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Hepatitis A virus (HAV) infects African green monkey kidney (AGMK) cells via the HAV cellular receptor-1
(havcr-1), a mucin-like type 1 integral-membrane glycoprotein of unknown natural function. The ectodomain
of havcr-1 contains an N-terminal immunoglobulin-like cysteine-rich region (D1), which binds protective
monoclonal antibody (MAb) 190/4, followed by an O-glycosylated mucin-like threonine-serine-proline-rich
region that extends D1 well above the cell surface. To study the interaction of HAV with havcr-1, we constructed
immunoadhesins fusing the hinge and Fc portion of human IgG1 to D1 (D1-Fc) or the ectodomain of the
poliovirus receptor (PVR-Fc) and expressed them in CHO cells. These immunoadhesins were secreted to the
cell culture medium and purified through protein A-agarose columns. In a solid-phase assay, HAV bound to
D1-Fc in a concentration-dependent manner whereas background levels of HAV bound to PVR-Fc. Binding of
HAV to D1-Fc was blocked by treatment with MAb 190/4 but not with control MAb M2, which binds to a tag
epitope introduced between the D1 and Fc portions of the immunoadhesin. D1-Fc neutralized approximately
1 log unit of the HAV infectivity in AGMK cells, whereas PVR-Fc had no effect in the HAV titers. A similarly
poor reduction in HAV titers was observed after treating the same stock of HAV with murine neutralizing MAbs
K2-4F2, K3-4C8, and VHA 813. Neutralization of poliovirus by PVR-Fc but not by D1-Fc indicated that the
virus-receptor interactions were specific. These results show that D1 is sufficient for binding and neutralization
of HAV and provide further evidence that havcr-1 is a functional cellular receptor for HAV.

Hepatitis A virus (HAV), an atypical member of the Picor-
naviridae that causes acute hepatitis in humans (for a review,
see reference 16), has a positive-sense RNA genome of ap-
proximately 7,500 bases encapsidated in a shell formed by 60
copies of at least three viral proteins (VP1, VP2, and VP3).
HAV codes for a very small VP4, the fourth picornavirus
structural protein, which has not been detected in mature
virions. Most wild-type strains of HAV do not grow in cell
culture; however, attenuated variants that grow efficiently in
primate cell culture have been isolated on serial passaging of
the virus (4, 5, 8, 10–12, 15, 30). HAV has also been adapted to
grow in guinea pig, pig, and dolphin cell cultures (9), indicating
that the cellular factors required for HAV replication are not
restricted to primates.

Like other picornaviruses, the first step in the life cycle of
HAV is its interaction with a cellular receptor that allows it to
enter the cell. Using protective monoclonal antibody (MAb)
190/4 as a probe, Kaplan et al. (18) identified the HAV cellular
receptor-1 (havcr-1) in African green monkey kidney cells as a
receptor for HAV. Nucleotide sequence analysis revealed that
havcr-1 is a class I integral membrane glycoprotein of unknown
natural function. The extracellular domain of havcr-1 contains
an N-terminal cysteine-rich region (D1), which has homology
to members of the immunoglobulin superfamily, followed by a

threonine-, serine-, and proline-rich (TSP-rich) region, which
is characteristic of O-glycosylated mucin-like glycoproteins
(27). D1, which is required for binding of HAV and MAb 190/4
(35), is most probably extended well above the cell surface by
the TSP-rich region.

Immunoadhesins are antibody-like molecules resulting from
the fusion of the hinge and Fc portion of an immunoglobulin
and the ligand-binding region of a receptor or adhesion mol-
ecule (for a review, see reference 3). These chimeric immuno-
globulins are frequently used as research tools because they
are easy to construct, express, and purify through protein A or
G columns. In addition, the structure and function of the fused
receptors are usually maintained in the immunoadhesins as a
result of the flexibility and separation provided by the hinge
region. Further, due to their homomultimeric characteristics,
immunoadhesins have higher ligand avidity than do the mo-
nomeric receptors from which they were derived. To study the
interaction of HAV with havcr-1, we constructed immunoad-
hesins fusing the hinge and Fc region of human IgG1 to D1
(D1-Fc) or the ectodomain of the poliovirus receptor (PVR-
Fc) and expressed them in CHO cells. These immunoadhesins
were secreted to the cell culture medium and purified using
protein A columns. Here we report that D1-Fc binds specifi-
cally and neutralizes HAV whereas PVR-Fc has no effect on
the HAV titers. The data presented in this work indicate
that D1 is sufficient for HAV receptor function and provide
further evidence that havcr-1 is a functional receptor for
HAV.
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MATERIALS AND METHODS

Antisera. Anti-HAV antiserum was produced in rabbits immunized with a
commercially available HAV vaccine. After several boosts with the HAV vac-
cine, rabbit serum was collected and assayed for anti-HAV antibodies by an
indirect immunofluorescence assay in HAV- and mock-infected cells (39). HAV-
specific immunofluorescence was observed in HAV-infected African green mon-
key kidney (AGMK) cells treated with the rabbit anti-HAV antibodies up to a
dilution of 5,000 to 10,000 but not in mock-infected cells.

Murine IgG1 MAbs P1B5 directed against human a3 integrin (Gibco BRL),
190/4 directed against havcr-1 (18), and M2 directed against the FLAG peptide
DTKDDDDK (IBI, Inc.) were purified through affinity columns. Unlabeled,
125I-labeled, and peroxidase-labeled human anti-HAV polyclonal antisera were
obtained from the HAVAB kit (Abbott Laboratories). Goat anti-human Fc
antibodies, phosphatase-labeled goat anti-human IgG antibodies, phosphatase-
labeled anti-mouse IgG antibodies, peroxidase-labeled goat anti-human IgG
antibodies, and peroxidase-labeled rabbit anti-human Fc antibodies were used as
suggested by the manufacturer (Kirkegaard & Perry Laboratories, Inc.).

