ThermoScript one-
step RT-PCR system as suggested by the manufacturer (Invitrogen). A 0.2 uM
concentration of HAV positive-sense primer 5'-GGCATTTAGGTTTTTCCTC
ATTCTTA-3’, corresponding to nucleotides 685 to 710, and negative-sense
primer 5'-AATGTCTGCCAAAGACAGGATGT-3’, corresponding to HAV
nucleotides 770 to 792, was used in the PCR. To detect the amplification product,
10 pM HAYV fluorogenic probe [5'-(6FAM)CAAGGTATTTTCCAGACTGTT
GGGAGTGGTCT(TAMRA)-3'], corresponding to nucleotides 733 to 764, was
added to the PCR mixture. The incubation conditions used were 30 min at 50°C
(RT), 10 min at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C (ampli-
fication reaction). Full-length HAV RNA transcribed from linearized pTTHAV
was synthesized with T7 RNA polymerase (40) and used as the standard for the
quantitative PCR.

Analysis of HAV particles by EM. Fractions from five replicate 15 to 30%
sucrose gradients containing cytopathic HAV treated with Dlmuc-Fc were
pooled and concentrated with Centricon 30 (Amicon) to a final volume of 50 pl.
HAV treated with PVR-Fc and sedimented in a parallel 15 to 30% sucrose
gradient was used as a control. Samples (3 pl) of pooled fractions were mounted
on carbon-coated copper grids and stained with 2% uranyl acetate for 15 s. After
being rinsed with water, samples were examined at a magnification of X45,000 in
a Philips CM120 electron microscope. Alternatively, sucrose-purified KRM003
HAYV virions were treated with 30 pg of Dlmuc-Fc for 10, 30, or 60 min,
mounted on grids directly without sedimentation, stained as indicated above, and
examined under the electron microscope at a magnification of X17,000.

RESULTS

Expression of Dlmuc-Fc in CHO cells. We previously
showed that D1-Fc, a recombinant protein containing the Ig-
like region of haver-1 fused to the human IgG1 Fc and hinge
portions, bound and neutralized HAV inefficiently (34). To
determine whether the mucin-like region of haver-1 is needed
to enhance HAV receptor function, we constructed D1muc-Fc,
a soluble receptor containing D1 plus two-thirds of the mucin-
like region of haver-1 fused to the hinge and Fc regions of
human IgG1l. A FLAG tag epitope was inserted between the
mucin-like region and the IgG1 fragment to monitor the ex-
pression of the fusion protein with anti-FLAG MAb M2. A
schematic representation of D1-Fc, D1muc-Fc, and control
PVR-Fc, which contains the ectodomain of the poliovirus re-
ceptor fused to the same hinge and Fc fragments, is shown in
Fig. 1. Dlmuc-Fc was overexpressed in dhfr~ CHO cells.
Transfectants that secreted approximately 10 wg of D1muc-Fc
per ml into the cell culture supernatant were cultured in hol-
low-fiber bioreactors. The bioreactors’ extracapillary space su-
pernatant (60 ml) was harvested every 2 days. Approximately 1
to 2.5 mg of Dlmuc-Fc was purified from four bioreactor
harvests by affinity chromatography with protein A-agarose
columns. SDS-polyacrylamide gel electrophoresis (PAGE)
analysis (Fig. 2A) showed that purified D1muc-Fc migrated as
a single band of 95 kDa (lane 1), control PVR-Fc (lane 2)
migrated as a single band of 87 kDa, and D1-Fc contained
several bands with the fully glycosylated form (arrow, lane 3)
migrating as a 50-kDa band (34). Western blot analysis (Fig.
2B) showed that the D1muc-Fc 95-kDa band reacted with the
anti-FLAG MAb M2 (lane 1) and anti-human Fc antibodies
(lane 4). As expected, D1-Fc reacted with both antibodies
(lanes 3 and 6) whereas PVR-Fc, which does not contain a
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FIG. 2. Expression of immunoadhesins in CHO cells. (A) The immunoadhesins D1-Fc, D1muc-Fc, and PVR-Fc were purified with protein A
columns. The eluted immunoadhesins were analyzed by denaturing SDS-PAGE in 4 to 20% polyacrylamide gels and stained with Coomassie blue.
The arrow points to the fully glycosylated form of D1-Fc. (B) Protein A-purified D1muc-Fc (lanes 1 and 4), PVR-Fc (lanes 2 and 5), and D1-Fc
(lanes 3 and 6) were analyzed by denaturing SDS-PAGE in a 4 to 20% polyacrylamide gel, transferred to a polyvinylidene difluoride membrane,
and probed with anti-FLAG MAb M2 (lanes 1 to 3) or anti-human Fc antibodies (lanes 4 to 6). The positions of prestained molecular size markers

