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Previous studies have demonstrated that human cytomegalovirus (HCMV) specifically binds to a fibroblast
membrane glycoprotein(s) with a molecular mass from 30 to 34 kDa. In this study, the distribution of the
putative receptor proteins was analyzed in a variety of cell types, including cell types representative of those
that are infected in vivo. Using a sensitive microbinding assay (to score virus attachment) and an indirect
detection method (to score HCMV-binding proteins), we found that the 34- and 32-kDa HCMV binding
proteins are ubiquitous molecules, broadly distributed among diverse cell types. In addition, the level of virus
attachment was found to correlate with the abundance of the 34- and 32-kDa cellular proteins, while the ability
of the virus to penetrate cells and initiate infection did not. The results support the hypothesis that the 34- and
32-kDa cellular proteins represent the HCMV (attachment) receptor. The data also support the notion that
additional cellular components are required for virus entry and fusion.

Viruses must transfer their genomes across host cell
plasma membranes in order to initiate their replicative
strategies. Numerous families of viruses are now known to
overcome this barrier by binding to a specific protein in the
plasma membrane and gaining entry either by receptor-
mediated endocytosis or by direct fusion between the viral
envelope and the plasma membrane (reviewed in references
27 and 46). The receptor is often a key and in some cases the
sole determinant of viral tropism. Because of their pivotal
roles in the initiation and spread of infection, viral receptors
have gained attention as targets for antiviral strategies. The
identification of the cellular receptor (CD4) for human im-
munodeficiency virus (23), for example, has provided ap-
proaches to therapy (7). The finding that infection with
human immunodeficiency virus is blocked both in vitro and
in animal model systems by a soluble, truncated form of the
CD4 molecule has provided a rationale for phase I clinical
trials in humans (6, 15, 43).
Among the herpesviruses, only the receptor for Epstein-

Barr virus (EBV) has been definitively identified. EBV
binding to B cells is mediated by attachment of the virus to
the C3dg complement receptor of B lymphocytes, desig-
nated CR2 (CD21) (14, 16, 20, 32, 44). Expression of
recombinant CR2 on the surface of nonpermissive cells
allows low-level EBV infection (2), and soluble recombinant
CR2 competitively blocks EBV-induced cell transformation
(8, 31). Cell surface heparin sulfate, a glycosaminoglycan,
can serve as the initial attachment moiety for both serotypes
of herpes simplex virus (47). The porcine herpesvirus may
also use a heparinlike molecule for attachment (29). It has
been proposed that the interaction of herpes simplex virus
with heparin sulfate functions to concentrate the virus on the
cell surface to facilitate binding to another as yet unidentified
proteinaceous receptor(s) (47). Indeed, a recent report has
described the detection of a limited set of cell surface
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receptors specific for gD which appear to function in virus
entry (21).
Human cytomegalovirus (HCMV) is an important human

pathogen responsible for significant morbidity and mortality
in immunosuppressed patients such as recipients of organ
transplants and those suffering from AIDS (3, 5, 26, 33, 34).
Previous studies examining the early events in HCMV
infection have demonstrated that HCMV exhibits dose-
dependent, high-affinity, saturable binding to a membrane
glycoprotein(s) in permissive fibroblasts (40). Recent reports
from two independent laboratories (1, 41) have shown that
HCMV specifically binds fibroblast membrane proteins with
apparent molecular masses of 30 to 34 kDa. Taylor and
Cooper (41) as well as Adlish et al. (1) observed that the
putative receptor proteins were also found in lymphoblastoid
or lymphocytic cells. Another recently published study
described the detection of a 92.5-kDa fibroblast membrane
protein which reacts with gH (gp86) of HCMV (22). This
protein was also detected by using an anti-idiotypic mono-
clonal antibody which was obtained by immunization with
an anti-gp86 neutralizing antibody.
Although efficient in vitro productive infection of HCMV

occurs only in cultured fibroblasts, HCMV infects epithelial
cells, endothelial cells, lymphocytes, and monocytes/macro-
phages in vivo. In this study, HCMV binding to cell lines
representative of these cell types was examined and found to
correlate with the presence of 34- and 32-kDa membrane
proteins. Viral penetration in these cell lines, however, was
found to depend on additional host cell factors.