Murine anti-HAV neutralizing MAbs K2-4F2 and K3-4C8 (24) were pur-
chased from Commonwealth Serum Laboratories, Melbourne, Australia, and
MAb 813 (7) was purchased from Accurate Chemical Scientific Corp.

Cells and viruses. The continuous clone GL37 of AGMK cells (36), termed
AGMK GL37 cells, was grown in Eagle’s minimal essential medium (EMEM)
plus 10% fetal bovine serum (FBS) at 37°C in a CO2 incubator. Chinese hamster
ovary (CHO) cells deficient in the enzyme dihydrofolate reductase (dhfr2) were
obtained from the American Type Culture Collection and expanded in growth
medium consisting of Iscove’s medium containing 10% FBS (GibcoBRL) and
supplemented with 100 mM hypoxanthine and 16 mM thymidine (Sigma Chem-
ical Co.). Selection of CHO cells transfected with a hamster DHFR minigene was
done in Iscove’s medium containing 10% dialyzed FBS but without any supple-
ment (selection medium).

The human tissue culture-adapted HM175 strain of HAV, which was derived
from infectious cDNA (6) and passaged approximately 100 times in BS-C-1 cells,
was grown in AGMK GL37 cells and termed HAV PI. The tissue culture-
adapted KRM003 strain of HAV (36) was grown in AGMK GL37 cells and
purified through sucrose gradients. To do so, HAV was pelleted through a 40%
sucrose cushion, resuspended in NET (10 mM Tris-HCl [pH 7.5], 1 mM EDTA,
100 mM NaCl), treated with 0.1% sarcosyl (Sigma Chemical Co.) and 50 mg of
proteinase K (Boehringer Mannheim) per ml at 37°C for 1 h, and sedimented
through a 5 to 30% sucrose gradient in a Beckman SW40 rotor at 4°C for 90 min.
Gradients were collected in 20 fractions of 0.5 ml each and assayed for HAV
antigen by enzyme-linked immunosorbent assay (ELISA). To do so, Maxisorb
96-well plates (Nunc Inc.) were coated with a 1:5,000 dilution of human anti-
HAV positive control antisera from the HAVAB kit. The plates were washed
extensively and blocked with 100 ml of phosphate-buffered saline (PBS)–0.05%
Tween 20 (Sigma Chemical Co.)–0.1% gelatin (Sigma) per well, and then 10 ml
of each sucrose gradient fraction was added in duplicate wells. After being
incubated for 2 h at 37°C, the plates were washed extensively, stained with a 1:10
dilution of peroxidase-labeled human anti-HAV antiserum from the HAVAB kit
in PBS–0.05% Tween 20–0.1% gelatin, washed extensively, and developed with
3,39,5,59-tetramethylbenzidine substrate containing hydrogen peroxide (TMB
one-component substrate) as recommended by the manufacturer (Kirkegaard &
Perry Laboratories, Inc.). The colorimetric reaction was stopped with 1%
H2SO4, and absorbance was read in a 96-well ELISA reader (Bio-Rad Labora-
tories) at 450 nm. Gradient fractions containing the 150S viral peak were pooled
and stored at 270°C.

HAV titer determination. The titer of HAV was determined on 96-well plates
containing confluent monolayers of AGMK GL37 cells. A total of 8 to 16
replicate wells were inoculated with 100 ml of 10-fold dilutions of HAV prepared
in EMEM–10% FBS. The plates were incubated at 35°C for 2 weeks in a CO2

incubator, and cell monolayers were fixed with 90% methanol and stained with
a 1:2,500 dilution of rabbit anti-HAV antibodies and a 1:25,000 dilution of
peroxidase-labeled goat anti-rabbit antibodies. TMB one-component substrate
(100 ml/well) was added, the plates were incubated at room temperature for 15
to 30 min, and the reaction was stopped with 1% H2SO4 (100 ml/well). Wells that
developed at least 2.5 times the absorbance of the uninfected control wells were
considered positive, and viral titers were determined using the Reed and Muench
method (31).

Plasmids. pDH1P, which is similar to pMG1 (26) except that the PstI site at
the 39 end of the insert was eliminated, codes for a Chinese hamster ovary cell
dhfr 2.5-kb minigene that contains the six exons of the gene but lacks introns 2
to 5. pDH1P was cotransfected into CHO dhfr2 cells with plasmids coding for
soluble chimeric receptors. pEF-ICAM5(1–2)-Fc, a generous gift of Jose Casas-

novas, Karolinska Institute, Stockholm, Sweden, codes for an intercellular ad-
hesion molecule-1 (ICAM-1) immunoadhesin obtained by fusing the cDNA
fragment of the first and second immunoglobulin-like domains of human
ICAM-1 to a synthetic splicing donor (GGTGAGT) and a genomic fragment of
the hinge and Fc portion of human human IgG1. The resulting ICAM-1 immu-
noadhesin in pEF-ICAM5(1–2)Fc is similar to ICI–2D/IgG (25) and is driven by
the human elongation factor 1a promoter.

Plasmids coding for fusion proteins of the cysteine-rich region of havcr-1 (D1)
and the ectodomain of the PVR were constructed by replacing the ICAM-1
sequences in pEF-ICAM5(1–2) with PCR fragments coding for the D1 and the
PVR ectodomain. Recombinant DNA manipulations were done by standard
methods (32). The nucleotide sequences of all constructs were by automatic
sequencing using an ABI Prism model 377 automatic sequencer and the ABI
Prism Dye terminator cycle-sequencing ready reaction kit (Perkin-Elmer Cetus,
Inc.). Both strands of the PCR products were sequenced using positive- and
negative-sense synthetic oligonucleotides spaced 300 to 400 bases apart. All
plasmids were grown in E. coli DH5a and purified by chromatography using
plasmid preparation kits as recommended by the manufacturer (Qiagen, Inc.).
Plasmid constructs were done as follows.