and their sizes in kilodaltons are shown.

FLAG epitope, reacted only with the anti-human Fc antibodies
(lane 5). These data confirmed that the CHO transfectants
expressed D1muc-Fc of the expected size and antigenicity.
Efficient neutralization of HAV by D1muc-Fec. Since D1-Fc
contains only D1 and neutralizes HAV inefficiently (34), we
hypothesized that D1muc-Fc, a construct containing D1 plus
the mucin-like region of havcr-1, could neutralize HAV more
efficiently because of the presence of the mucin-like region. To
test this theory, we treated 10° TCIDs, of HAV PI with 50 pg
of D1-Fc, DImuc-Fc, or control PVR-Fc and compared the
neutralization efficiencies of the different soluble receptors.
After 2 h of incubation at 37°C, residual infectious virus was
titrated in 96-well plates containing confluent monolayers of
AGMK GL37 cells. The 96-well plates were incubated at 35°C
under CO, for 2 weeks, cells were fixed, and viral titers were
determined by ELISA with anti-HAV antibodies (Fig. 3).
PVR-Fc had no effect on viral titers, whereas treatment with
D1-Fc and D1muc-Fc neutralized approximately 0.6 and 1.6
logs of HAV, respectively. This 10-fold increase in the effi-
ciency of neutralization of HAV indicated that the mucin-like
region of havcr-1 plays a role in HAV receptor function.
MADb 190/4 blocks neutralization of HAV by D1muc-Fc. We
previously showed that anti-haver-1 protective MAb 190/4
blocks binding of HAV to haver-1 and protects GL37 cells
against infection (24). MADb 190/4 also reacted with D1-Fc and
inhibited the binding and neutralization of HAV (34). To de-
termine whether MAb 190/4 can react with D1muc-Fc and
block HAV neutralization, we first treated 10 pg of D1muc-Fc
or PVR-Fc with 30 pg of MADb 190/4 or control MAb M2 for
2 h at 4°C and then incubated the reaction mixture with 10°
TCIDs, of cytopathic HAV. The residual infectious HAV was
titrated in 96-well plates containing FRhK-4 cells, a rhesus
monkey kidney cell line that expresses an antigenic variant of

haver-1 that does not react with MAb 190/4 (15). Therefore,
the MADb 190/4 present in the neutralization reaction mixture
did not protect FRhK-4 cells against HAV infection. At 10
days postinfection, the cytopathic effect was visualized under a
microscope to determine HAV titers. Under these experimen-
tal conditions with cytopathic HAV, Dlmuc-Fc neutralized
approximately 1 log of HAV whereas PVR-Fc had no effect on
HAV titers (Fig. 4). Neutralization of HAV was blocked by
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FIG. 3. Neutralization of HAV by soluble receptors. HAV PI (10°
TCIDs,) was neutralized with 50 pg of purified D1-Fc, D1muc-Fc, or
PVR-Fc overnight at 4°C. Residual infectious HAV was titrated by
endpoint dilution in 96-well plates containing confluent monolayers of
GL37 cells. HAV titers were determined by ELISA. Values are the
log,, of the HAYV titers determined by the Reed and Muench method
(31), and the standard deviations are shown as error bars.
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FIG. 4. Inhibition of DImuc-Fc-mediated neutralization of HAV
by protective MAb 190/4. Equal amounts (10 pg) of D1muc-Fc and
PVR-Fc were treated with 30 g of MADb 190/4 or control MAb M2 for
2 h at 4°C and then incubated with 10° TCIDs, of cytopathic HAV.
Residual infectious HAV was titrated by endpoint dilution in 96-well
plates containing FRhK-4 cells. The cytopathic effect was visualized
under a microscope at 10 days postinfection. The values shown are the
log,, of the HAV titers determined by the Reed and Muench method
(31), and the standard deviations are shown as error bars.

