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Epithelial cells are one of the prominent cell types infected by human cytomegalovirus (HCMV) within its
host. However, many cultured epithelial cells, such as ARPE-19 retinal pigmented epithelial cells, are poorly
infected by laboratory-adapted strains in cell culture, and little is known about the viral factors that determine
HCMV epithelial cell tropism. In this report, we demonstrate that the UL131 open reading frame (ORF), and
likely the entire UL131-128 locus, is required for efficient infection of epithelial cells. Repair of the mutated
UL131 gene in the AD169 laboratory strain of HCMV restored its ability to infect both epithelial and
endothelial cells while compromising its ability to replicate in fibroblasts. ARPE-19 epithelial cells support
replication of the repaired AD169 virus as well as clinical isolates of HCMV. Productive infection of cultured
epithelial cells, endothelial cells, and fibroblasts with the repaired AD169 virus leads to extensive membrane
fusion and syncytium formation, suggesting that the virus may spread through cell-cell fusion.

Human cytomegalovirus (HCMV) is a widespread pathogen
that can cause life-threatening disease in immunologically im-
mature or compromised individuals, including neonates, AIDS
patients, allogeneic transplant recipients, and cancer patients
undergoing chemotherapy (7). In vivo, a broad range of cell
types are infected by HCMV, including epithelial cells, endo-
thelial cells, neuronal cells, smooth muscle cells, fibroblasts,
monocytes, and macrophages (34). Epithelial cells play a cen-
tral role in HCMV spread and persistence in immunocompe-
tent hosts (7). Extensive involvement of other cell types is
generally observed in more severe disseminated HCMV infec-
tion in immunocompromised patients (7, 20).

Although HCMV can be detected in a variety of cell types in
an infected individual, the molecular aspects of its replication
have been studied primarily in fibroblasts. The focus on fibro-
blasts has come from the widespread use of so-called labora-
tory strains of HCMV. The AD169 (12) and Towne (35) lab-
oratory strains were developed as vaccine candidates by
extensive serial passage in cultured fibroblasts. During propa-
gation in fibroblasts, their genomes suffered major rearrange-
ments as well as numerous point mutations (10, 11, 31, 32). As
a consequence, laboratory strains replicate efficiently in fibro-
blasts but poorly in other cell types such as endothelial cells
(13, 19, 27, 37, 43). This is in contrast to clinical isolates, which
replicate less efficiently in cultured cells but nearly as well in
endothelial cells as in fibroblasts (15, 16, 25).

What are the genetic differences among clinical as opposed
to laboratory strains of HCMV that govern cell tropism? Viral
receptor ligands and fusion machinery glycoproteins, such as
gB, gH/gL/gO, and gM/gN, have been proposed as potential
tissue and cell tropism determinants (33). However, recent
work with endothelial cells has mapped a primary determinant
of HCMV cell tropism to the UL131-128 locus (18). Two
spliced mRNAs are encoded by this locus, and they contain

three open reading frames (ORFs): UL128, UL130, and
UL131. A mutation in any one of these three ORFs can abolish
endothelial cell tropism (18). Laboratory-adapted strains,
which do not efficiently infect endothelial cells, consistently
contain mutations in this region. AD169 contains a single nu-
cleotide insertion in UL131 exon 1 (Fig. 1A), and Towne has a
frameshift mutation in the carboxy-terminal region of UL130
(1, 32). Neither the Towne nor the AD169 strain can efficiently
infect human umbilical vein endothelial cells (HUVECs). Re-
markably, three passages of a clinical isolate in fibroblasts can
be sufficient to select for mutations in the UL131-128 locus
that compromise the ability of the virus to infect endothelial
cells (1). The molecular mechanism by which UL131-UL128
controls endothelial cell tropism is unknown.