(i) pEF-HAVcr-1D1flag. A PCR fragment coding for amino acids 1 to 138 of
havcr-1 was amplified from pDR2GL37/5 (18). Synthetic oligonucleotide D1/
Sal I (59-CGGATACCCGTCGACATAATGCATCTTCAAGTGGTCATC-39),
which contains a SalI site before the initiation codon of havcr-1 followed by
nucleotides 198 to 216 of the havcr-1 cDNA, was used as the sense primer.
Synthetic oligonucleotide D1/flag/SpeI (59-GGACTAGTACTCACCCTTGTCA
TCGTCGTCCTTGTAGTCGTCTGTTCGAACAGTTCTGACAATTGGAGT
GACTCTTGGGGGCCCAAT-39), containing an SpeI site followed by the an-
tisense of an artificial splicing donor signal (GTGAGT), 24 nucleotides coding
for the FLAG peptide DTKDDDDK, and nucleotides 615 to 565 of the havcr-1
cDNA, was used as the antisense primer. The single band amplified in the PCR
was purified by electrophoresis with a TAE–1% low-melting-temperature aga-
rose gel, cut with SalI and SpeI, ligated into SalI-SpeI-cut pEF-FcICAM5(1–2)
vector, and used to transform E. coli.

(ii) pEF-PVR. A PCR fragment coding for the full ectodomain of PVR was
amplified by PCR using synthetic oligonucleotides PVR/Sal I (59-CGGATACC
CGTCGACATAATGGCCCGAGCCATGGCCGCC-39) and PVR/SpeI (59-G
GACTAGTACTCACCTAAGGTCCCGGGAGGTCCCTCTTTGACCTGGA
CGGTCAGTTCTGC-39) and cloned into SalI-SpeI-cut and phospatase-treated
pEF-FcICAM5(1–2) vector as described above. Similar constructs coding for
chimeric molecules consisting of the extracellular domain of PVR and the hinge
and Fc portion of human IgG (20) and mouse IgG2a (1) have been described.

Transfection and selection of CHO cells expressing high levels of soluble
receptors. CHO dhfr2 cells were cotransfected with 0.45 mg of pDHIP and 3.5
mg of pEF-HAVcr-1D1flag or pEF-PVR using the Fugene6 reagent (Roche
Laboratories) as specified by the manufacturer. At 6 h posttransfection, Iscove’s
medium containing 10% FBS supplemented with hypoxanthine and thymidine
was added, and the cells were grown for 48 h at 37°C in a CO2 incubator. The
cells were split 1:10 and grown in Iscove’s medium containing dialyzed FBS
without supplements (selection medium). After 14 days of selection, the cells
were cloned by end-point dilution in 96-well plates. The culture medium of 24
single-cell clones was assayed for the expression of soluble receptors by a capture
ELISA using 96-well plates coated with goat anti-human Fc antibody and stain-
ing with peroxidase-labeled rabbit anti-human Fc conjugate. Clones that secreted
the soluble receptors to the cell culture medium were grown in the presence of
5 nM methotrexate. As soon as the cells became accustomed to growing at a
given concentration of methotrexate and forming a confluent monolayer in 3
days after being split 1:5, the concentration of methotrexate was increased
fourfold. Cells cotransfected with pDHIP and pEF-HAVcr-1D1flag were termed
CHO D1-Fc and reached a maximum level of expression of D1-Fc at 0.32 mM
methotrexate. Cells cotransfected with pDHIP and pEF-PVR were termed CHO
PVR-Fc and reached a maximum level of expression of PVR-Fc at 1.28 mM
methotrexate.

Purification of soluble receptors. CHO/D1-Fc and CHO/PVR-Fc cells were
grown in 15-cm-diameter dishes with selection medium containing 0.32 and 1.28
mM methotrexate, respectively. After the growth medium was replaced with 10
ml of serum-free OptiMEM medium, cell monolayers were incubated overnight
at 37°C in a CO2 incubator and the medium containing the soluble receptors was
harvested. An additional 10 ml of OptiMEM medium was added to each plate,
and the medium was harvested 24 h later. The yields of the first and second
harvests were pooled and frozen at 220°C. Immunoadhesins were purified from
300 ml of harvested medium by affinity chromatography using Affi-Gel protein
A-agarose columns as recommended by the manufacturer (Bio-Rad Laborato-
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ries). Fractions containing the immunoadhesins were identified by dot-blot anal-
ysis staining with phosphatase-labeled anti-human Fc antibodies.

Protein analysis. Soluble receptors were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Purified D1-Fc and PVR-Fc (1
mg each) were boiled in 23 SDS–b-mercatoethanol loading buffer and subjected
to SDS-PAGE (21) through 4 to 20% Tris-glycine polyacrylamide gels (Novex;
Invitrogen) and Coomassie blue staining. Alternatively, before being fixed, pro-
teins were transferred to polyvinylidene difluoride membranes (Immobilon-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.
The substrate 5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium
(Kirkegaard & Perry Laboratories) was used as recommended by the manufac-
turer.