treatment with MADb 190/4 but not by treatment with control
MAD M2, which binds to the FLAG tag introduced at the C
terminus of the mucin-like region. As expected, PVR-Fc had
no significant effect on the HAV titers, regardless of the MAb
treatment. This blocking experiment clearly demonstrated that
the interaction of D1muc-Fc with HAV is specific and mimics
the interaction of the virus with haver-1 expressed at the cell
surface.

Dlmuc-Fc induces conformational changes in HAV. The
mechanism of neutralization of HAV by soluble receptors was
studied by sedimentation analysis in sucrose gradients. Purified
HAYV virions were incubated with 50 ng of PVR-Fc, D1-Fc, or
D1muc-Fc for 2 h at 37°C and loaded onto linear 15 to 30%
sucrose gradients. The gradients were ultracentrifuged at 4°C
in an SW40 rotor at 40,000 rpm for 100 min and collected from
the bottom in 20 fractions. The sedimentation profile of the
HAV particles was determined by capture ELISA (34).
[**S]methionine-labeled poliovirus particles run in parallel gra-
dients were used as 160S and 80S sedimentation markers.
Treatment of HAV with PVR-Fc had no effect on the sedi-
mentation of the virions (Fig. 5A), which migrated in the same
position as mock-treated HAV particles (data not shown).
Treatment with D1-Fc induced a minor shift in the sedimen-
tation of HAV. This minor shift was observed in three separate
experiments and is consistent with the inefficient binding and
neutralization of HAV induced by D1-Fc (34). Surprisingly,
treatment of HAV with 50 pg of D1muc-Fc resulted in com-
plete loss of the 1608 particles, which suggested that D1muc-Fc
triggered the disruption of the HAV virions. The lack of de-
tection of disrupted HAV particles and viral subunits in the
gradients was puzzling. However, it is possible that the dis-
rupted viral particles were unstable or that the antibodies used
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in the ELISA do not react with the generated viral subunits.
An alternative interpretation of the soluble-receptor-mediated
disruption of the viral particles is that biding of D1muc-Fc
prevented the detection of HAV in the capture ELISA. Un-
fortunately, we were unable to directly test this theory with a
titration assay because Dlmuc-Fc is very sticky and signifi-
cantly increased the background levels of the ELISA (data not
shown). To circumvent this problem, we analyzed the sedimen-
tation of viral particles with a real-time one-step 7TagMan RT-
PCR assay to quantitate HAV genomes (Fig. 5B). This Tag-
Man assay can identify viral particles containing HAV RNA,
including those that could have escaped detection in the cap-
ture ELISA. In the PVR-Fc gradient, we detected a peak of
HAYV RNA in fractions corresponding to 160S particles, which
is consistent with the peak of HAV particles detected by the
capture ELISA (compare Fig. 5A and B). However, in the
Dlmuc-Fc gradient, we did not detect significant levels of
HAYV RNA in any of the fractions, which is consistent with the
lack of HAV-specific signal observed in the capture ELISA
(compare Fig. 5A and B). These TagMan assay results further
confirmed our initial hypothesis that D1muc-Fc disrupted the
HAV particles.

