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Human cytomegalovirus (CMV) infection is dependent on the functions of structural glycoproteins at
multiple stages of the viral life cycle. These proteins mediate the initial attachment and fusion events that occur
between the viral envelope and a host cell membrane, as well as virion-independent cell-cell spread of the
infection. Here we have utilized a cell-based fusion assay to identify the fusogenic glycoproteins of CMV. To
deliver the glycoprotein genes to various cell lines, we constructed recombinant retroviruses encoding gB, gH,
gL, and gO. Cells expressing individual CMV glycoproteins did not form multinucleated syncytia. Conversely,
cells expressing gH/gL showed pronounced syncytium formation, although expression of gH or gL alone had
no effect. Anti-gH neutralizing antibodies prevented syncytium formation. Coexpression of gB and/or gO with
gH/gL did not yield detectably increased numbers of syncytia. For verification, these results were recapitulated
in several cell lines. Additionally, we found that fusion was cell line dependent, as nonimmortalized fibroblast
strains did not fuse under any conditions. Thus, the CMV gH/gL complex has inherent fusogenic activity that
can be measured in certain cell lines; however, fusion in fibroblast strains may involve a more complex
mechanism involving additional viral and/or cellular factors.

Human cytomegalovirus (CMV) is a significant human
pathogen that causes substantial disease throughout the world.
CMV is the leading viral cause of congenital birth defects in
the United States and is a significant factor in the success of
allograft transplantations (1). A hallmark of CMV, and of all
members of the Herpesviridae, is that infections are never fully
cleared by the immune system. As such, development of im-
munoincompetence at any time throughout the life of an in-
fected individual can result in potentially serious conse-
quences, including, but not limited to, organ failure, retinitis,
or pneumonitis, upon CMV reactivation (20).

Once an individual has contracted CMV, the infection
spreads throughout the body, where it can infect a variety of
cell types encompassing nearly every organ system. Surpris-
ingly, this broad cellular tropism does not lead to the produc-
tion of extracellular viral particles in the circulatory system
during an acute infection. In fact, very little extracellular virus
is detected in the plasma, and lateral transmission by blood
transfusion can be inhibited by removing peripheral leukocytes
(34, 51). These data, along with others, has lead CMV biolo-
gists to hypothesize that the majority of viral dissemination
within an infected individual can be attributed to cell-cell
transmission events between infected leukocytes and unin-
fected tissues (50).

The mechanisms by which CMV-infected cells transmit the
virus to uninfected tissues are not well understood. One pro-
posal is that interactions between viral glycoproteins on the
surface of infected cells and cellular receptors on adjacent cells
mediate cell-cell transmission (11). In support of this hypoth-

esis, it has been shown that direct contact between plasma
membranes of CMV-infected and uninfected cells is required
for cell-cell spread of the infection in vitro (16).

Cell-cell fusion assays have been used as a tool to identify
the fusion machinery of several other herpesviruses. In herpes
simplex virus type 1 (HSV-1) and HSV-2, Epstein-Barr virus
(EBV), and Kaposi’s sarcoma-associated virus (KSHV), ho-
mologs of glycoprotein B (gB), glycoprotein H (gH), and gly-
coprotein L (gL) were required to induce syncytium formation
between glycoprotein-expressing cells and receptor-positive
cells (19, 37, 41, 55). HSV-1 and HSV-2 require coexpression
of an additional receptor binding protein, gD. This is also true
for EBV in certain cell types. In contrast, varicella-zoster virus
(VZV) encodes two complexes, gH/gL and gB/gE, that are
independently capable of inducing cell-cell fusion (12). There-
fore, as no consistent paradigm exists for all herpesvirus fusion
machines, it remains important to identify the glycoproteins
that mediate fusion of each specific herpesvirus independently.

During infection, CMV glycoproteins are expressed and dis-
played on the cell surface (9, 24). CMV gB (UL55) is a type 1
transmembrane protein that exists as a proteolytically pro-
cessed dimer on the surface of infected cells and the viral
envelope. A soluble form of gB displays biphasic binding to
fibroblast cells, attaching to heparan sulfate proteoglycans and
additional receptor sites in a dose-dependent manner (7). Sev-
eral laboratories have shown that separate monoclonal anti-
bodies to gB inhibit infection at different steps during viral
entry (17, 38, 39). For example, antibodies that potently inhibit
virus attachment fail to inhibit viral entry after attachment has
occurred. Conversely, antibodies that do not hinder attachment
inhibit infectivity at a postattachment step and inhibit cell-to-cell
spread (38). These observations imply that gB is functionally
important for attaching the viral particle to the surface of host
cells and plays an undefined role in membrane fusion.
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All herpesviruses examined to date encode a het-
erodimeric envelope complex consisting of gH and gL. Dur-
ing CMV infection, type 1 transmembrane gH (UL75) and
gL (UL115) associate cotranslationally (24). In addition,
correct folding of gH and surface presentation of gH/gL is
strictly dependent on coexpression of both proteins (24, 49).
Our laboratory and others determined that a third glycop-
rotein associated with the gH/gL heterodimer to form a
unique, high-molecular-weight, disulfide-bonded complex
(23, 33). We subsequently mapped the gene encoding the
third component to the UL74 locus and designated the
protein gO (23). In contrast to gH/gL knockouts, which are
lethal to the viral life cycle, gO-null viruses remain viable in
cell culture, albeit severely attenuated (21). Viruses contain-
ing a gO knockout also display a small-plaque phenotype.
Thus, although gO is not strictly required for replication in
tissue culture, gO likely serves an accessory role in CMV
pathogenesis and cell-to-cell spread.