Detection of epitope 190/4 in the immunoadhesins. A capture ELISA was used
to study the expression of the 190/4 epitope in D1-Fc. MaxiSorb 96-well plates
(Nunc Laboratories) were coated with 50 ml of 1-mg/ml MAb 190/4 or negative
control MAb P1B5 in 50 mM sodium carbonate (pH 9.6) per well overnight at
4°C. The plates were blocked with 5% bovine serum albumin in PBS for 1 h at
room temperature. Twofold dilutions of CHO D1-Fc and CHO PVR-Fc cell
culture medium were added in duplicate wells, and the plates were incubated for
1 h at room temperature. The plates were washed extensively with PBS–0.05%
Tween 20 and stained with a 1:50,000 dilution of peroxidase-labeled goat anti-
human antibody for 1 h at room temperature. After the plates were washed
extensively, 100 ml of TMB one-component substrate was added per well, the
plates were incubated for 30 min at room temperature, and the absorbance at
450 nm was determined as described above.

Binding assays. Binding of HAV to soluble receptors was done in 96-well
plates. MaxiSorb 96-well plates were coated with 10 mg of protein A-purified
soluble receptors or normal human immunoglobulins per ml (prepared from the
negative control antiserum of the HAVAB kit) in 50 mM sodium carbonate (pH
9.6) overnight at 4°C. After the plates were washed extensively, 10-fold dilutions
of sucrose gradient-purified HAV were added, and the plates were incubated for
2 h at room temperature and washed extensively. The plates were treated with a
1:10 dilution of 125I-labeled human anti-HAV antiserum for 2 h at 4°C, washed
extensively, and exposed to X-ray film (XAR-2; Kodak) at 270°C in the presence
of intensifying screens.

For binding assays using protein A-treated beads, different amounts of purified
D1-Fc or PVR-Fc were bound to 25 ml of protein A-Trisacryl beads (Pierce
Laboratories) in 500 ml of PBS containing 2% ovalbumin (Sigma Chemical Co.).
After 2 h at 4°C, 50 ml of sucrose-purified HAV (5 3 107 50% tissue culture
infective doses [TCID50]) in 500 ml of PBS–2% ovalbumin was added and the
mixture was incubated with rotation overnight at 4°C. After the mixture was
washed three times with PBS at 4°C, bound HAV was eluted with 100 ml of 6 M
LiCl for 30 min at room temperature. After the beads were pelleted by centrif-
ugation, the supernatant containing the eluted virus was transferred to a new
tube, diluted 40-fold with EMEM, and subjected to titer determination on
AGMK GL37 cells.

To determine whether MAb 190/4 could inhibit the binding of HAV to D1-Fc,
3 mg of D1-Fc was incubated at 4°C with 0, 0.5, 5, or 50 mg of MAb 190/4 or
control MAb M2 in 500 ml of PBS–2% ovalbumin. Protein A-Trisacryl beads (25
ml) were added, and the mixture was incubated for 2 h at 4°C. Binding, elution,
and HAV titer determination were done as described above.

Neutralization assays. To neutralize HAV with the immunoadhesins, different
amounts of purified D1-Fc and PVR-Fc (100, 10, and 1 mg) were incubated
overnight at 4°C with 105 TCID50 of HAV PI stock in 200 ml of EMEM–10%
FBS. Confluent monolayers of AGMK GL37 cells in 96-well plates were inocu-
lated with 10-fold dilutions of the neutralization reaction products and incubated
for 4 h at 37°C. After the plates were washed three times, EMEM–10% FBS was
added, and the plates were incubated at 35°C for 10 days in a CO2 incubator. The
cells were fixed with 90% methanol, and HAV titers were determined by ELISA
as described above. It should be pointed out that all dilutions and incubations
were done in the presence of 10 mg of the respective immunoadhesins per ml.

To neutralize HAV with MAbs, 105 TCID50 of HAV PI stock in a final volume
of 200 ml of EMEM–10% FBS was treated with 50 mg of protein A-purified MAb
K2-4F2, K3-4C8, or VHA 813 overnight at 4°C. Confluent monolayers of AGMK
GL37 cells in 96-well plates were inoculated with 10-fold dilutions of the neu-
tralization reaction products and incubated for 4 h at 37°C in a CO2 incubator.
After the plates were washed three times, EMEM–10% FBS was added, and the
plates were incubated at 35°C for 10 days. The cells were fixed with 90%
methanol, and HAV titers were determined by ELISA as described above.