In this report we have investigated the molecular basis for
epithelial cell tropism. Glandular and ductal epithelial cells in
a number of tissues, including salivary gland, kidney, breast
milk duct, and genital organs, are thought to be major sites of
virus production (7, 20), enabling infectious virus to be shed
into breast milk, saliva, urine, cervical secretions, and semen.
Salivary gland ductal epithelial cells and renal tubular epithe-
lial cells can be persistently infected in immunocompetent pop-
ulations (20), allowing virus to be shed into urine and saliva for
years even in the absence of overt HCMV disease. In immu-
nocompromised patients, epithelial cells of many other tissues
with cytopathology typical of CMV infection have been de-
scribed (20). These include retinal pigmented epithelium, lung
alveolar and bronchial epithelium, bile duct epithelium, lower
intestinal mucous epithelium, pancreatic ductal epithelium,
and inner ear columnar epithelium. Disruption of tissue epi-
thelia, either directly by HCMV-induced cytopathology or by
inflammatory cell-mediated immune responses, contributes
greatly to the pathology of HCMV infection.

Despite the frequent and extensive infection of epithelial
cell populations by HCMV in vivo, only a few cultured epithe-
lial cells have been reported to be susceptible to HCMV in-
fection, including primary lung epithelial cells (30), thyroid
epithelial cells (26), HCMC and Caco-2 epithelial cells derived
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from colon (24, 40), cervical epithelial cells (41), and BAMB
cells derived from amniotic fluid cells (42). However, most
analyses of HCMV epithelial cell tropism have been per-
formed using laboratory-adapted strains, and potential varia-
tions among virus strains were not taken into consideration. As
a case in point, clinical isolates of HCMV are competent to
infect retinal pigmented epithelial cells (29), while laboratory
strains infect related cells at extremely low efficiencies (21). As
has been shown for endothelial cell tropism (18), the inability
to infect retinal pigmented epithelial cells must result from one
or more mutations in the laboratory strain.

We have systematically investigated HCMV infection of ep-
ithelial cells by using a panel of cultured cells that originated
from different organs and tissues. We found that cultured
epithelial cells, like endothelial cells, can be efficiently infected
by HCMV strains with a wild-type UL131-UL128 locus. The
AD169 laboratory strain can efficiently infect both epithelial
and endothelial cells when the mutation in its UL131 ORF is
repaired.

MATERIALS AND METHODS

Cells and viruses. Primary human foreskin fibroblasts (HFFs) at passage 10 to
15 were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% newborn calf serum. Immortalized HUVECs were a generous
gift of D. Gabuzda (Dana-Farber Cancer Institute, Boston, MA) and A. Moses
(Oregon Health and Sciences University, Portland, OR). Lung macrovascular
endothelial cells (LMVECs) were a generous gift of H. Zhu (University of
Medicine and Dentistry of New Jersey-New Jersey Medical School, Newark, NJ).
Both types of endothelial cells were cultured in EGM-2 medium (Cambrex, East
Rutherford, NJ). HeLa cells, primary human MRC-5 embryonic lung fibroblasts,
and ARPE-19 retinal pigmented epithelial cells were purchased from the Amer-

ican Type Culture Collection. Both MRC-5 cells and ARPE-19 cells were used
at passage 24 to 30. The MRC-5 cells were cultured in DMEM supplemented
with 10% fetal bovine medium, and ARPE-19 cells were propagated in DMEM/
Ham’s F12 (1:1) medium containing 10% of fetal bovine serum. SW480,
HCT116, H1299, MCF-7, SK-N-SH, SK-N-AS, and IMR-32 cells were generous
gifts of M. Cole (Dartmouth University, Hanover, NH) and were propagated in
DMEM supplemented with 10% fetal bovine serum.