Pretreatment either of viral particles with monoclonal anti-
bodies to gH or of permissive cells with an anti-idiotypic anti-
body that mimics gH does not hinder attachment of the virus
to host cells. These antibodies do, however, potently inhibit
viral penetration and cell-to-cell spread (26, 44). Taken to-
gether, these results imply that the gH/gL heterodimer is es-
sential for membrane fusion.

Reconstitution of cell-cell fusion in herpesviruses has led to
an emerging paradigm that coexpression of multiple glycopro-
teins is required to induce membrane fusion. Thus, the goal of
this study was twofold. We first aimed to determine whether
expression of individual CMV glycoproteins was sufficient to
induce cell-cell fusion. We expressed gB (UL55), gH (UL75),
gL (UL115), and gO (UL74) in several model cell lines. Indi-
vidual- or multiple-glycoprotein-expressing cells were then as-
sayed for the formation of multinucleated syncytia. As shown
here, we were unable to induce the formation of multinucle-
ated cells over background levels in any cell type when indi-
vidual glycoproteins were expressed.

Consequently, the second objective was to induce cell-cell
fusion by coexpression of multiple CMV glycoproteins. Taking
into consideration the glycoproteins implicated in cell-cell fu-
sion for several other herpesviruses, we hypothesized that co-
expression of CMV gB and gH/gL would be necessary and
sufficient to induce cell-cell fusion. To our surprise, however,
we found that coexpression of the genes encoding gH and gL
was sufficient to induce syncytium formation in certain cell
lines. Moreover, formation of syncytia was inhibited when cells
expressing gH/gL were treated with anti-gH/gL neutralizing
monoclonal antibodies. Finally, we showed by immunofluores-
cence that CMV glycoproteins specifically localized to
multinucleated syncytia, confirming that glycoprotein expres-
sion was responsible for cell-cell fusion. By contrast, these
results were not recapitulated in nonimmortalized secondary
fibroblast strains. Ultimately these findings show that the CMV
gH/gL complex has inherent fusogenic activity that can be
measured in model cell lines. Moreover, cell-cell fusion and
therefore cell-cell transmission in nonimmortalized cell strains
and primary cells may utilize a more complex mechanism in-
volving other viral and/or cellular factors.

MATERIALS AND METHODS

Cell maintenance and CMV preparations. Chinese hamster ovary (CHO) cells
were maintained in F12 medium in the presence of 10% fetal bovine serum, 0.1%
penicillin-streptomycin-amphotericin B (Fungizone), and 0.3% glutamine (Har-
lan Biosciences). U373 MG glioblastoma cells, HeLa cells, immortalized fibro-
blasts, and secondary cell strain normal human dermal fibroblast (NHDF) cells
were cultivated in Dulbecco’s modified Eagle’s medium supplemented with 10%
bovine calf serum (HyClone), 1% penicillin-streptomycin-amphotericin B, and
0.3% glutamine (Harlan Biosciences). CMV strain AD169 was propagated in
NHDF cells, and titers were determined as previously described on NHDF cell
monolayers (13).

Antibodies. Monoclonal antibodies AP86, 27-78, 27-39, 7-17, and 14-4b were
provided by W. Britt and have been described previously (3, 8, 10, 22, 56).
Polyclonal 6824 and anti-UL74 have also been described previously (22, 23, 32).
6394 is a polyclonal antipeptide antibody to glycoprotein L (designated anti-gL).
Hydrophilicity plots of the gene product of AD169 UL115 indicated a putative
antigenic area of 20 charged amino acids at the carboxy terminus. Peptide
GlyL-260 (CTRVNLPAHSRYGPQAVDAR) corresponding to this area was
synthesized, conjugated to keyhole limpet hemocyanin, and injected into rabbits
(Alpha Diagnostic). Polyclonal antiserum was harvested biweekly and purified
over a GlyL-260 affinity column. Briefly, 5 �g of GlyL-260 was conjugated to
cyanogen bromide-activated Sepharose and packed into a column (Amersham
Pharmacia). Antiserum was repeatedly passed over the column at 4°C overnight
using a peristaltic pump. Anti-gL antibodies were eluted by successive washes
with 100 mM glycine (pH 2.5) and 100 mM triethylamine (pH 11.5), concen-
trated by ammonium sulfate precipitation, and desalted by dialysis against phos-
phate-buffered saline (PBS). Purified immunoglobulin G (IgG) of 14.4b and
27-39 acites fluid was obtained by utilizing an ImmunoPure (G) IgG purification
kit according to the manufacturer’s instructions (Pierce). Concentrations of
27-39 and 14-4b were obtained by Bio-Rad protein assay using bovine IgG as a
standard.