RESULTS

Expression of soluble receptors in CHO cells. To gain a
better understanding of the mechanism of cell entry by HAV,
we expressed soluble forms of havcr-1 and studied their inter-
action with HAV. In preliminary studies, we could not detect
significant levels of binding and neutralization of HAV by
soluble monomeric forms of the cysteine-rich region of havcr-1
(D1) expressed in insect, HeLa, and COS-7 cells (E. Silber-
stein, D. Feigelstock, and G. G. Kaplan, unpublished results).
Since picornavirus cellular receptors expressed as dimeric im-
munoadhesins were demonstrated to be more active than their
monomeric soluble forms (25), we decided to express a D1
immunoadhesin to test its HAV receptor activity. For this
purpose, we constructed pEF-HAVcr-1D1flag, a plasmid cod-
ing for D1 fused to the hinge and Fc regions of human IgG1.
A FLAG tag epitope was inserted between D1 and the IgG1
fragment to monitor the expression of the chimeric receptor
with anti-FLAG MAb M2, and the resulting immunoadhesin
was termed D1-Fc (Fig. 1A). CHO dhfr2 cells were cotrans-
fected with pEF-HAVcr-1D1flag and pDH1P, a plasmid cod-
ing for a hamster DHFR minigene. Stable transfectants were
selected in Iscove’s medium containing dialyzed bovine serum
(selection medium). As a control, we constructed pEF-PVR, a
plasmid coding for the three extracellular immunoglobulin-like
domains of the PVR fused to the hinge and Fc portion of
human IgG1. The resulting chimeric receptor, termed PVR-Fc
(Fig. 1A), shared the hinge and Fc region with D1-Fc and was
expressed in CHO cells as described above. CHO cell trans-
fectants were single cell cloned by end-point dilution in 96-well
plates. Since we expected that the immunoadhesins would be
secreted from the cell, we used ELISA with anti-human Fc
antibodies to test the cell culture medium of single-cell clones
for the expression of chimeric receptors. Approximately 50%
of the analyzed clones secreted the chimeric receptors to the
cell culture medium. Two clones that produced the highest
levels of D1-Fc and PVR-Fc were treated with increasing
amounts of methotrexate until they secreted 1 to 10 mg of the
soluble receptors per ml to the cell culture medium. These
CHO cell clones, termed CHO D1-Fc and CHO PVR-Fc, were
maintained in culture with the maximum achieved levels of
methotrexate and expanded to produce milligram amounts of
soluble receptors. D1-Fc and PVR-Fc were purified from the
cell culture medium by affinity chromatography using protein
A-agarose columns. Both chimeric receptors bound to the col-
umns, which indicated that they formed the expected ho-
modimers with active Fc portions capable of binding to protein
A. D1-Fc and PVR-Fc were eluted from the columns at pH 3.0
and analyzed by SDS-PAGE followed by Coomassie blue stain-
ing (Fig. 1B). The predominant form of D1-Fc migrated as a
50-kDa band, which agrees with the expected size of the fully
glycosylated form of the chimeric receptor. Two minor bands,
one migrating just below the 50-kDa D1-Fc band and another
migrating as a 35-kDa protein that corresponds to the expected
molecular mass of the D1-Fc protein backbone, most probably
represent glycosylated forms of D1-Fc. PVR-Fc migrated as a
single 90-kDa band corresponding to the expected size of a
fully glycosylated form of the chimeric receptor (20). Western
blot analysis (Fig. 2) showed that the three bands of D1-Fc
reacted with both anti-FLAG MAb M2 (lane 1) and anti-
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human Fc (lane 3) antibodies. The results in Fig. 2 further
suggested that these three bands are glycosylated forms of
D1-Fc; however, it is also possible that the 50- and 35-kDa
bands are degradation products or other modifications of D1-
Fc. As expected, the 90-kDa PVR-Fc band reacted with the
anti-human Fc antibodies (lane 4) but not with MAb M2 (lane
2), which indicated that the 90-kDa band corresponded to the
PVR-Fc immunoadhesin.

D1-Fc binds to protective MAb 190/4. It was important to
confirm that the D1 portion of D1-Fc was antigenically iden-
tical to the cysteine-rich region of havcr-1 expressed at the cell
surface of the AGMK GL37 cells. Therefore, we analyzed
whether MAb 190/4, which binds to a conformational epitope
in havcr-1 (18), would also react with D1-Fc. A capture ELISA
was used to detect the binding of D1-Fc and PVR-Fc to 96-well
plates coated with MAb 190/4 or negative control MAb P1B5.
Twofold dilutions of cell culture medium from CHO D1-Fc or
CHO PVR-Fc cells were added to the wells, and the plates
were incubated for 1 h at room temperature. Bound chimeric
receptors were detected with peroxidase-labeled goat anti-hu-
man antibodies and TMB one-component substrate. The col-
orimetric reaction was stopped with 1% H2SO4, and absor-
bance was read at 450 nm. Figure 3 shows that D1-Fc bound to
MAb 190/4 in a concentration-dependent manner but not to
MAb P1B5, which implied that D1-Fc expressed the protective
epitope 190/4. As expected, control PVR-Fc did not bind to
either MAb 190/4 or MAb P1B5, indicating that D1 bound
specifically to MAb 190/4. These ELISA results showed that
the D1 portions of havcr-1 and D1-Fc have the same antige-
nicity and suggested that they also share their structure.

The Cys-rich region of havcr-1 (D1) is sufficient for binding
of HAV. Since we confirmed that D1-Fc expressed protective
epitope 190/4, it was of interest to analyze whether this soluble
receptor could also bind HAV. To do so, twofold dilutions of

sucrose-purified HAV were added to 96-well plates coated
with D1-Fc and the virus bound to the wells was detected with
125I-labeled human anti-HAV antibodies followed by autora-
diography of the 96-well plate. Because the 125I-labeled human
anti-HAV antibodies reacted with PVR-Fc (data not shown),
protein A-purified normal human immunoglobulins were used
as the negative control to coat the plates. Similarly, protein

FIG. 1. Expression of D1-Fc and PVR-Fc immunoadhesins in CHO cells. (A) Schematic representation of the D1-Fc and PVR-Fc immuno-
adhesins. To construct D1-Fc, the cysteine-rich region of havcr-1 (D1) was tagged at its N terminus with peptide DTKDDDDK (FLAG) and fused
to the hinge and Fc regions of human IgG1 (IgG1 Fc). To construct PVR-Fc, the ectodomain of PVR containing the three immunoglobulin-like
domains (V1, C1, and C2) was fused to the hinge and Fc regions of human IgG1. Two identical fusion proteins are linked by disulfide bonds
(dashed lines), forming homodimers, which are secreted to the cell culture medium as soluble immunoadhesins. (B) D1-Fc and PVR-Fc were
purified through protein A columns. The eluted immunoadhesins were analyzed by denaturing SDS-PAGE in a 4 to 20% polyacrylamide gel and
stained with Coomassie blue. The arrow points to the fully glycosylated 50-kDa form of D1-Fc. The positions of prestained molecular mass markers
and their sizes in kilodaltons are shown on the right.