A derivative of the AD169 strain of HCMV (45) with a green fluorescent
protein (GFP) marker (BADwt) was used as the parental AD169 virus in this
study. In this variant, the UL21.5 region of the virus was replaced with a marker
cassette containing the GFP coding region under control of a simian virus 40
promoter followed by an internal ribosome entry site and a puromycin resistance
gene (44). To repair the AD169 UL131 coding sequence, linear recombination
(6) was employed to substitute the HCMV sequence from base pairs 176685 to
176794 (sequence numbers according to reference 9) with a marker cassette
containing kanamycin resistance and lacZ genes in an infectious bacterial arti-
ficial chromosome clone carrying the BADwt genome. This clone was then
transformed into Escherichia coli GS500, and allelic exchange was performed
with a pGS284 (38) derivative carrying the UL131 ORF and flanking sequences
from the HCMV clinical strain TR (39). To determine the recombination sites
between the bacterial artificial chromosome clone and the shuttle plasmid, the
UL131-UL128 locus were sequenced. Two repaired UL131 bacterial artificial
chromosome clones with different N-terminal protein sequences were generated
by allelic exchange (Fig. 1). The viruses recovered from the repaired clones were
designated BADrUL131-Y4 and BADrUL131-C4.

Wild-type virus stocks were prepared from bacterial artificial chromosome
clones of HCMV laboratory strains and clinical isolates Towne (BTNwt) (28),
Toledo (BLTwt) (32), VR1814-FIX (BFXwt) (18), and TR (BTRwt) (32).
BTNwt lacks US1 to US12, BLTwt lacks US2 to US11, BFXwt lacks IRS1 to US6,
and BTRwt lacks US2 to US5 (32) as a consequence of bacterial artificial
chromosome cloning. Viruses were reconstituted by electroporation of bacterial
artificial chromosome DNA into HFFs, together with a plasmid expressing the
viral UL82-coded pp71 protein, which enhances the infectivity of HCMV DNA
(2). Virus stocks were prepared in HFF cells, and the first passage of each virus
preparation was used for cell tropism studies.

Assays for virus infection and replication. To monitor the efficiency of infec-
tion, epithelial cells, endothelial cells, or fibroblasts were transferred into 12-well
plates and incubated overnight to produce subconfluent cultures. Monolayers
were washed once with serum-free RPMI 1640 and infected with virus diluted in
the same medium at a multiplicity of 1 PFU/cell. During the adsorption period,
the plates were first subjected to centrifugation at 25°C for 30 min at 1,000 � g
and then incubated at 37°C for 1 h. The inoculum was removed and fresh
medium containing the serum appropriate to the cell type was added. At 48 h
after infection, cultures were fixed in 2% paraformaldehyde and permeabilized
with 0.1% Triton X-100, and infected cells were identified by GFP expression
and IE1 was identified by immunofluorescence using monoclonal antibody 1B10
and Alexa 546-conjugated secondary antibody. The nuclei of cells were stained
with 4�,6-diamidino-2-phenylindole (DAPI). Total cell numbers were deter-
mined by the number of DAPI-stained nuclei, and efficiencies of infection were
calculated as the percentage of GFP- and IE1-expressing cells in the total cell
populations.

For analysis of virus growth kinetics, cells were infected at a multiplicity of 0.01
or 1 PFU/cell with BADwt (laboratory strain parent) or BADrUL131 virus
(repaired UL131 ORF), with the exception of HeLa cells, which were only
infected at a multiplicity of infection of 1 PFU/cell because HeLa cell cultures
could not be maintained for the extended period of time needed for analysis of
a low-multiplicity infection. At various times after infection, cell-free virus was
collected by harvesting medium from infected cultures and cell-associated virus
was collected by three freeze-thaw cycles of infected cells in medium three times.
Virus titers were determined by the 50% tissue culture infectious dose (TCID50)
assay on MRC-5 cells. In contrast to parental AD169, the UL131-repaired
viruses induced syncytia and exhibited reduced plaque-forming efficiencies.
Therefore, to compare the growth of the mutants and their wild-type parent, we
relied on GFP gene expression rather than cytopathic effect to identify the
infected wells in our TCID50 assays. The use of the GFP marker carried on the
viruses significantly increased the sensitivity and accuracy of our assays.