Plasmids and retrovirus production. pCAGGS.gH, pCAGGS.gL, and
pCAGGS.gO have been described previously (32, 52). pCAGGS.gB was pro-
duced by removing the entire UL55 open reading frame from a cosmid library by
EagI/EcoRV (NEB) digestion. The resulting fragment was gel purified and
cloned into pBluescript II (pBS) (Stratagene). UL55 was then removed from pBS
by SacI/XhoI (NEB) digestion and subcloned into pCAGGS (32).
pCMMP.UL55.IRES.GFP, pCMMP.UL75.IRES.GFP, pCMMP.UL115.IRES-
.GFP, and pCMMP.UL74.IRES.GFP were constructed by PCR amplification of
the genes encoding gB, gH, gL, and gO, respectively, from a genomic template
of laboratory CMV strain AD169 with primer sets 5�-ACT GCG GCC GCC
ACC ATG GAA TCC AGG ATC TGG-3� and 5�-ACT CTC GAG CAG ACG
TTC TCTT CTT CG-3�, 5�-ACT GCG GCC GCC ACC ATG CGG CCC GGC
CTC CCC-3� and 5�-ACT CTC GAG TCA GCA TGT CTT GAG CAT G-3�,
5�-ACT GCG GCC GCC ACC ATG TGC CGC CGC CCG GAT-3� and 5�-ACT
CTC GAG TTA GCG AGC ATC CAC TGC-3�, and 5�-ACT GCG GCC GCC
ACC ATG GGG AGA AAA GAG ATG-3� and 5�-ACT CTC GAG TTA CTG
CAA CCA CCA CCA-3�, incorporating restriction sites NotI at the 5� end and
XhoI at the 3� end. Amplified fragments were digested (NEB), gel purified
(QIAGEN), and cloned into the retroviral transfer vector pCMMP.MCS.IRES-
.GFP (a murine leukemia virus [MLV] vector, gift of the W. Sugden laboratory
[University of Wisconsin, Madison]) (Fig. 1A). Constructs were confirmed by
sequencing (University of Wisconsin Biotechnology Center). pMD.old.gagpol
(encoding MLV Gag and Gag-Pol proteins) was a gift of R. C. Mulligan (White-
head Institute). pCAGGS.MCS.VSV-G (encoding vesicular stomatitis virus gly-
coprotein G) was a gift from Y. Kawaoka (University of Wisconsin, Madison).
Recombinant retrovirus was generated as described elsewhere, substituting
pCAGGS.MCS.VSV-G for pMDtet.G (4, 40).

Transfections and retrovirus transductions. Transfections were performed
with Lipofectamine or Lipofectamine 2000 (Promega) in six-well plates (Corn-
ing) according to the manufacturer’s protocol. In brief, polyethylene glycol-
purified DNA (45) encoding each glycoprotein was diluted in 200 �l of Opti-
MEM (Promega). Concomitantly, Lipofectamine was diluted in 200 �l Opti-
MEM and added to the plasmid-containing tubes. DNA/Lipofectamine
complexes were allowed to form for 30 min and then added to 90% confluent
cells in a total volume of 2 ml Opti-MEM. After 6 h, cells were washed with PBS
and allowed to recover overnight in complete medium. For retroviral delivery of
the genes encoding CMV proteins, recombinant retrovirus was incubated with
cells in the presence of 5 �g/ml Polybrene in a minimal amount of medium. At
6 hours, retrovirus was removed and replaced with 10% serum-containing me-
dium. To minimize cytotoxicity associated with infection with multiple retrovi-
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ruses simultaneously, cells were allowed to recover for 18 to 20 h before under-
going subsequent rounds of transduction.

Immunoblots and CELISA assays. Immunoblotting identifying gB, gH, and gL
was performed as previously described (22, 23). For cell enzyme-linked immu-
nosorbent assay (CELISA) experiments, 1 � 104 glycoprotein-expressing cells
were plated in 96-well plates. At 24 h, cells were fixed in 3% paraformaldehyde
(PFA). Cells were then blocked with PBS plus 20% normal goat serum (NGS)
(Pierce) for 2 h. Primary antibody 27-78, AP86, or 6394 was diluted in PBS plus
2% NGS and incubated on cells for 1 h. Subsequently, goat anti-mouse or goat
anti-rabbit secondary antibodies conjugated to horseradish peroxidase (HRP)
(Pierce) were diluted 1:5,000 in PBS plus 2% NGS and allowed to attach for 1 h.
Antibody binding was quantified by the addition of 3,3�,5,5� tetramethyl benzi-
dine (TMB) substrate (Pierce) followed by reading the optical density of TMB at
450 nm in a Spectramax 190 spectrophotometer (Molecular Devices).

Cell-cell fusion assays. Glycoprotein-expressing cells were transduced as de-
scribed above with individual or multiple retroviruses as indicated in the figure
legends. Glycoprotein-expressing cells were then trypsinized, counted, and
plated with untransduced cells at a ratio of 1:1. Syncytia were allowed to form for
24 to 30 h, and formation was halted by PFA fixation. Plates were photographed
for green fluorescent protein (GFP) fluorescence and subsequently stained with
Giemsa stain (Sigma) to view individual nuclei. To quantify syncytium formation,
equal numbers of glycoprotein-expressing and nonexpressing cells were plated in
triplicate on 12-well plates and allowed to form syncytia for 24 h. Plates were
then fixed and stained with Giemsa. In each well, an area equivalent to 1 � 104

cells was counted and assayed for syncytium formation. Syncytium numbers from
each cell type were subsequently normalized to represent the number of syncytia
formed per 2 � 104 cells. The average number of syncytia and standard deviation
were calculated and graphed. We determined the average number of cells in-