FIG. 2. Western blot analysis of purified D1-Fc and PVR-Fc im-
munoadhesins. Protein A-purified D1-Fc (lanes 1 and 3) and PVR-Fc
(lanes 2 and 4) were analyzed by denaturing SDS-PAGE in a 4 to 20%
polyacrylamide gel, transferred to a polyvinylidene difluoride mem-
brane, and probed with anti-FLAG MAb M2 (lanes 1 and 2) or anti-
human Fc antibodies (lanes 3 and 4). The positions of prestained mo-
lecular mass markers and their sizes in kilodaltons are shown on the
left.
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A-purified human anti-HAV immunoglobulins were used as
the positive control for the assay. Figure 4 shows that HAV
bound to D1-Fc in a concentration-dependent manner but did
not bind to the normal human immunoglobulins (hu normal
Ig). As expected, HAV bound strongly to the human anti-HAV
immunoglobulins (hu anti-HAV Ig). Taken together, these
capture ELISA results suggested that D1-Fc had HAV-binding
activity. To further substantiate this, we set up a binding assay
using protein A-coated beads as the solid phase, which allowed
us to include PVR-Fc as the negative control for the experi-
ment. Different amounts of D1-Fc and PVR-Fc were bound to
protein A-Trisacryl beads for 2 h at 4°C, and purified HAV was

added. After an overnight incubation at 4°C, the beads were
washed extensively and the bound HAV was released from the
beads with 6 M LiCl. The released virus was subjected to titer
determination on 96-well plates containing AGMK GL37 cell
monolayers. The results of this binding assay (Fig. 5) showed
that 18, 9, and 4.5 mg of D1-Fc bound approximately 1.5, 1, and
0.5 log unit more HAV, respectively, than did similar amounts
of PVR-Fc. Moreover, HAV bound to D1-Fc in a concentra-
tion-dependent manner whereas similar background levels of
HAV bound to all the concentrations of PVR-Fc used in the
assay. Variables such as the affinity of the virus for the recep-
tor, the effect of extensive washing on the dissociation of the
virus-receptor complexes, and the effectiveness of the virus
release by 6 M LiCl affected the amount of HAV detected in
our binding assay. We have not quantified the residual HAV at
each step of the binding assay, but it is highly unlikely to be
100% of the input virus. A theoretically good efficiency of 50%
at each of the three steps of the assay will result in a recovery
of 12.5% of the input virus. Therefore, our recovery of 13%
using D1-Fc compared to 1% using PVR-Fc (Fig. 5, 18 mg of
soluble receptors) seems reasonable and shows a 10-fold in-
crease of signal over the background level. Due to the nature
of the assay, it is possible that the remaining 87% of the input
HAV or part of it bound specifically to the D1-Fc agarose
beads but dissociated from the immunoadhesin during the
extensive washing or was not released by the 6 M LiCl treat-
ment. It should be pointed out that the consistently high back-
ground levels of nonspecific binding of virus to the solid phase
are probably due to the well-known “sticky” nature of HAV.

FIG. 3. Binding of protective MAb 190/4 to D1-Fc. Binding of D1-
Fc to MAb 190/4 was determined by capture ELISA. Twofold dilutions
of cell culture medium containing D1-Fc (■ and h) or PVR-Fc (F and
E) were bound to 96-well plates coated with MAb 190/4 (■ and F) or
negative control MAb P1B5 (h and E). Bound immunoadhesins were
stained with peroxidase-labeled anti-human Fc antibodies. TMB was
used as substrate, and the absorbance (O.D.) was read at 450 nm (y
axis) and plotted against the dilution (x axis). Data are means of results
from duplicate wells; duplicate values varied by less than 10%. The
results are those of one experiment which was repeated at least twice
with approximately 5 to 10% experimental error.

FIG. 4. Binding of HAV to 96-well plates coated with D1-Fc. Two-
fold dilutions of purified HAV were bound to 96-well plates coated
with 10 mg of purified D1-Fc or human normal immunoglobulins (hu
normal Ig) per ml. A well coated with 10 mg of human anti-HAV
immunoglobulins (hu anti-HAV Ig) per ml was used as a positive
control for virus binding. Bound HAV was detected by 125I-labeled
human anti-HAV antibodies, extensive washing, and direct autora-
diography of the 96-well plate.

FIG. 5. Binding of HAV to immunoadhesins attached to protein
A-treated beads. Different amounts of purified D1-Fc or PVR-Fc were
bound to 25 ml of protein A-Trisacryl beads for 2 h at 4°C. Sucrose-
purified HAV (5 3 107 TCID50) was added, and the mixture was in-
cubated with rotation overnight at 4°C. After the mixture was washed
three times with PBS at 4°C, bound HAV was eluted with 100 ml of 6
M LiCl2 for 30 min at room temperature, diluted 40-fold with EMEM,
and subjected to titer determination on AGMK GL37 cell monolayers.
Values are the log10 of the HAV titers determined by the Reed and
Muench method (32), and the standard deviations are shown as error
bars.
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The results presented in Fig. 5 further support the notion that
D1-Fc has HAV-binding activity.