MATERIALS AND METHODS

Cells. Human foreskin fibroblast (HFF) cells were estab-
lished and grown at 37°C in 75- or 150-cm2 plastic flasks
(Corning Glass Works, Corning, N.Y.) with Dulbecco's
modified Eagle's medium supplemented with 10% fetal bo-
vine serum and 0.03% L-glutamine (DMEM). All cell lines
analyzed are listed in Table 1. Vero, CHO-Ki, and FOX-NY
cells were cultured in DMEM. Raji, Molt-4, HEp-2, T2,
HSB-2, Mono Mac 6, and HPK-1A cells were propagated in
RPMI 1640 medium supplemented with 10% fetal bovine
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TABLE 1. Summary of cell lines analyzed

Designation Description Type Source or reference

HFF Human foreskin fibroblast Fibroblast 40
HUVEC Human umbilical vein endothelial Endothelial Isolate'
HEp-2 Human laryngeal epidermoid carcinoma Epithelial ATCC
HPK-1A Human ras-transformed keratinocytes Epithelial Isolate'
Mono Mac Human monoblastic leukemia Monocytoid 48
U937 Human histiocytic lymphoma Monocytoid ATCC
Molt-4 Human lymphoblastic leukemia T lymphoid ATCC
Raji Human EBV-positive Burkitt's lymphoma B lymphoid ATCC
T2 Human lymphoblastoid, somatic hybrid B/T lymphoid 12
Vero African green monkey kidney Simian ATCC
CHO-Kl (CHO) Chinese hamster ovary Rodent ATCC
FOX-NY (FOX) Mouse myeloma Rodent ATCC
Sf9 Spodoptera frugiperda Insect ATCC

a ATCC, American Type Culture Collection.
b See Materials and Methods.

serum and 0.03% L-glutamine. HPK-1A cells were a gener-
ous gift of Johng Rhim (National Cancer Institute, Bethesda,
Md.). Human umbilical vein endothelial cells (HUVEC)
were a generous gift of David Loskutoff (Research Institute
of Scripps Clinic, La Jolla, Calif.).

Virus and virus purification. HCMV AD169 was propa-
gated in HFF cells, and the titer of infectious virus was
determined by plaque assays (45). HCMV virions were
purified from clarified culture supernatants essentially as
described previously (38, 40, 41). Radiolabeled HCMV vir-
ions were obtained by adding [35S]methionine to methionine-
free DMEM containing 1% (instead of 10%) fetal bovine
serum or [3H]thymidine to infected fibroblast cultures exhib-
iting a cytopathic effect of 50%. Both isotopes were used at
concentrations of 50 p.Ci/ml. Culture supernatants were
collected 3 to 5 days later, and virions were purified as
described previously (38, 40, 41). Typically, an incorpora-
tion level of 10-4 cpm/particle was achieved for both iso-
topes, as measured by using a Beckman LS8000 scintillation
counter. The number of virus particles was estimated from
the viral DNA content as previously described (40).

Virus attachment assays. Virus attachment was routinely
quantified by using radiolabeled virions by a method adapted
for herpes simplex virus (17). HFF cells growing as confluent
monolayers in 96-well microtiter plates were washed and
incubated for 30 min in PBS-GC (10 mM Na2HPO4, 1.5 mM
KH2PO4, 140 mM NaCl, 3 mM KCl, 0.5 mM MgCl2 6H20,
1 mM CaCl2, 0.1% glucose, and 1% inactivated fetal calf
serum [pH 6.5]) plus ovalbumin (5 mg/ml) at 4°C. [35S]me-
thionine-labeled HCMV (35S-HCMV) was added at a con-
stant ratio of particle to cell number (generally 250 particles
per cell; see figure legends) in PBS-GC and incubated at 4°C
for 90 min with frequent, gentle agitation. The virus inocu-
lum was removed, and cells were washed two times with
PBS-GC and then lysed in 1% Triton X-100-1% sodium
dodecyl sulfate (SDS) in PBS (10 mM NaPO4, 140 mM NaCl
[pH 7.4]). The percentage of recovered virus bound to cells
was determined by scintillation counting and was calculated
from the average of triplicate samples. HCMV binding to cell
types other than HFF was done as described above for
adherent cell lines, while cells grown in suspension were
counted and the reaction was done in microcentrifuge tubes.
Membrane preparation. Cells were initially separated into

cytoplasmic and nuclear fractions by a method previously
described (10, 11). Briefly, log-phase suspension cells or
confluent adherent cell lines which were in 100-mm tissue