FIG. 1. Retroviral expression of gB in CHO and NHDF cells. (A) The genes encoding CMV glycoproteins were cloned into plasmid
pCMMP.MCS.IRES.GFP at the multiple cloning site (Œ). Transcripts are driven by either the CMV promoter or the MLV long terminal repeat
(LTR) after transfection or transduction, respectively. In each case, transcripts are bicistronic, carrying both the transgene and the gene encoding
GFP (eGFP) under translational control of an IRES. Recombinant retrovirus was generated as described in Materials and Methods. (B) CHO cells
were transduced with a recombinant retrovirus encoding gB (RV.gB) or an empty retrovirus encoding only GFP (RV.GFP), and glycoprotein
expression was confirmed by reducing 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by immunoblotting with mono-
clonal antibody 27-78 (anti-gB), recognizing the carboxy-terminal region of gB. Mouse antibodies were identified with goat anti-rabbit–HRP and
detected by enhanced chemiluminescence. Retrovirally transduced cells express both monomeric and cleaved (COOH) gB. In all figures, CMV
represents NHDF cell lysates infected with strain AD169 at a multiplicity of infection of 1 and harvested at 6 days postinfection, RV.GFP
represents CHO cells transduced with an empty retrovirus, and RV.gB represents cells transduced with a retrovirus encoding gB. (C) Cell surface
expression was examined by CELISA with anti-gB antibodies on gB-expressing cells. Mouse antibodies were identified with goat anti-mouse–HRP,
followed by peroxidase detection with TMB substrate. Error bars indicate standard deviations. (D and E) To visualize gB expression, NHDF cells
expressing gB were stained with anti-gB antibodies and goat anti-mouse–Alexa Fluor 594. (E) In a merged photograph, blue staining represents
DAPI-stained nuclei. OD450, optical density at 450 nm.
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volved in fusion by two separate methods. First, the number of nuclei per
syncytium was calculated by determining the average number of nuclei within
syncytial cell populations. This number was then multiplied by the average
number of syncytia formed (see Fig. 6A) to yield an average number of cells
involved in syncytia formation. Second, we employed the histogram function of
Adobe Photoshop (2). Using representative photographs of each experimental
sample, we were able to select areas involved in syncytium formation. These
areas were then compared to the total area analyzed, and the percentage of cells
that form syncytia was calculated.

Antibody inhibition of syncytium formation. gH/gL-expressing CHO cells
were plated in triplicate as described above. After cellular adherence to the plate,
the medium was removed and overlaid with either control neutralizing antibod-
ies 7-17 and 27-39, recognizing gB, or neutralizing antibody 14-4b, recognizing
gH. Throughout syncytium formation, antibody-containing plates were rocked
periodically to promote antibody binding. At 24 h postplating, glycoprotein-
expressing cells were fixed in PFA and syncytium formation was quantified as
described above.

Imaging and immunofluorescence. Photographs of Giemsa-stained cells were
taken on an inverted microscope with a digital camera. For immunofluorescence
imaging of CMV glycoproteins within syncytia, transfected or transduced cells
were trypsinized at 24 h posttransfection and replated on glass coverslips with
untransfected cells at a ratio of 1:1. Fusion was allowed to proceed for an
additional 24 h and then halted by PFA fixation. All immunofluorescence stain-
ing and imaging were performed as previously described (32). Images were
subsequently edited and assembled using Adobe Photoshop 6.0.1. Mouse mono-
clonal antibodies were stained with Alexa Fluor 488, Alexa Fluor 594, or Alexa
Fluor 350 goat anti-mouse secondary antibodies, while rabbit polyclonal anti-
bodies were stained with Alexa Fluor 594 goat anti-rabbit secondary antibodies
(Molecular Probes). In merged panels, yellow coloring represents coexpression
of individual genes in representative syncytia. When Alexa Fluor 350 (which is
blue) was not used, nuclei were stained with 4�,6�-diamidino-2-phenylindole
(DAPI) (Molecular Probes).

RESULTS

Retrovirus-mediated expression of CMV glycoproteins. To
date, coexpression of multiple gene products has been found to
be required to induce cell-cell fusion by herpesviruses. The
composition of proteins needed to drive fusion by human cy-
tomegalovirus has not been determined. Due to variables in-
volved with transfecting multiple plasmids into an individual
cell, we sought an alternative method to deliver candidate
CMV genes to a population of cells. Retrovirus-mediated gene
delivery is widely used to efficiently transduce up to 100% of a
population of mammalian cells in vitro. Thus, we constructed
replication-defective recombinant retroviruses to effectively
deliver individual CMV glycoproteins to cells. We employed a
bicistronic retroviral construct that encodes gB (UL55), gH
(UL75), gL (UL115), or gO (UL74) and an internal ribosome
entry site (IRES) followed by the gene encoding GFP (Fig.
1A). Importantly, as both the gene of interest and GFP are
present on the same mRNA transcript, levels of glycoprotein
expression directly correlate to levels of GFP fluorescence
within retrovirally infected (transduced) cells.

To examine CMV protein expression in transduced cells,
CHO or NHDF cells were infected with individual retroviruses
and analyzed by several methods. First, cell lysates were ana-
lyzed by immunoblotting. Transduced CHO cells expressed
forms of gB similar to those seen in CMV-infected cells (Fig.
1B). Next, we measured gB at the cell surface by a CELISA
assay on transduced cells with antibodies to gB. As shown in
Fig. 1C, gB was detected on the cell surface in transduced
CHO cells. Finally, to visualize gB expression, we performed
immunofluorescence on transduced NHDF cells. As shown in
Fig. 1D and E, gB was detected in a prominent vesicular
pattern consistent with patterns observed in CMV-infected

cells. From these experiments, we conclude that retroviral de-
livery of the gene encoding gB is an efficient delivery method
for expression of gB in multiple cell types.