To verify that the loss of the HAV 1608S particles was not due
to the formation of aggregates that accumulated at the bottom
of the tubes, gradient pellets were resuspended and evaluated
by ELISA. Similar levels of HAV were found in the pellets of
PVR-Fc- and Dlmuc-Fc-treated samples (data not shown),
which confirmed that the DImuc-Fc-treated HAV particles
were not preferentially pelleted.

To further characterize the interaction of HAV with
D1muc-Fc, virions were incubated with different amounts of
D1muc-Fc for 2 h at 37°C and sedimented in 15 to 30% sucrose
gradients (Fig. 5C). Treatment of HAV with 0.2 g (0.002 M)
of DImuc-Fc did not affect the sedimentation profile of the
virions, whereas treatment with 2 pg (0.02 uM), 10 pg (0.1
uM), and 20 pg (0.2 wM) of D1muc-Fc disrupted the majority
of the 160S HAYV particles. Interestingly, treatment of HAV
with 10 g (0.1 uM) of D1muc-Fc resulted in low-level accu-
mulation of 100- to 125S particles (fractions 10 to 12). To
determine whether D1muc-Fc induced the disruption of HAV
particles in a concentration-dependent manner, we performed
a finer titration between 0.2 and 2 p.g of soluble receptor under
the same experimental conditions (Fig. 5D). The level of dis-
rupted HAV particles was proportional to the amount of
DlImuc-Fc used in the reaction mixture, with intermediate
disruption levels observed at 0.5 and 1 pg of soluble receptor.
It should be pointed out that the low-level absorbance in frac-
tions 17 to 20 at the top of the gradients, which was less than
two times the background level, was not due to HAV antigens
from disrupted particles since gradients containing only solu-
ble-receptor preparations gave similar absorbance levels (data
not shown). Our data clearly show that D1muc-Fc induced the
disruption of HAV particles in a concentration-dependent
manner.

Characterization of the 100- to 125S particles by Western
blotting and TagMan analysis. The 100- to 1258 particles were
further characterized by Western blot analysis. HAV was
treated with 10 pg of D1muc-Fc or PVR-Fc and analyzed in
sucrose gradients as indicated above (Fig. 6A). Fractions 4 to
20 of the gradients were immunoprecipitated with rabbit anti-
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FIG. 5. Sedimentation analysis of HAV treated with soluble receptors. (A) Purified cytopathic HAV virions were incubated with 50 pg of
PVR-Fc, D1-Fc, or DImuc-Fc for 2 h at 37°C and loaded onto linear 15 to 30% sucrose gradients. After ultracentrifugation at 4°C for 100 min
with an SW40 rotor at 40,000 rpm, gradients were collected from the bottom in 20 fractions. HAV antigen in the fractions was determined by
capture ELISA. The data shown are mean results from duplicate wells; duplicate values varied by less than 10%. (B) Aliquots (10 pl) of each
fraction from a gradient similar to that shown in panel A were diluted in 200 wl of water and boiled, and 10 pl was used as a template with which
to quantitate HAV RNA with a one-step real-time TagMan RT-PCR assay. In vitro-synthesized full-length HAV RNA was used as the standard
for the quantitative PCR. The data shown are mean results from triplicate reactions. (C) HAV virions were incubated with increasing amounts of
Dlmuc-Fc (0.2, 2, 10, and 20 pg) for 2 h at 37°C and analyzed through 15 to 30% sucrose gradients as indicated above. The data shown are mean
results from duplicate wells, and the standard deviations are shown as error bars. (D) A finer titration of the amount of D1muc-Fc (0.2, 0.5, 1, and
2 pg) needed to disrupt HAV particles was done with the same conditions described for panel C. Poliovirus native virions and empty particles
labeled with [**S]methionine were used as 160S and 80S sedimentation markers. The top and bottom of the gradients are indicated. OD, optical

density.