culture dishes (Corning) and which were harvested by a
rubber policeman were washed two times in PBS and
suspended in hypotonic lysis buffer (10 mM Tris-HCl, 10
mM KCl, 1.5 mM MgCl2, 1 ,uM pepstatin, 1 ,uM leupeptin, 2
mM phenylmethylsulfonyl fluoride [PMSF], pH 7.5) for 10
min at 4°C. Cells were then disrupted with 20 strokes in a
Dounce homogenizer (Wheaton), and intact nuclei were
removed by centrifugation at 1,000 x g. Membrane frag-
ments were pelleted at 100,000 x g for 60 min and solubilized
in 0.2% SDS-2 mM PMSF-0.25 M Tris-SO4 (pH 6.8). The
solubilized membrane proteins were quantified by a BioRad
protein assay, and 25 to 50 ,ug of protein was diluted with an
equal volume of 20% glycerol-bromophenol blue for electro-
phoresis on a 10% seminative gel system (9).

Detection of cellular membrane proteins which bind
HCMV. Electrophoresed proteins were transferred over-
night to nitrocellulose membranes (Schleicher & Schuell) by
following the method of Towbin et al. (42) and were stained
with Ponceau S (30), and nonspecific binding was blocked
with 2% nonfat powdered milk in PBS (pH 6.5). Two
methods were used to detect electroblotted proteins which
bind HCMV. In one procedure, "S-HCMV was diluted in
NETG buffer (50 mM Tris-HCl, pH 6.5; 0.15 M NaCl; 5 mM
EDTA; 0.25% gelatin; 0.1% Tween 20) and incubated with
the nitrocellulose membranes, which were washed with
NETG and subjected to autoradiography. Alternatively, an
indirect detection method was utilized. In this procedure,
nitrocellulose replicas were initially incubated with unla-
beled virus, then with a monoclonal antibody specific for gB
(gp55-116) (the 27-156 monoclonal antibody used in these
studies was a generous gift of William J. Britt, University of
Alabama, Birmingham, Ala.), and subsequently with 1251_
protein A. All incubations and washings were performed in
NETG as described above.

Penetration of HCMV into cells. To analyze entry or
penetration of HCMV into the various cells, cellular uptake
of [3H]thymidine-labeled HCMV (3H-HCMV) was deter-
mined. Approximately 4 x 105 adherent and suspension cells
were washed two times with PBS-GC. Nonspecific binding
was blocked by a 30-min incubation in a solution containing
PBS-GC and 5 mg of ovalbumin per ml. Cultures were
incubated for 3 h at 370C with 3H-HCMV at a ratio of 5,000
particles per cell in PBS-GC. The virus inoculum was
removed, and the cells were washed twice with PBS-GC and
once with PBS. HCMV remaining on the cell surface was
released by a 5-min incubation at room temperature with a
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FIG. 1. Attachment of HCMV to cell types of diverse origins.

355-HCMV (500 particles per cell) was added to the indicated cell
lines at 40C for 90 min. After removal of the unbound virus, the cells
were washed extensively and lysed with 1% Triton X-100-1% SDS
in PBS. All assays were performed in triplicate, and the percent
virus bound was determined by scintillation counting. The data were
normalized to HFF cells.

trypsin-versine mixture (Whittaker Bioproducts), and the
reaction was stopped with an equal volume of fetal bovine
serum. The cells were washed again and then lysed with 1%
SDS-1% Triton X-100 in PBS and assessed for radioactivity.
The amount of radioactivity in the cell lysate represents the
amount of internalized HCMV.

Analysis of HCMV immediate-early gene expression. Syn-
thesis of the major immediate-early gene product, the 72-
kDa protein (33, 34), was assessed by Western immunoblot
analysis. Cells were exposed to HCMV at a multiplicity of
infection of ca. 20 to 30 in serum-free media (DMEM or
RPMI, depending on the cell type) for 90 min at 370C, the
inoculum was removed, maintenance medium was added
(Dulbecco's modified Eagle's medium supplemented with
2% fetal bovine serum and 0.03% L-glutamine), and incuba-
tion was continued for 3 to 5 days for all cell types excluding
HFF. HFF cells were infected with HCMV at a multiplicity
of infection of 1 and harvested 4 to 16 h later. The cells were
washed two times with PBS, lysed with lx SDS-polyacryl-
amide gel electrophoresis sample buffer, and analyzed by
Western blotting as described above. Transferred proteins
were incubated with a rabbit anti-peptide antibody (8528)
(generously provided by Jay A. Nelson, Research Institute
of Scripps Clinic) specific for the 72-kDa immediate early
(IE) protein (36) in NETG (pH 7.5), and 1251I-protein A was
used for detection as described above.