Expression of gH and gL was measured in similar experi-
ments. As shown by immunoblot analysis, transduced CHO
cells expressed both gH and gL (Fig. 2A). Other investigations
have shown that correct processing and cell surface presenta-
tion of gH are dependent on gL coexpression (25, 49). Con-
sistent with these results and the idea that misfolded proteins
are quickly degraded, we consistently detected lower levels of
gH in the absence of gL (Fig. 2A). By treating the surface of
transduced cells with antibodies to both gH and gL, we con-
firmed that gH is present at the plasma membrane only when
cells are transduced with both gH and gL (Fig. 2B). Con-
versely, in the absence of gH, gL was transported to the cell
surface. These results were also reflected in the imaging ex-
periments. Intracellular gH localization appears to be consis-
tent with an endoplasmic reticulum staining pattern (Fig. 2C
and D), while gL appears to be concentrated within perinu-
clear compartments, indicative of Golgi staining (Fig. 2E and
F). Taken together, we have demonstrated by several indepen-
dent methods that retroviral delivery of the genes encoding gB,
gH, and gL leads to CMV glycoprotein expression in both
CHO and NHDF cells.

Expression of individual CMV glycoproteins is not sufficient
to induce syncytium formation. We next tested the ability of
these proteins to induce fusion in cell lines that have frequently
been used in the literature to measure herpesvirus-induced
fusion. CHO cells in particular have been used by several
research groups due to their low tendency to spontaneously
form multinucleated syncytia (19, 35, 41, 42). Cells were trans-
duced with each indicated retrovirus, allowed to express CMV
glycoproteins, fixed, microscopically photographed for GFP
expression, and subsequently stained with Giemsa stain to vi-
sualize nuclei. Expression of gB in CHO cells did not result in
the formation of multinucleated syncytia (Fig. 3A, E, and I).
Importantly, this was not due to low numbers of cells express-
ing gB, as retroviral transduction effectively promotes expres-
sion in nearly 100% of transduced cell populations as measured
by GFP expression (Fig. 3A). We also assayed for syncytium
formation by immunofluorescence with gB-specific antibodies on
gB-expressing cell monolayers. Without exception, gB-expressing
cells were not multinucleated (data not shown).

Notwithstanding, it is possible that gB fusogenicity is cell
type specific. Previous investigations have shown that gB ex-
pression is sufficient to induce cell-cell fusion of adjacent U373
glioblastoma cells (5, 38, 53, 54). To confirm this result, U373
cells were transduced as described above with retroviruses
encoding gB, gH, and gL. As measured by this experimental
system, U373 cells display an extremely high propensity to fuse
in the absence of any viral proteins (Fig. 4A). Therefore, we
were unable to reliably measure gB-mediated fusogeneic ac-
tivity in this cell type. One possible explanation for this dis-
crepancy is that gB-induced fusion of U373 cells is dependent
on very high levels of expression of gB that are unobtainable by
retroviral transduction. Overall, however, the high background
levels of syncytium formation in U373 cells rendered them
unsuitable for fusion measurements, and they were not further
analyzed.

These results show that gB is not fusogenic when expressed
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alone in the cell lines we tested. We obtained similar results
when gH and gL were individually expressed (Fig. 3B and C,
respectively). Although the majority of transduced cells ex-
pressed either gH or gL, none formed multinucleated syncytia.
Thus, neither gB, gH, nor gL has inherent fusogenic activity in
the cell types we tested.

Expression of the gH/gL heterodimer induces syncytium
formation. To determine which glycoprotein complexes are
fusogenic, we next expressed CMV glycoproteins in combina-
tion. CHO cells were infected with individual glycoprotein-

encoding retroviruses and allowed to recover for 18 to 20 h.
They were subsequently infected with a second or third retro-
virus as indicated in the figure legends. As shown in Fig. 3F and
J, CHO cells expressing the gH/gL heterodimer formed readily
detectable syncytia throughout the cell monolayer. These re-
sults were surprising, as HSV, EBV, and KSHV require coex-
pression of gB with gH/gL to induce cell-cell fusion. Although
unexpected, this result is not novel. VZV also requires only
gH/gL expression to induce cell-cell fusion. By this assay, co-
expression of gB with gH/gL had no apparent effect on the

FIG. 2. Retroviral expression of gH and gL in CHO and NHDF cells. (A) CHO cells were transduced with a retrovirus encoding gH (RV.gH)
or gL (RV.gL), and expression was confirmed by reducing 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by immuno-
blotting with polyclonal antibody 6824 (anti-gH) or 6394 (anti-gL). Rabbit antibodies were identified with goat anti-rabbit–HRP and detected by
enhanced chemiluminescence. (B) Cell surface gH/gL expression was examined by CELISA with AP86 (anti-gH) or anti-gL antibodies. Mouse
antibodies were detected with goat anti-mouse–HRP, while rabbit antibodies were detected with goat anti-rabbit–HRP followed by peroxidase
detection with TMB substrate. Error bars indicate standard deviations. (C to F) Glycoprotein expression was visualized by immunofluorescence
with AP86 (anti-gH, panels C and D) or anti-gL (panels E and F). In each case, primary antibodies were detected with Alexa Fluor 594-conjugated
secondary antibodies. Merged photographs (D and F) show panels C and E stained with DAPI, which appears blue. Arrows illustrate diffuse
staining representative of endoplasmic reticulum retention (C) or concentrated perinuclear staining representative of Golgi apparatus localization
(E). OD450, optical density at 450 nm.
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formation of syncytia in CHO cells (Fig. 3G, K). These findings
were replicated in HeLa cells under identical experimental
conditions (data not shown).