HAYV antibodies and subjected to Western blot analysis with
staining with guinea pig anti-HAV antibodies (Fig. 6B). VP1
was detected in fractions 5 to 10 of the PVR-Fc gradient, which
correlated with the peak of 160S particles detected by ELISA.
Low levels of VP1 were detected in fractions 4 to 10 of the
D1muc-Fc gradient, which may represent undisrupted residual
160S particles. VP1 bands were also observed in fractions 11 to
15 of the DImuc-Fc gradient, reaching a maximum level in
fraction 13, which correlated with the peak of 100- to 125S
particles detected by ELISA. We did not detect capsid subunits
resulting from disruption of the viral particles at the top of the
gradient, which agrees with our previous observation pointing
to the instability of the viral subunits or their lack of reaction
with the antibodies used in the assay. These data clearly indi-

cate that the 100- to 125S particles were indeed HAYV particles
that most likely were altered by treatment with D1muc-Fc.
To determine whether the 100- to 125S particles contain
HAV RNA, we quantitated the amount of viral RNA in the
sucrose gradient fractions with a one-step real-time 7agMan
RT-PCR assay (Fig. 7A). Fractions 4 to 6 and 10 to 12 of each
gradient were pooled, and RNA was extracted, ethanol pre-
cipitated, and quantitated by the TagMan assay in triplicates
(Fig. 7B). In the PVR-Fc gradient, fractions 4 to 6 contained
8.83 X 10° copies of HAV RNA, which is consistent with the
peak of virions, and fractions 10 to 12 contained 2.65 X 10*
copies of HAV RNA, which was considered the background
level of HAV RNA in the experiment. In the D1muc-Fc gra-
dient, fractions 4 to 6 contained only 3.15 X 10* copies of HAV
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FIG. 6. Western blot analysis of 100- to 125S HAV particles.
(A) Purified cytopathic HAV virions were treated with 10 pg of
Dlmuc-Fc or PVR-Fc and sedimented through 15 to 30% sucrose
gradients at 4°C for 90 min with an SW40 rotor at 40,000 rpm. Gra-
dients were collected from the bottom in 20 fractions. HAV antigen in
the fractions was determined by capture ELISA. (B) Fractions 4 to 20
of the gradients were incubated with rabbit anti-HAV antibodies and
magnetic beads coated with anti-rabbit IgG for 2 h at 4°C. After
extensive washing, the beads were boiled in denaturing buffer and
proteins were studied by Western blot analysis with staining with
guinea pig anti-HAV antibodies and phosphatase-labeled goat anti-
guinea pig antibodies. The arrows point to the VP1 structural protein
of HAV. The top and bottom of the gradients are indicated. OD,
optical density.

RNA, which is consistent with the lack of virions resulting from
the soluble-receptor-mediated disruption of the viral particles.
Fractions 10 to 12 of the same gradient contained 9.53 X 10*
copies of RNA, which is significantly higher than the back-
ground level of RNA and indicative of the association of the
100- to 1258 particles with genomic RNA.

Characterization of HAV particles by EM. HAV particles
were further characterized by EM analysis with negative stain-
ing. A partially purified preparation of strain HM175 of HAV
that contained 80S particles was treated with 10 pg of
Dlmuc-Fc or PVR-Fc and analyzed in 15 to 30% sucrose
gradients. Fractions from five parallel D1muc-Fc sucrose gra-
dients were pooled, concentrated, and washed. Fractions from
the PVR-Fc gradient were also concentrated and washed.
HAV particles were negatively stained with 2% uranyl acetate
and observed under the electron microscope (Fig. 8A to C). In
the PVR-Fc gradient, we observed the characteristic 160S re-
fringent virions (A) with well-defined edges, as well as a small
proportion of 80S empty particles (B) with a doughnut shape
and heavily stained centers. Although the EM images are
somewhat grainy, they suggest that the 100- to 125S fractions
of the Dlmuc-Fc gradients contain particles with internal
staining (C), which is characteristic of altered virions that al-
lowed the penetration of the negative stain. These altered
particles also showed poorly defined edges that suggested the
presence of bound receptors.