RESULTS

Attachment of HCMV to cell lines of diverse origins. The
ability of HCMV to bind to cell lines of various, including
nonhuman, origins was examined. A complete list of the cell
lines analyzed in these studies is presented in Table 1.
355-HCMV was added to cells at a constant ratio of particle
to cell number for 90 min at 40C. After removal of the
unbound virus, the cells were washed extensively and lysed
with detergent. The percent virus bound was determined,
and the data were normalized to the values obtained for HFF
cells (Fig. 1). Binding ofHCMV was detected to all cell lines
tested, with the exception of the Sf9 insect cells, for which
binding was not significant above the background. The T2
cell line, a chimeric B/T cell line which does not express
major histocompatibility complex (MHC) class I antigens
(13), also bound HCMV. While the level of HCMV binding
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FIG. 2. HCMV binds to 34-kDa and 32-kDa HFF membrane

proteins. Membranes were prepared from HFF cells and solubilized
in 0.2% SDS-0.25 M Tris-S04, pH 6.8. Proteins (25 pRg) were
resolved on a 10% seminative polyacrylamide gel and then trans-
ferred to nitrocellulose. The blotted membrane proteins were incu-
bated in buffer (lane 1), unlabeled virus (lanes 2 and 3), or 355-
HCMV (lane 4). The protein sample in lane 3 contained protease
inhibitors (1 RM pepstatin, 1 pRM leupeptin, and 2 mM PMSF).
Lanes 1 to 3 were incubated with a monoclonal antibody to gB
(27-156) and then with 1251I-protein A.

within each class of cells was variable, major distinctions
were not evident between cell types of diverse origins.

Binding of HCMV to membrane proteins of HFF cells.
Previous studies examining the binding of HCMV to elec-
troblotted membrane proteins employed radiolabeled
HCMV virions as a probe (1, 41). To potentially enhance the
sensitivity of such experiments, an indirect detection
method was developed. In this procedure, blotted membrane
proteins are initially incubated with purified unlabeled viri-
ons and then incubated with a monoclonal antibody specific
for the gB homolog of HCMV (gp55-116) (12) and 1251_
protein A. As can be seen in Fig. 2 (lane 2), two proteins of
28,000 and 32,000 molecular weight are predominantly de-
tected by this method. The high-molecular-weight proteins
which are also detected are seen in the absence of the virus
(lane 1) and most likely represent a nonspecific reaction with
the antibody or of protein A with membrane constituents.
When a cocktail of protease inhibitors was included through-
out the preparation process, the proportion of the 28-kDa
protein was reduced and a larger, 34-kDa protein was
evident (lane 3). Therefore the 28-kDa protein may represent
a proteolytic fragment of a larger 34-kDa species, yet this
fragment retains the ability to bind the virus. Identical
results are obtained when 355S-HCMV is used as the probe
(lane 4), confirming earlier results (40).

Distribution of the 34- and 32-kDa HCMV binding proteins
in cell lines of diverse origins. To examine the distribution of
the 34- and 32-kDa proteins in the various cell lines, mem-
brane fractions were prepared from each of the indicated cell
types and 50 pLg of solubilized membrane protein was re-
solved on seminative gels (Fig. 3). The blot shown in Fig. 3A
was incubated in the presence of HCMV virions, while the
blot in Fig. 3B was incubated with buffer. Both panels were
incubated with anti-gB monoclonal antibody and '251I-protein
A. The results show that the 34- and 32-kDa HCMV binding
proteins were present in the different cell lines. Negligible
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FIG. 3. Detection of the 34- and 32-kDa HCMV binding proteins in cell lines of diverse origins. Membrane fractions were prepared from

each of the indicated cell lines as described in Materials and Methods, and 50 ,ug of solubilized membrane proteins (in the presence of 1 pLM
pepstatin, 1 ,uM leupeptin, and 2 mM PMSF) were resolved on 10% seminative gels. After transfer to nitrocellulose, the blotted proteins were
incubated in the presence (A) or absence (B) of HCMV virions and then incubated with anti-gB antibody and 1251-protein A.