Syncytium formation in permissive cells. We next wanted to
examine the effects of expressing CMV glycoproteins in cells
permissive for viral replication. Although we showed that
NHDF cells express CMV glycoproteins (Fig. 1D and E and

2C to F), we were unable to induce the formation of multinu-
cleated cells in this secondary cell strain under any experimen-
tal condition (Fig. 5A to D). These results were not unex-
pected, since infection of NHDF cells in vitro rarely results in
the formation of multinucleated syncytia.

As an alternative approach, we expressed CMV glycopro-
teins in telomerase-immortalized fibroblasts (13). As seen with

FIG. 3. Coexpression of gH/gL is sufficient to induce syncytium formation. CHO cells were transduced with individual or multiple retroviruses
as described in Materials and Methods. Nearly 100% of CHO cells transduced with gB (panel A), gH (panel B), or gL (panel C) express GFP and
the glycoprotein indicated (magnification, �160). CHO cells mock transduced (panels D and H), or transduced with gB (panels E and I), gH and
gL (panels F and J), or gB, gH, and gL (panels G and K) were plated with untransduced cells, allowed to form syncytia, fixed, and stained with
Giemsa stain to visualize multinucleated cells (magnification, �32 in panels D to G). To specifically show syncytial bodies, the magnification was
increased to �150 in panels H to K.

FIG. 4. Expression of CMV gB and gH/gL in U373 cells. U373 glioblastoma cells were either mock transduced (panel A), transduced with a
retrovirus encoding gB (panel B), or transduced with retroviruses encoding gH and gL (panel C). Transduced cells were allowed to form syncytia,
fixed, and stained with Giemsa stain to visualize multinucleated cells. Photographs show representative fields of each experimental group
(magnification, �200). Arrows call attention to multinucleated syncytia within each panel.
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other model cell lines, immortalized fibroblasts expressing gB
did not form multinucleated syncytia (Fig. 5F). Conversely,
immortalized fibroblasts expressing the gH/gL heterodimer
readily formed syncytia (Fig. 5G). Coexpression of gB with
gH/gL did not appear to modulate syncytium formation as
determined by an increased number of syncytia per well. These
results are similar to those observed with other herpesviruses
fusion proteins. Analysis of these proteins has shown strict cell
type specificity during cell-cell fusion. For example, KSHV
glycoprotein-expressing cells readily fuse with 293T and BJAB
cells but not CHO or Vero cells (41). VZV-infected cells
clearly show differential levels of syncytium formation between
human epidermal cells and NHDF cells (12). Very little is
known about the mechanistic differences of fusion seen be-
tween any of these cell lines. One possibility is that levels of
viral protein synthesis and cell surface localization are consid-
erably different between cell types.

Coexpression of gB and gO with gH/gL neither enhances
nor inhibits syncytium formation. To address potential differ-
ences in cell-cell fusion between gH/gL-expressing cells and
cells coexpressing other CMV glycoproteins, we wanted to
directly quantify syncytium formation. We compared CHO
cells expressing different combinations of CMV glycoproteins
by several methods. First, the average number of syncytia
formed was calculated. Here, expression of neither gB nor
gB/gH resulted in formation of syncytia above background
levels (Fig. 6A). Expression of the gH/gL heterodimer induced
the formation of five- to eightfold more syncytia over back-
ground levels. Moreover, coexpression of gB and/or gO with
gH/gL had no significant effect on the number of syncytia
formed. Fusion was also quantified in immortalized fibroblasts.
In contrast to CHO cells, these cells do not form background
syncytia under any conditions (Fig. 6B). Importantly, immor-
talized fibroblast cells expressing gH/gL and expressing gH/gL
with gB readily formed syncytia. As no syncytia are formed in
the absence of fusogenic glycoproteins, immortalized fibro-

blasts may more accurately reflect bona fide fusion events and
may prove useful in future studies of CMV-induced fusion.

We next asked whether coexpression of gB and/or gO with
gH/gL could increase the size of syncytia formed in CHO cells.
These data are summarized in Table 1. First, we counted the
average number of nuclei contained within glycoprotein-ex-
pressing syncytial cells. On average, cells expressing gH/gL
incorporate over two times more nuclei than gB- or mock-
expressing cells (Table 1). When combined with the data in
Fig. 6A, these numbers suggest that of 2 � 104 cells, fewer than
400 cells are involved in background syncytium formation
while greater than 4,000 cells are involved in gH/gL-induced
formation of syncytia (Table 1). To confirm these observations,
we employed a quantitative method similar to that published
by Avitabile et al. (2). By this assay, the area of cells involved
in syncytium formation is measured by the histogram function
of Adobe Photoshop. This area is then compared to the total
area assayed, and the number of cells involved in formation of
syncytia can be calculated. Here, 2% of mock-transduced CHO
cells formed background syncytia, whereas gH/gL-expressing
cells formed syncytia that occupied 25% of representative ex-
periments (Table 1). These numbers closely correlate with the
previous data, showing that gH/gL-expressing cells form over
10 times more syncytia than mock-transduced cells. Similar
numbers were obtained for gH/gL-expressing cells in combi-
nation with gB and/or gO, suggesting that neither gB nor gO
inhibits or promotes syncytium formation in CHO cells.