HAV binds specifically to D1-Fc. We previously showed that
protective MAb 190/4 binds to havcr-1 and blocks the binding
of HAV to this receptor (18). Therefore, we tested whether
MAb 190/4 could block the binding of HAV to the D1 portion
of D1-Fc. Anti-FLAG MAb M2, which binds to the FLAG
octapeptide tag introduced between D1 and the hinge and Fc
regions of D1-Fc (Fig. 1A), was used as the control MAb for
the blocking experiment. D1-Fc bound to protein A-coated
beads was first treated with different amounts of MAbs 190/4
and M2, then incubated with purified HAV, and finally pro-
cessed as indicated above for the binding assay. PVR-Fc bound
to protein A-coated beads was used to determine the amount
of HAV bound nonspecifically to the solid phase. Bound HAV
was eluted with 6 M LiCl and subjected to titer determination
on 96-well plates containing AGMK GL37 cells (Fig. 6). Treat-
ment with 50 and 5 mg of MAb 190/4 blocked the binding of
HAV to D1-Fc and resulted in background levels similar to
those observed with PVR-Fc (0 mg of blocking MAb). Treat-
ment with 0.5 mg of MAb 190/4 did not block the binding of
HAV to D1-Fc, which showed that MAb 190/4 blocked the
binding of HAV in a concentration-dependent manner. Treat-
ment with similar amounts of MAb M2 (50, 5, and 0.5 mg) did
not block the binding of HAV to D1-Fc, which clearly indi-
cated that HAV bound specifically to D1-Fc by interacting with
its D1 portion.

Neutralization of HAV by D1-Fc. To assess whether D1-Fc
could neutralize HAV, 105 TCID50 of HAV PI was incubated
with different amounts of purified D1-Fc or control PVR-Fc
overnight at 4°C. Tenfold dilutions of the neutralization reac-
tion products were subjected to titer determination on 96-well
plates containing AGMK GL37 cell monolayers. After adsorb-
ing the virus at 37°C for 4 h, monolayers were washed exten-
sively, medium containing 10 mg of the soluble receptor used in
the neutralization reaction per ml was added, and the mixture
was incubated for 2 weeks at 35°C (Fig. 7). Treatment with 100
and 10 mg of D1-Fc reduced the HAV titers by approximately
1.5 and 0.5 log unit, respectively, compared to control samples
treated with the same amounts of PVR-Fc. Treatment with 1
mg of D1-Fc had almost no effect on the HAV titer compared
to treatment with a similar amount PVR-Fc. Taken together,
these data clearly showed that D1-Fc neutralized HAV in a
concentration-dependent manner. Since the low level of HAV
neutralization induced by D1-Fc was intriguing, we compared
it to the level of neutralization induced by murine MAbs under
similar experimental conditions. HAV PI (105 TCID50) was
treated with 50 mg of neutralizing MAbs VHA 813, K3-4C8,
and K2-4C8 or negative control anti-FLAG MAb M2, which
does not react with HAV (Fig. 8). Treatment with MAbs VHA
813, K2-4C8, and K3-4C8 reduced the HAV titers by approx-
imately 0.75, 0.45, and 0.4 log unit compared to treatment with
MAb M2. These poor neutralization levels are consistent with
the significant nonneutralizable fraction of virus found in crude
preparations of HAV (22, 28, 34). These neutralization results
indicated that D1-Fc neutralized HAV to a similar extent to
that for the murine neutralizing MAbs.

FIG. 6. Inhibition of binding of HAV to D1-Fc by protective MAb
190/4. Equal amounts (3 mg) of D1-Fc and PVR-Fc were treated with
0, 0.5, 5, or 50 mg of MAb 190/4 or control MAb M2 at 4°C. Protein
A-Trisacryl beads (25 ml) were added, and the mixture was incubated
for 2 h at 4°C. Sucrose-purified HAV (5 3 107 TCID50) was added, and
the mixture was incubated with rotation overnight at 4°C. HAV was
eluted and subjected to titer determination as described in the legend
to Fig. 5. Values are the log10 of the HAV titers determined by the
Reed and Muench method (32), and the standard deviations are shown
as error bars.

FIG. 7. Neutralization of HAV by D1-Fc. Different amounts of
purified D1-Fc and PVR-Fc (100, 10, and 1 mg) were incubated over-
night at 4°C with 105 TCID50 of HAV PI stock. Tenfold dilutions of the
neutralization reactions were subjected to titer determination on 96-
well plates containing confluent monolayers of AGMK GL37 cells.
After 4 h of adsorption at 37°C, the plates were washed three times and
incubated for 10 days at 35°C under CO2. All dilutions and incubations
were done in the presence of 10 mg of the respective immunoadhesin
per ml. HAV titers were determined by ELISA. Values are the log10 of
the HAV titers determined by the Reed and Muench method (32), and
the standard deviations are shown as error bars.
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D1-Fc neutralizes HAV but not poliovirus. To ascertain
whether the neutralization effect of D1-Fc was restricted to
HAV, we tested the immunoadhesin-mediated neutralization
of poliovirus, a related picornavirus. PV1/M (107 PFU) was
treated with 100 mg of PVR-Fc or D1-Fc or mock treated for
1 h at 37°C. Tenfold dilutions of the neutralization reaction
products were subjected to titer determination on 96-well
plates containing confluent AGMK GL37 cell monolayers. The
plates were incubated at 37°C for 72 h, and the cytopathic
effect was assessed under a microscope. Treatment with PVR-
Fc completely neutralized PV1/M (i.e., no cytopathic effect was
observed at any dilution), whereas treatment with D1-Fc had
no effect on the poliovirus titers (data not shown). This obser-
vation confirmed that D1-Fc neutralized HAV specifically and
had no effect on poliovirus infectivity.

DISCUSSION

Picornaviruses share genomic, structural, and antigenic fea-
tures; however, they bind to a wide variety of cellular receptors
(13) that result in different mechanisms of viral cell entry. The
better-understood picornavirus-receptor interactions so far are
those of the major group of rhinoviruses with ICAM-1 and
poliovirus with PVR. These closely related picornaviruses bind
to the first domains of their immunoglobulin superfamily cel-
lular receptors in a distinctive way (reference 38 and references

therein): ICAM-1 interacts with residues on a single protomer
of rhinovirus, whereas PVR interacts with residues from adja-
cent protomers of poliovirus. Some picornaviruses do not in-
teract with the first domains of their receptors, and others
require coreceptors or additional host factors to bind and enter
the cell (29, 37). HAV is an atypical picornavirus with a mature
virion that probably lacks VP4 and an antigenic structure that
is quite different from those of the other members of the family
(for a review, see reference 16). Very little is known about the
cell entry mechanism of HAV, which, due to the peculiarities
of this virus, could differ substantially from the mechanisms
used by the other members of the family.