background was obtained in the absence of virus in most cell
lines tested (Fig. 3B). Some nonspecific binding to the 34-
and 32-kDa proteins was observed in the Raji and Fox cell
lines, which exhibit strong virus binding signals; however, in
other cell lines that also exhibit high virus binding signals, no
reaction to the 34- and 32-kDa proteins was observed. This is
most evident in the T2 cell line (compare Fig. 3A and B) and
in Vero cells (data not shown). Other cell lines which have
readily detectable 34- and 32-kDa proteins include the endo-
thelial cell line (HUVEC) and a T lymphoid line (HSB2, data
not shown). The only cell line we tested which appears not to
contain the 34- and 32-kDa proteins was the Sf9 cells,
although other high-molecular-weight proteins are recog-
nized. The absence of the 34- and 32-kDa proteins in Sf9
cells is more clearly evident in Fig. 5, lane 4. These data
demonstrate that the 34- and 32-kDa HCMV binding proteins
are ubiquitous molecules, broadly distributed even in cells of
nonhuman origin.
To demonstrate the specificity of binding of HCMV to the

34- and 32-kDa receptor molecules, cold competition analy-
ses were performed. Blotted proteins were incubated with
35S-HCMV (Fig. 4A) or with 35S-HCMV plus a 50-fold
excess of unlabeled HCMV (Fig. 4B). Complete blocking
was observed, indicating that recognition of the 34- and
32-kDa proteins is specific for HCMV. Specificity of binding
of HCMV to the 34- and 32-kDa receptor molecules was also
demonstrated in experiments in which 35S-HCMV was incu-
bated with membrane proteins from 34- and 32-kDa protein-
positive cells (HEp-2) or -negative cells (Sf9). When 35S-
HCMV was incubated with HEp-2 membranes and then
used to probe blotted HEp-2 membrane proteins, complete
competition for 34- and 32-kDa protein binding is observed
(Fig. 5, lane 2 versus lane 3). Similarly, when 35S-HCMV
was incubated with Sf9 membranes and used to probe
blotted Sf9 proteins, competition for binding to higher-
molecular-weight proteins detected in these cells was ob-
served (Fig. 5, lane 4 versus lane 5); however, Sf9-treated
virus retained the ability to bind to the 34- and 32-kDa
proteins in HEp2 cells (Fig. 5, lane 1). The signal for binding
to the 34- and 32-kDa proteins was reduced in Sf9-treated

virus, as expected since the virus does react with other Sf9
proteins. It is unlikely that the higher-molecular-weight Sf9
proteins which bind HCMV are related to the 34- and 32-kDa
receptors, since the large differences in molecular weight are
unaccountable by glycosylation variations between insect
and vertebrate cells. Taken together, the data indicate that
recognition of the 34- and 32-kDa proteins is specific, which
can be demonstrated by competition with excess unlabeled
virus or by membrane preparations from 34- and 32-kDa
protein-positive cells.

Ability of HCMV to penetrate cell lines of diverse origins.
The pathway of HCMV internalization is not known. Spe-
cifically, it is not known whether the HCMV envelope fuses
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FIG. 4. Specificity of HCMV binding to the 34- and 32-kDa

receptor proteins. Cold competition analyses were performed to
demonstrate the specificity of binding of HCMV to the 34- and
32-kDa receptor proteins. Membrane proteins from the indicated
cell lines were electrophoresed and transferred to nitrocellulose as
described in the legend to Fig. 2. The blotted proteins were
incubated with 35S-HCMV (A) or with 35S-HCMV plus a 50-fold
excess of unlabeled HCMV (B).
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FIG. 5. Competition analysis of HCMV binding to the 34- and
32-kDa receptor proteins with host membrane proteins. Twenty-five
micrograms of HEp-2 membrane proteins (lanes 1 to 3) and Sf9
(lanes 4 and 5) were incubated with untreated 15S-HCMV (lanes 3
and 4), 35S-HCMV plus HEp-2 membrane proteins (lane 2), or
35S-HCMV plus Sf9 membrane proteins (lanes 1 and 5). Molecular
weight (M. W.) is shown to the left (in thousands).