Antibodies to gH/gL inhibit formation of syncytia. To inde-
pendently confirm that gH/gL expression was indeed respon-
sible for syncytium formation, glycoprotein-expressing cells
were subjected to antibody-mediated inhibition of cell-cell fu-
sion. CHO cells expressing gH/gL were plated in the presence
of a gH-specific neutralizing antibody and compared to cells
treated with a control antibody. Although the control antibody
had no effect on the formation of syncytia, anti-gH/gL antibod-
ies decreased syncytium formation by greater than 50% (Fig.

FIG. 5. Expression of CMV glycoproteins in permissive cells. NHDF cells (panels A to D) and immortalized fibroblasts (panels E to H) were
mock transduced (panels A and E) or transduced with gB (panels B and F), gH and gL (panels C and G), or gB, gH, and gL (panels D and H).
Cells were then fixed and stained with Giemsa stain to view individual nuclei (magnification, �150). Arrows identify syncytia in panels G and H.
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6A). Furthermore, when syncytial size was compared, syncytia
produced in the presence of anti-gH were considerably smaller
than the control (Fig. 6C and D). Taken in sum, these results
strongly support the conclusion that the gH/gL heterodimer is
inherently fusogenic.

Localization of CMV glycoproteins within an individual syn-
cytium. To confirm that the expressed glycoproteins were lo-
calized to syncytia, we performed a series of immunofluores-
cence experiments on multinucleated cells. Retrovirally
transduced cells express large amounts of GFP, thereby forcing
the use of blue secondary antibodies. Unfortunately, technical
limitations did not allow us to clearly visualize blue wave-
lengths (Fig. 7A to C). As an alternative, we utilized plasmid
transfection to visualize glycoproteins within multinucleated
cells. By transfection, gB, gO, and gH were readily identified

within representative syncytia (Fig. 7D to I). We were unable
to visualize more than two CMV proteins at once within syn-
cytia, as our antibodies were produced in mice and rabbits;
however, since neither gB nor gO induces syncytium formation
alone, we can assume that each syncytium shown is positive for
gH/gL as well as gB and/or gO. From these results, we made
two conclusions. First, like transduced cells, transfected cells
readily form syncytia. Second, all four CMV glycoproteins that
we analyzed were readily identified in multinucleated cells.

DISCUSSION

Virally regulated fusion between adjacent membranes is a
fundamental process that is required for the vitality of all
enveloped viral pathogens. Although the viral determinants of

FIG. 6. Quantification of the numbers of syncytia formed in glycoprotein-expressing CHO cells. CHO cells (panel A) and immortalized
fibroblasts (panel B) were transduced with the genes encoding CMV glycoproteins as indicated and allowed to form syncytia. Fusogenicity was then
calculated as the number of syncytia formed per 2 � 104 cells, where at least five nuclei were required to be considered a syncytium. Syncytium
formation was inhibited when gH/gL-expressing cells were treated with neutralizing antibody 14-4b (anti-gH) but not control IgG (panel A). CHO
cells expressing gH/gL formed larger syncytia when treated with control IgG (panel C) than in the presence of anti-gH antibodies (panel D).
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cell-cell fusion have been defined for several herpesviruses, the
requirements for CMV-induced cell-cell fusion remained un-
defined. Consequently, we set out to identify the fusogenic
glycoproteins of CMV. We hypothesized that coexpression of
several glycoproteins would be required to induce cell-cell fu-
sion; therefore, we employed retroviral delivery to efficiently
express multiple gene products in a population of cells. The
genes encoding gB, gH, gL, and gO were cloned into a retro-
viral transfer vector, and expression was confirmed in both
CHO and NHDF cells (Fig. 1 and 2). Our results showed that
expression of any one glycoprotein gene was not sufficient to
induce syncytium formation. By contrast, when gH and gL
were coexpressed, we detected multinucleated cells within
transduced CHO and immortalized fibroblast cell monolayers
(Fig. 3). Since gB was previously reported to be fusogenic in
U373 cells, we repeated our experiments with this cell line. We
found that U373 cells exhibited very high background forma-
tion of syncytia, and these cells were therefore excluded from
further experimentation (Fig. 4). By our methods, we did not

TABLE 1. Quantification of the numbers of cells involved in
syncytium formation in glycoprotein-expressing cells

Glycoprotein
expression

Avg no. of
nuclei per
syncytiuma

No. of cells
involved syncytiab

% of cells involved
in syncytiac

Mock 6 350 � 50 2
gB 6 350 � 50 2
gH/gL 15 4,375 � 625 25
gH/gL/gO 14 4,300 � 100 22
gB/gH/gL 14 4,500 � 300 24
gB/gH/gL/gO 14 4,400 � 200 23

a Transduced CHO cells were allowed to form syncytia for 24 hours and
stained with Giemsa stain to view individual nuclei, and the average number of
nuclei within individual syncytial cell bodies was determined. As in Fig. 5, at least
five nuclei were required to be considered syncytia.

b The average number of cells involved in syncytia was calculated according to
the equation [(average number of nuclei per syncytium) � (average number of
syncytia formed) � (percentage of cells involved in syncytia) � (2 � 104 cells)]/2;
the average number of syncytia formed is from Fig. 6A. Error values were
determined by subtracting the average from the larger of the two cell counts.

c The area of cells involved in syncytium formation was determined with the
histogram function of Adobe Photoshop and compared to the total area.