RESULTS

Construction and characterization of an AD169 variant with
a repaired UL131 ORF. Two spliced transcripts with a com-
mon poly(A) addition site were shown to be generated by the

FIG. 1. HCMV UL131-128 locus. (A) Diagram of the locus. The
positions of transcriptional start sites and poly(A) cleavage sites are
indicated. Solid boxes represent the sequence of wild-type ORFs. The
location of the point mutation in the AD169 UL131 gene is indicated,
and the portion of UL131 that is not expressed is designated by an
open box. (B) Amino acid sequence of the N-terminal domain of
UL131 in two repaired AD169 derivatives, BADrUL131-Y4 and
BADrUL131-C4, and HCMV variant strains. The likely signal peptide
cleavage sites are indicated.
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UL131 to UL128 locus (1, 18), but their 5� ends were not
localized. To further characterize the transcripts produced by
this locus, we mapped the two start sites (Fig. 1A) by using 5�
rapid amplification of cDNA ends (RACE) analysis, and we
confirmed the result using RNase protection assays (data not
shown). The 5� ends are located at sequence positions 176835,
just upstream of UL131, and 176207, within UL130 (number-
ing according to reference 9). The mRNA with the 5� end
upstream of the UL131 coding region has the potential to
encode polypeptides encoded by all three ORFs, whereas the
RNA whose 5� end maps within UL130 has the potential to
encode a portion of UL130 and UL128. This 5� mapping con-
firms that the 1-base-pair insertion present in the UL131 ORF
of AD169 (Fig. 1A) is, indeed, present within an mRNA that
has been mapped to this locus.

The frame-shifted UL131 ORF in AD169 was repaired by
constructing derivatives of the laboratory strain (BADrUL131)
in which the mutated UL131 ORF was replaced with a wild-
type UL131 ORF derived from the HCMV TR clinical strain
(Fig. 1A). Two different viruses with a repaired UL131 ORF
were generated, due to recombination events at two different
sites between the bacterial artificial chromosome clone and the
shuttle plasmid. The sequences of the UL131 ORFs from the
newly generated viruses were compared with UL131 ORFs
from the Towne, Toledo, FIX, and TR strains (Fig. 1B). Ex-
cept for amino acid positions 2 and 4, the sequences of the
UL131 ORFs from different clinical HCMV strains are iden-
tical. The UL131 sequence of BADrUL131-Y4 derives entirely
from the TR strain, while the BADrUL131-C4 sequence is
identical to that of the FIX and Toledo strains (Fig. 1B).

Hahn et al. (18) have shown that a UL131 deletion mutant
of the clinical isolate FIX, a bacterial artificial chromosome-
cloned derivative of VR1814 (17), is no longer able to replicate
in endothelial cells. To confirm that endothelial cell tropism
was restored by repairing the UL131 gene in AD169, two
endothelial cell lines, HUVECs and LMVECs, were infected
at multiplicity of 1 PFU/cell, and the cultures were assayed 48 h
later for expression of the GFP marker carried by the viruses.
Very few (�1%) GFP-expressing HUVECs were seen in
BADwt-infected cultures; in contrast, GFP could be detected
in almost all the HUVECs infected by both BADrUL131 vi-
ruses (Fig. 2A), demonstrating that the repaired AD169 vari-
ants had reacquired the ability to infect endothelial cells.
LMVECs were more efficiently infected by BADwt (12%), but
the efficiency of infection was considerably greater for
BADrUL131-Y4 (96%) and BADrUL131-C4 (98%) (Fig. 2A).
In contrast to the UL131-deficient parent, the repaired
BADrUL131 viruses induced syncytia in infected cultures of
both fibroblasts and endothelial cells (Fig. 2B).