directly with the plasma membrane (pH-independent fusion)
or is internalized and fuses with the endosomal membrane
(pH-dependent fusion). An assay was developed that would
assess the cellular uptake of 3H-HCMV regardless of the
mechanism of penetration. In these experiments, cells were
incubated with 3H-HCMV for 3 h at 370C. After removal of
the virus inoculum, the cells were briefly treated with trypsin
to remove attached but not internalized virus. The cells were
then lysed, and the radioactivity associated with the cells
was determined by scintillation counting. As shown in Fig.
6, HCMV was able to penetrate many of the cell lines tested.
The variation of the datum points among the various cell
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FIG. 6. Penetration of HCMV into cell lines of diverse origins, as
determined by cellular uptake of 3H-HCMV. Penetration of HCMV
into cells was evaluated by analyzing cellular uptake of 3H-HCMV.
Cells were incubated with 3H-HCMV (5,000 particles per cell) for 3
h at 37°C. After removal of the virus inoculum, the cells were briefly
treated with trypsin to remove attached but not internalized virus.
After lysis of the cells, the percent virus internalized was deter-
mined by scintillation counting, and the data were normalized to
HFF cells.
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FIG. 7. Infection of cell lines of diverse origins by HCMV, as

determined by initiation of IE gene expression. HCMV was added to
cells (multiplicity of infection, 20 to 30) and incubated at 37°C for 12
h (HFF cells) or for 3 to 5 days (all other cells). The synthesis of the
72-kDa protein was determined by Western blot analysis, as de-
scribed in Materials and Methods.

lines was + 10%; therefore, it appears that Molt-4 (12% of
control) and Sf9 (10% of control) cells do not support HCMV
penetration. Other than CHO cells and HUVEC (80% of
control, data not shown), the virus showed a reduced
capacity to penetrate most of the cell types, compared with
permissive fibroblasts.

Infection of cell lines of diverse origins. The ability to
initiate infection, as determined by Western immunoblot
analysis of the major immediate early gene product, a
72-kDa protein, was also examined in the various cell lines.
IE gene expression indicates that the viral DNA has un-
coated and reached the nucleus; however, absence of IE
gene expression may merely reflect lack of the appropriate
transcription environment for the complex major IE pro-
moter (36, 37, 39). In our studies, IE protein synthesis was
readily detectable in T lymphoid cell lines (HSB2 and T2) as
well as CHO cells (Fig. 7), while low-level synthesis was
discernable in Raji, Mono Mac, and Vero cell lines (more
apparent after additional exposure time [data not shown and
Fig. 7]) and no expression was evident even with very long
autoradiography times in the epithelial cell lines (HEp-2,
HPK-1A), Molt-4, and U937, as well as the Fox and Sf9
cells.

DISCUSSION

The 34- and 32-kDa proteins may represent an initial virus
attachment receptor. We have shown that HCMV binds
predominantly to two membrane proteins of 34 and 32 kDa in
fibroblasts. Proteins of the same molecular size are also
detected in cell lines of epithelial, endothelial, lymphoid, and
monocytoid, as well as nonhuman origin. A summary of the
experiments is presented in Table 2. The striking feature of
the data is that the ability of the virus to attach to cells
correlated with the abundance of the 34- and 32-kDa pro-
teins, while the ability of the virus to penetrate cells and
initiate infection (IE gene expression) did not. Although the
binding assays were conducted with protein-labeled virions
and the internalization assays were conducted with DNA-
labeled HCMV, we have found similar levels of binding with
DNA-labeled virus (data not shown). These findings indicate
that appreciable numbers of particles devoid ofDNA do not
contribute to the large differences observed in binding versus

J. VIROL.
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TABLE 2. Summary of early events in HCMV infection of cell types of various origins

Cell line Cell type Attachmenta proteinsb Penetration' synthesisd

HFF Fibroblast +++ +++ +++ +++
HEp-2 Epithelial + + ++++ + + +
HPK Epithelial + + + + +
U937 Monocytoid +++ + + +
Mono Mac Monocytoid + + +++ + +
Molt-4 Lymphoid + ++ +++
Raji Lymphoid + + +++ + +
T2 Lymphoid +++ ++++ + + +
Vero Simian +++ ++++ ++ ++
CHO Rodent +++ +++ ++++ ++++
Fox Rodent ++++ ++++ + +
Sf9 Insect

a Percent HCMV bound to HFF (Fig. 2) was assigned a rating of +++, and the data from other cell lines were ordered and assigned ratings between - and

b An autoradiogram corresponding to Fig. 4 was scanned by densitometry, the area under the curve was calculated, and values were normalized to that of HFF
(100%), which was assigned value of + + +.