We have identified havcr-1 as an AGMK cell receptor for
HAV and provided evidence of its functionality (18). The re-
quirements for binding of HAV to havcr-1 are not well defined.
We previously showed that the N-terminal immunoglobulin-
like cysteine-rich region of havcr-1, referred to in this paper as
D1, is required for binding of HAV (35) and protective MAb
190/4 (14). However, it was unknown whether D1 was sufficient
for binding of HAV. The data presented in this paper demon-
strate that HAV binds specifically to D1-Fc (Fig. 4 to 6) and
indicate that D1 is indeed sufficient for binding of HAV, which
is consistent with the results obtained with other picornavirus
receptors (for a review, see reference 13). For instance, dele-
tion analysis has shown that the V domain of PVR is necessary
and sufficient for virus binding, uncoating, and infection (19,
33). However, constructs containing only the N-terminal virus-
binding V domain of PVR do not function well as viral recep-
tors. Domains 2 and 3 of PVR do not participate directly in
virus binding, but they provide a “scaffold” for maintaining the
conformation of the V domain that binds poliovirus (2). If this
is also the case for havcr-1 (currently under investigation), it is
possible that the low level of HAV neutralization induced by
D1-Fc could be increased with soluble receptors containing D1
plus the TSP-rich region. Our comparison of the neutralization
of HAV with soluble receptors and the MAbs (Fig. 8) sug-
gested that, besides the structure of D1-Fc, other factors con-
tribute to the low level of neutralization of HAV. Since soluble
picornavirus receptors and MAbs behave similarly in neutral-
ization assays and generate comparable rates of escape mu-
tants (17), it is likely that factors such as viral aggregation and
masking of epitopes (22, 28, 34) that affect antibody-mediated
neutralization also contribute to the low rate of soluble recep-
tor-mediated neutralization. It should be pointed out that this
low level of neutralization is characteristic of HAV and con-
trasts with the high-level neutralization of poliovirus induced
by PVR-Fc, which contains the three Ig-like domains of PVR.

Due to its mucin-like nature, it was hypothesized that
havcr-1 functioned as an accessory factor that mediated the
initial loose and nonspecific attachment of HAV to the cells
and that other functional receptors were necessary for cell
entry of HAV (23). However, several lines of evidence indicate
that havcr-1 is indeed a specific and functional cellular recep-
tor for HAV. First, we previously determined that D1 and not
the mucin-like region of havcr-1 is necessary for binding of
HAV (35), and in this paper we report that a purified soluble
form of D1 is sufficient for binding of HAV. These results
demonstrate that HAV interacts primarily with D1 and sup-
port the concept that the mucin-like region of havcr-1 is not
necessary for binding of HAV. We are currently investigating

FIG. 8. Neutralization of HAV by MAbs. HAV PI stock (105

TCID50) was treated with 50 mg of protein A-purified MAbs K2-4F2,
K3-4C8, and VHA 813 for 1 h at 37°C. Tenfold dilutions of the
neutralization reaction products were subjected to titer determination
on 96-well plates containing confluent monolayers of AGMK GL37
cells. After 4 h of adsorption at 37°C, the plates were washed three
times and incubated for 10 days at 35°C under CO2. HAV titers were
determined by ELISA. Values are the log10 of the HAV titers calcu-
lated by the Reed and Muench method (32), and the standard devia-
tions are shown as error bars.
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whether the mucin-like region of havcr-1 plays any role in
HAV receptor function. Second, in this report we showed that
MAb 190/4 binds to purified D1-Fc and blocks the binding of
HAV, which is consistent with our previous finding that MAb
190/4 protects AGMK GL37 cells against HAV infection by
binding to havcr-1 and blocking its interaction with HAV (18).
On the basis of these results, we conclude that additional
coreceptors are not required for the expression of protective
epitope 190/4 and binding of HAV to D1, which strongly sug-
gests that an additional coreceptor(s) is not required for bind-
ing of HAV to the cell surface. However, it is possible that
other regions of havcr-1 and coreceptors may be necessary to
promote a more efficient binding of the virus to the cell, which
could be required for cell entry. Therefore, the possibility that
coreceptors are required for HAV infection (23) cannot be
entirely ruled out at present. Finally, our neutralization studies
demonstrate that the HAV–havcr-1 interaction required for
infection can be prevented by treatment with D1-Fc, which
supports the concept that havcr-1 is a functional HAV recep-
tor. Absolute proof that havcr-1 is a functional receptor for
HAV will require the isolation of an elusive receptor-negative
but replication-permissive cell line that could be made suscep-
tible to HAV infection upon expression of havcr-1.

Stable intermediates of uncoating have been described for
several picornaviruses but not for HAV. In this work we show
that D1-Fc binds and neutralizes HAV; however, we have not
determined whether D1-Fc can induce uncoating of the
genomic RNA and formation of empty capsids or other un-
coating intermediates. Because of the poor growth character-
istics of HAV, such experiments are not trivial and will require
further investigation. The availability of active soluble forms of
havcr-1 will allow us to use biochemistry and genetics to fur-
ther understand the mechanism of cell entry by HAV. The
isolation of HAV mutants resistant to neutralization with sol-
uble receptors, as was done for poliovirus (17), and the deter-
mination of the structure of HAV complexed with soluble
forms of havcr-1 will advance our understanding of the HAV–
havcr-1 interaction.
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