To evaluate the growth characteristics of the repaired vi-
ruses, MRC-5 fibroblasts and HUVECs were infected with
BADwt or BADrUL131 variants, and the production of cell-
free and cell-associated virus in single-step growth or multistep
growth analysis was assayed (Fig. 3). The repaired viruses grew
more poorly than their AD169 parent in fibroblasts, generating
a 10- to 100-fold-reduced yield of both cell-free and cell-asso-
ciated virus. The reduced yields correlated with extensive cell-
cell fusion induced by the repaired viruses, although it is not
clear that cell fusion compromises the efficiency of virus rep-
lication in fibroblasts. In contrast to fibroblasts, the repaired

FIG. 2. Characterization of endothelial cell and fibroblast infection
of UL131-repaired AD169 derivatives. (A) BADwt, BADrUL131-Y4,
and BADrUL131-C4 infection of endothelial cells. HUVECs or hu-
man LMVECs were infected at a multiplicity of 1 PFU/cell, and cells
were fixed 48 h after infection. Nuclei were stained with DAPI (blue),
and infected cells were identified by GFP expression (green) from a
marker cassette on the viruses. (B) Syncytium formation induced by
BADrUL131 viruses. MRC-5 cells or HUVEC cells were infected at a
multiplicity of 0.1 PFU/cell; 5 days after infection, the cells were fixed
with 2% paraformaldehyde, the nuclei of the cells were stained with
DAPI (blue), and GFP expression (green) demonstrated that fused
cells were infected.
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viruses grew more efficiently in endothelial cells than their
laboratory strain parent, producing about 20-fold more cell-
free and 300-fold more cell-associated virus.

Collectively, our data demonstrate that repair of the mu-
tated UL131 gene in AD169 compromises virus replication in
fibroblasts and facilitates growth in endothelial cells.

UL128-131 locus-dependent infection of epithelial cells. To
test the possibility that UL131 is also important for HCMV
replication in epithelial cells, we examined the susceptibility of
a panel of epithelial cell lines to BADwt and BADrUL131-Y4
(Fig. 4). Susceptibility to infection was assayed by monitoring
expression of the UL123-coded IE1 protein and expression of
the GFP marker genes carried by the two viruses. The epithe-
lial cell lines originated from a variety of tissues: retina
(ARPE-19), cervix (HeLa), colon (SW480 and HCT116), lung
(H1299), and breast (MCF-7). As shown in Fig. 4A, HeLa and
MCF-7 cells could be efficiently infected by BADrUL131, and
the infection was highly dependent on UL131 since a very low
incidence of infection was seen for the AD169 parent, BADwt.

Cell-cell fusion in the MCF-7 epithelial cells, but not in HeLa
cell cultures, was seen after infection with BADrUL131-Y4
(Fig. 4A, lower panels). This experiment also demonstrated
that GFP expression can lead to an underestimate of the per-
centage of cells that are infected, because the HCMV UL123-
coded IE1 protein was detected in a greater proportion of cells
(Fig. 4A, compare IE1-red to GFP-green signals). Presumably
this reflects differences in the activity of the simian virus 40
early promoter, which controls the expression of GFP in these
viruses, relative to the HCMV immediate-early promoter.

To quantify the relative susceptibilities of the epithelial cell
lines, we calculated the percentage of cells expressing GFP
from the viral genome in different epithelial cell populations
after infection at identical input multiplicities with the parental
virus or repaired virus (Fig. 4B). A repaired UL131 ORF was
absolutely required to infect ARPE-19, HeLa, SW480,
HCT116, and MCF-7 epithelial cells. The repaired ORF was
not essential but dramatically enhanced the efficiency of infec-
tion in H1299 cells. Fibroblasts and endothelial cells were

FIG. 3. Growth kinetics of UL131-repaired AD169 derivatives in MRC-5 cells and HUVEC cells. Cells were infected with BADwt (F),
BADrUL131-Y4 (E), or BADrUL131-C4 (�) at a multiplicity of 1 or 0.01 PFU/cell. Cell-free and cell-associated virus was collected at the
indicated times after infection, and infectious virus was quantified by TCID50 assay on MRC-5 cells.
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included as controls. Although no detectable differences in
susceptibility to infection with BADwt versus BADrUL131-Y4
were evident in MRC-5 or HFF fibroblasts, GFP expression in
HUVEC and LMVEC endothelial cells was dramatically en-
hanced. Finally, several neuron-derived cell lines were tested.
The SK-N-AS, SK-N-SH, and IMR-32 neuroblastoma cell

lines showed variable susceptibilities to infection, but GFP
expression was not UL131 gene dependent.