' Data from Fig. 6 were ordered, and the percent HCMV internalized in HFF cells was assigned a value of + + +; other data from the various cell lines were
then ordered and rated from - to + + + +.

d An autoradiogram corresponding to Fig. 7 was scanned by densitometry, the area under the curve was calculated, and values were normalized to HFF, which
was assigned value of + + +.

internalization and give further support to the notion that
attachment and penetration are uncoupled events. Other
examples of this phenomenon include HSV mutants which
can attach but not penetrate (24, 25, 35) and the finding that
EBV can bind but not penetrate Molt-4 cells (28). In this
study, HCMV bound well to Molt-4 and T2 cell lines but
penetrated these cell lines poorly. The opposite scenario was
also observed in that HCMV binding to CHO and HFF cells
was comparable, but the virus penetrated and initiated
infection to a greater extent in CHO cells than in HFF cells.
These data suggest that the 34- and 32-kDa proteins repre-
sent the cellular receptor for HCMV but that other cellular
components are required for fusion and penetration. The
92.5-kDa gH-binding protein described by Keay et al. (22)
may well represent such a component, since we have dem-
onstrated that neutralizing monoclonal antibodies specific
for gH (gp86) permit virus attachment but prevent penetra-
tion (lla). Although higher-molecular-weight proteins were
variably recognized by HCMV in these studies, the 92.5-kDa
protein was rarely detected, even under experimental con-
ditions identical to theirs. The discrepancy in the results
likely reflects the difference in the probes, since the 92.5-kDa
protein was detected with purified HCMV gH glycoprotein
(gp86) or with an anti-idiotypic antibody produced against
neutralizing anti-gH monoclonal antibody while we used
intact HCMV virions. We are currently applying approaches
similar to those presented here toward the complete dissec-
tion of the sequence of events in the initial interaction of
HCMV with host cells.
The development of a sensitive microassay for virus

binding together with the use of an indirect detection proce-
dure for HCMV binding proteins, compared with the use of
radiolabeled virus as a probe, has greatly facilitated these
studies. Virus binding to as little as 25 p,g of extracted
membrane protein was readily detected (Fig. 2 and 5),
compared with 150 (41) or 100 (1) p.g in earlier studies. In
addition we have resolved the HCMV-binding proteins into
a 34- and 32-kDa doublet; these correspond to the 30-kDa
and variably observed 28-kDa membrane proteins described
previously (41). The relationship of the 34-kDa protein to the
32-kDa protein is not known at this time. Although it is
possible that the 34- and 32-kDa proteins represent a dual

component receptor complex, the ratio of the two bands and
the amount of the 32-kDa protein varied from cell line to cell
line. Similar results were reported by Adlish et al. who found
that a 34-kDa HCMV-binding protein predominated in fibro-
blasts, while both 34- and 23-kDa proteins were detected in
B and T lymphocytes (1). Although in our studies great care
was taken to prevent proteolysis, it is possible that the
32-kDa protein represents a proteolytic fragment of the
larger molecular species.

Other investigators have suggested that a MHC class I
antigen may be the receptor for HCMV (18). They proposed
that HCMV coated with ,2 microglobulin binds to MHC
class I molecules after displacing P2 microglobulin from the
cell MHC molecules (18, 19). The fact that HCMV binds ,-2
microglobulin is attributable to the fact that HCMV encodes
an MHC class I homolog (4); however, it has not been
demonstrated that the MHC class I homolog is expressed in
HCMV-infected cells. It has been demonstrated that intact
HCMV virions do not bind the purified electroblotted MHC
class I protein (40). In this study, a B lymphoblastoid/T
lymphoblastoid chimeric cell line (T2) which does not ex-
press the MHC class I antigen was employed (13). Never-
theless, the virus was able to attach, penetrate, and initiate
viral gene expression in T2 cells. Therefore, while the
presence of an MHC class I homolog in HCMV and the
ability of the virus to bind ,2 microglobulin could well play
a role in the pathogenesis of HCMV infection, it is clear that
the presence of an MHC class I molecule on the surface of a
host cell is not required for early events in infection and does
not represent the cellular receptor for HCMV.
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