To study the kinetics of the receptor-mediated disruption of
HAV, purified KRM003 HAV virions were treated with
Dl1muc-Fc, negatively stained without sedimentation through
sucrose gradients, and analyzed by EM (Fig. 8D to F). These
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FIG. 7. Quantification of HAV RNA in 100- to 125S particles.
(A) Purified HAV virions were incubated with 10 pg of D1muc-Fc or
PVR-Fc for 2 h at 37°C and analyzed through 15 to 30% sucrose
gradients as described in the legend to Fig. 6. Fractions containing
HAV particles (4 to 6 and 10 to 12) were pooled, and RNA was
extracted, ethanol precipitated, and quantitated with a one-step real-
time TagMan RT-PCR assay. In vitro-synthesized full-length HAV
RNA was used as the standard for the quantitative PCR. The data
shown are mean results from triplicate reactions. Standard deviations
are shown as error bars. Poliovirus particles labeled with [>>S]methi-
onine were used as 160S and 80S sedimentation markers. The top and
bottom of the gradient are indicated. (B) TagMan amplification plot of
each triplicate reaction used to calculate the mean number of HAV
genome equivalents in panel A. The ARn (increment of fluorescence
reporter signal) for each sample was plotted against the cycle number.
OD, optical density.

EM images are presented at a lower resolution to show that
the disruption of the HAV particles described in Fig. 5 was not
restricted to a few particles in the preparation. As expected,
the amount of disrupted HAYV particles increased with the time
of incubation. At 10 min postincubation, the majority of the
particles were of uniform size and highly refringent (D). At 30
min postincubation, most of the particles were internally
stained and not refringent (E), which indicated that the ma-
jority of the virions were disrupted by the soluble-receptor
treatment. In addition, we observed the appearance of small
protein clusters most likely derived from broken particles. At
60 min postincubation, we observed a significant reduction in
the overall number of particles and the absence of refringent
particles (F), which is consistent with the complete disruption
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FIG. 8. Negative-stain EM analysis of HAV particles. HAV was incubated with 10 ng of D1muc-Fc or PVR-Fc for 2 h at 37°C and analyzed
through 15 to 30% sucrose gradients as described in the legend to Fig. 6. Fractions containing the 100- to 125S particles from five D1muc-Fc
sucrose gradients were pooled and concentrated. Fractions containing 160S and 80S HAV particles from one PVR-Fc sucrose gradient were pooled
and concentrated. HAV virions (A), empty capsids (B), and 100- to 125S particles (C) were bound to grids, stained with 2% uranyl acetate, and
analyzed by EM at a magnification of X45,000. Purified KRM003 HAYV virions were treated with 30 g of D1muc-Fc for 10 (D), 30 (E), and 60
(F) min, stained directly without sedimentation, and analyzed by EM at a magnification of X17,000. Bars: A, B, and C, 30 nm; D, E, and F, 100 nm.

of the HAV virions observed in the sedimentation experi-
ments. Interestingly, treatment of HAV with Dlmuc-Fc did
not result in aggregation of the altered particles (Fig. 8D to E).
Therefore, it is likely that the concentration and washing steps
of the sucrose gradient fractions, which were required for the
EM analysis, were responsible for the aggregation of the HAV
particles shown in Fig. 8C. Our EM analysis further suggested
that the 100- to 125S particles are altered HAV virions that
contain genomic RNA and possibly bound soluble receptors
and suggested that these particles represent uncoating inter-
mediates.

DISCUSSION

Crucial steps of the cell entry mechanism of picornavi-
ruses are poorly understood despite the intensive work in
the field. Cellular receptors for several members of the