FIG. 7. Expression of CMV glycoproteins within syncytia. Representative syncytia formed from transduced (panels A to C) or transfected
(panels D to I) cells are shown. CHO cells were stained with antibodies to gH (panels A and H), gL (panel B), gO (panel E), or gB (panels D
and G). Cells transduced with gH- and gL-encoding retroviruses express large amounts of GFP; therefore, Alexa Fluor 350 (panel A) was used
to detect mouse antibodies, while rabbit antibodies were visualized with Alexa Fluor 594 (panel B). Technical limitations with clear imaging of blue
wavelengths forced the use of an alternative expression method. Thus, CHO cells were transfected with plasmids encoding gH (pCAGGS.gH), gL
(pCAGGS.gL), gO (gCAGGS.gO), and gB (gCAGGS.gB). Alexa Fluor 488 was subsequently used to detect mouse antibodies (panels D and G),
while Alexa Fluor 594 was used to detect rabbit antibodies (panels E and H). In merged photographs (panels F and I), blue staining represents
DAPI-stained nuclei. In each case, CMV glycoprotein expression was readily identified in each syncytium.
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detect significant differences when gB and/or gO was coex-
pressed with gH/gL (Fig. 6; Table 1). We confirmed that gly-
coprotein expression was responsible for syncytium formation
by inhibiting glycoprotein-induced fusion with neutralizing an-
tibodies to gH/gL (Fig. 6). Additionally, we showed glycopro-
tein localization within syncytial bodies by immunofluores-
cence utilizing antibodies to all four CMV glycoproteins (Fig.
7).

Perhaps the most intriguing finding from this report is that
CMV gH/gL is inherently fusogenic in certain cell lines. For
other herpesviruses, coexpression of a receptor binding protein
is required to induce syncytium formation. These observations
have led to a receptor-mediated fusion hypothesis where re-
ceptor binding is required to induce membrane fusion. Several
studies have suggested that the gH/gL heterodimer binds to
specific cellular receptors during herpesvirus entry. The most
significant evidence has come from laboratories utilizing hu-
man herpesvirus 6 (HHV-6) to study viral entry. Santoro et al.
showed that HHV-6 utilizes a specific cellular receptor, CD46,
for viral entry and fusion (47). HHV-6 gH was subsequently
identified as the viral ligand for CD46 (36, 46). Furthermore,
expression of HSV gH in CHO cells prior to infection with
HSV dramatically inhibits virus entry (48). Although the mech-
anism of inhibition is not known, further analysis may show
that expression of gH leads to intracellular receptor binding
and therefore receptor downregulation or so-called interfer-
ence. Last, EBV utilizes gH/gL as a receptor binding protein
during virus entry into epithelial cells (6). These lines of evi-
dence strongly suggest that gH/gL binds to specific cellular
receptors and support the model that ligand-receptor interac-
tions drive membrane fusion.

Keay and others have reported in a series of papers that
CMV gH/gL binds to a 92.5-kDa cellular receptor on the
surface of permissive cells (27, 30). Even though the identity of
this protein remains unknown, interactions of gH/gL with this
receptor induces measurable consequences for cell physiology,
including protein phosphorylation and calcium ion flux (28,
29). In view of the fact that little is known about the precise
interactions of gH/gL with this molecule, future studies will
undoubtedly focus on this cellular protein and its involvement
in viral entry and cell-cell fusion. Expression of the gH/gL
heterodimer induces substantial formation of syncytia in the
cell lines we tested, including immortalized fibroblasts, but not
secondary fibroblast strains. One possibility for this difference
is that levels of retrovirally expressed proteins may be substan-
tially higher in transformed cell lines. Alternatively, trans-
formed cells may express larger amounts of cellular receptors
required for cell-cell fusion. Another possibility is that addi-
tional CMV-encoded glycoproteins are required for efficient
fusion in nontransformed cells. Ultimately the reason for this
difference is not known; however, there is substantial evidence
that primary cells negatively regulate fusion. Multinucleated
cells are rarely observed in the context of infection even though
plaque formation indicates that cell-to-cell transmission oc-
curs. Gerna et al. have shown that transmission of CMV from
infected leukocytes to uninfected fibroblasts involves transient
microfusion events that do not result in the formation of
multinucleated syncytia (16). Taken together, these observa-
tions suggest that cell-cell transmission in primary cells is a
tightly regulated and perhaps short-lived event that is quickly

reversed by an unknown mechanism. Certainly, it will be in-
teresting to establish the mechanism by which more physiolog-
ically relevant cell strains remain refractory to syncytium for-
mation, as this level of control may prove beneficial to
understanding viral dissemination in vivo.

Cell-cell and virus-cell fusion have been hypothesized to be
related, but their mechanisms may not be identical. We show
here that expression of gH/gL is sufficient to induce cell-cell
fusion, while several lines of evidence suggest that gB is re-
quired for virus-cell fusion. Accurately determining the precise
number of steps required for virus entry has been complicated
by the fact that gB associates with a number of cell surface
molecules during virus entry. gB reportedly interacts with
heparan sulfate proteoglycans, annexin II, epidermal growth
factor receptor, cellular integrins, and Toll-like receptor 2 (13–
15, 18, 43, 57). Clearly, a more in-depth understanding of the
physical interactions that occur between these molecules and
gB will be instrumental to further dissect CMV entry and the
mechanistic role gB plays during virus-cell fusion.

This study provides the groundwork for an in-depth analysis
of the fusion machine of CMV. Understanding the molecular
mechanisms by which herpesviruses induce membrane fusion
will lead to the development of new antiviral therapies. Given
the success of inhibitors to human immunodeficiency virus
gp41-induced membrane fusion, drugs directed against CMV-
mediated fusion may effectively inhibit viral dissemination
within an infected individual (31).
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