The production of infectious progeny by the BADrUL131
repaired viruses was examined in ARPE-19 cells. The epithe-
lial cells were infected at a multiplicity of 0.01 or 1 PFU/cell
and the production of cell-associated and cell-free virus was
monitored by TCID50 assay on fibroblasts (Fig. 5A). In epithe-
lial cells, BADrUL131-Y4 and BADrUL131-C4 produced a
�10-fold-greater yield than in fibroblasts and a �100-fold
greater yield than in endothelial cells (compare Fig. 5A and
Fig. 3). Further, BADrUL131 induced extensive cell-cell fusion
in epithelial cell cultures (Fig. 5B), as it did in fibroblasts and
endothelial cells (Fig. 2B).

The replication of the two BADrUL131 repaired viruses was
also monitored in HeLa cells, an epithelial tumor cell line.
Infection of HeLa cells generated a yield of cell-free virus that
was reduced by a factor of �1,000 in comparison to the yield
from APRE-19 cells (Fig. 5C). It is interesting that 98% of
HeLa cells and 77% of ARPE-19 cells expressed the GFP
marker after infection at a multiplicity, determined by TCID50

assay on fibroblasts, of 1 PFU/cell with BADrUL131-Y4 (Fig.
4B). In spite of the higher efficiency with which the marker was
expressed in HeLa cells, the yield of infectious progeny was
greater in ARPE-19 cells. Apparently, there is a block to effi-
cient replication of HCMV in HeLa cells, relative to the effi-
ciency of replication in ARPE-19 cells, which occurs after the
genome reaches the nucleus and expresses the marker gene. In
contrast to ARPE-19 cells, HeLa cells fail to undergo fusion
after infection with BADrUL131 viruses (Fig. 4A and 5D),
although significant cytopathic effects with characteristic cell
rounding can be detected as early as 24 h after infection. This
might reflect a failure of the virus to efficiently advance to the
late stage of the replication cycle. This would inhibit expression
of the UL131 ORF, which is expressed during the late phase
(8).

A mutation in UL131 is responsible for the inability of
AD169 to replicate efficiently in epithelial cells. To further
explore the role of the UL131-128 locus in HCMV epithelial
cell tropism, we assayed for infection by four additional
HCMV strains: Towne, Toledo, FIX, and TR. UL130 is mu-
tated in Towne and UL128 is disrupted in Toledo, whereas
FIX and TR contain wild-type UL128, -130, and -131 ORFs
(Fig. 6A). All of the virus strains infected the MRC-5 fibro-
blasts and expressed their IE1 protein equally well, but only
TR and FIX efficiently infected HUVEC endothelial or
ARPE-19 and HeLa epithelial cells (Fig. 6B). This experiment
demonstrates that the Towne and Toledo strains do not effi-
ciently enter epithelial cells and express their IE1 genes, and
raises the possibility that the defect might result from muta-
tions in the UL130 and UL128 ORFs, as has been shown for
replication in endothelial cells (18).