family Picornaviridae have been isolated and extensively
studied. However, the steps following, binding to cellular
receptors which lead to uncoating of the viral genome and
its delivery to the cytoplasm are still a black box. Although
picornaviruses are genetically and structurally related, the
mechanism of cell entry differs substantially among mem-
bers of the family. For instance, poliovirus type 1 is likely to
uncoat at the cell surface (1, 23) whereas human rhinovirus
2 requires endocytosis (33). HAV is an atypical picornavirus
that grows poorly in cell culture, which increases the com-
plexity of the work and resulted in a poor understanding of
its mechanism of cell entry. Elegant experiments of classical
virology defined some of the elements of the cell entry
process of HAV (3-6). However, a more detailed under-
standing at the molecular level is required to build a model
of HAV cell entry. We have undertaken genetic and bio-
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chemical approaches to understand the cell entry of HAV
and have identified havcr-1 (24) and its human homolog
huhaver-1 (16) as cellular receptors for HAV. We have also
shown that D1, the N-terminal cysteine-rich Ig-like region of
haver-1, is required for HAV receptor function (35) and is
sufficient for binding and neutralization of HAV (34). How-
ever, binding and neutralization of HAV by a soluble-recep-
tor construct containing only D1 was poor and suggested
that the mucin-like region of haver-1 could play a role in
HAYV receptor function. To further characterize the HAV-
havcr-1 interaction, we constructed DImuc-Fc, a soluble
receptor form containing D1 plus two-thirds of the mucin-
like region of havcr-1 fused to the hinge and Fc regions of
human IgGl. Interestingly, Dlmuc-Fc neutralized HAV
more efficiently than did D1-Fc (Fig. 3), a similar construct
that does not contain the mucin-like region of havcr-1. Al-
though D1 is necessary and sufficient for HAV binding, the
mucin-like region of havcr-1 seems to play a major role in
the virus-receptor interaction leading to uncoating of the
viral genome. Our experiments showed that treatment of
HAYV with D1muc-Fc had a major effect on the sedimenta-
tion profile of HAV and resulted in disruption of the viral
particles (Fig. 5B), whereas treatment with D1-Fc had a
minor effect on the sedimentation profile of the virions (Fig.
5A). Therefore, it is likely that the inefficient HAV neutral-
ization induced by D1-Fc (34) resulted from blocking of
virus-receptor binding sites whereas the efficient neutraliza-
tion induced by D1muc-Fc resulted from disruption of HAV
infectious particles. Although the exact function of the mu-
cin-like region is still undetermined, our results indicated
that it plays a role in HAV uncoating, perhaps providing
adequate scaffolding for D1 presentation or interacting di-
rectly with the viral particles.

Uncoating intermediates have been isolated and character-
ized for some picornaviruses (for a review, see reference 32)
but not for HAV. A particles, postulated as uncoating inter-
mediates in some picornaviruses such as poliovirus and rhino-
virus but not foot-and-mouth disease virus, have not been
found in HAV (4). However, dense particles that cosediment
with 160S virions but are permeable to CsCl and sensitive to
RNases, have been postulated as HAV uncoating intermedi-
ates (4 and references therein). The relationship between the
HAYV dense particles and the 100- to 1258 particles described
in this paper is unknown, and it will be interesting to determine
whether the dense particles are precursors to the 100- to 1255
particles. Under our experimental conditions, 10 nM
Dl1muc-Fc disrupted almost all HAV virions and resulted in
low-level accumulation of 100- to 125S HAV particles (Fig. 5
and 6) that are associated with viral RNA (Fig. 7). This accu-
mulation of the 100- to 125S particles seems to be dependent
on the concentration of DImuc-Fc. However, it is not clear
why the 100- to 125S particles are preferentially accumulated
when 10 pg of D1muc-Fc is used in the reaction mixture. The
conditions and requirements for the alteration of HAV and
accumulation of the 100- to 125S particles, such as tempera-
ture, pH, and the presence of monovalent and divalent cations,
are unknown but are under investigation. EM analysis showed
that negative stain penetrated the 100- to 125S particles (Fig.
8), which is characteristic of altered virions. It is tantalizing to
speculate that these 100- to 125S particles represent uncoating
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intermediates of HAV. Further research is required to deter-
mine whether the 100- to 125S particles are truly uncoating
intermediates. The data presented in this paper will help in the
development of a model of cell entry by HAV.
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