Finally, the yields of infectious progeny were determined
after infection of ARPE-19 epithelial cells with the set of
HCMV strains (Fig. 6C). The repaired AD169 strain
BADrUL131-Y4 produced the highest yield in epithelial cells
(107 PFU/ml). AD169, Towne, and Toledo, each of which
contain a defect in the UL131-128 locus, generated little in-
fectious progeny (�1.5 � 101 PFU/ml), consistent with their
inability to efficiently express their IE1 genes in the epithelial
cells. FIX and TR, which contain wild-type UL131-128 loci,

FIG. 4. Cell tropism of a UL131-rapaired AD169 derivative.
(A) Identification of infected HeLa and MCF-7 cells by fluorescence.
Cells were infected with BADrUL131-Y4 at a multiplicity of 1 PFU/
cell and fixed 48 h after infection. Nuclei were stained with DAPI
(blue), and infected cells were identified by IE1 antigen staining (red)
and GFP expression (green) from a marker cassette on the viruses.
(B) Quantification of UL131-UL128 locus-dependent host cell tro-
pism. Cultures of epithelial cells, endothelial cells, and fibroblasts were
infected at a multiplicity of 1 PFU/cell with BADwt (black bars) or
BADrUL131-Y4 (gray bars); 48 h later, cells were fixed with 2%
paraformaldehyde, and infected cells were identified by monitoring
GFP expression.
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generated intermediate yields (7 � 103 and 3 � 103 PFU/ml,
respectively).

DISCUSSION

The UL131-128 locus has been shown previously to be es-
sential for efficient replication of HCMV in endothelial cells
(18). Deletion of UL128, UL130, or UL131 from the FIX
clinical isolate of HCMV blocked replication in HUVECs. The
AD169 strain of HCMV carries a defective UL131 ORF (Fig.
1A), and we generated repaired derivatives of AD169, termed
BADrUL131-Y4 and BADrUL131-C4 (Fig. 1B). The two re-
paired viruses behaved identically in all of our assays. As ex-
pected, they were able to enter (Fig. 2A) and produce infec-
tious progeny (Fig. 3) in endothelial cells. They also entered
(Fig. 4) and replicated (Fig. 5) to generate progeny virus in
epithelial cells, in contrast to their UL131-deficient AD169
parent. We conclude that UL131 function is required for
HCMV replication not only in endothelial cells but also in
epithelial cells.

The Towne laboratory strain, which has been extensively
passaged in fibroblasts, and the Toledo strain, which has been
passaged to a more limited extent in fibroblasts, failed to effi-
ciently infect epithelial cells (Fig. 6B) or produce progeny in
epithelial cells (Fig. 6C). Since Towne carries a mutation in the
UL130 ORF and Toledo contains a mutated UL128 ORF (Fig.
6A), it is likely that these two ORFs, in addition to UL131, are
important for infection of epithelial cells, as has been shown
previously for endothelial cells (18).

The mechanism by which the UL131-128 locus contributes
to HCMV infection of cells other than fibroblasts is unknown.
However, it is clear that the defect exhibited by HCMV strains
with mutations in these ORFs occurs early in the replication
cycle. For example, the UL131-deficient AD169 variant
BADwt failed to express either the viral IE1 protein or a GFP
marker protein in endothelial (Fig. 1) or epithelial (Fig. 3)
cells. Perhaps the products of the UL131-128 locus are needed
for HCMV to efficiently contact or enter epithelial and endo-
thelial cells. It is possible that viruses lacking a product of this
locus enter these cells via a route that causes an abortive viral
infection. Bodaghi et al. (4) reported that AD169 enters
ARPE-19 cells via receptor-mediated endocytosis instead of

FIG. 5. Infection of ARPE-19 and HeLa epithelial cells by UL131-
repaired AD169 derivatives. (A) Growth kinetics of BADwt,
BADrUL131-Y4, and BADrUL131-C4 in ARPE-19 cells. Cells were
infected at a multiplicity of 1 or 0.01 PFU/cell, cell-free (F) and
cell-associated (E) viruses were collected at the indicated times, and
infectious virus was quantified by TCID50 assay on MRC-5 cells.
(B) Induction of cell-cell fusion by BADrUL131 viruses infection in
ARPE-19 cells. ARPE-19 cells were infected at a multiplicity of 0.1
PFU/cell, and cultures were observed 3 or 7 days later by phase con-
trast and fluorescent microscopy. (C) Growth kinetics of
BADrUL131-Y4 in HeLa cells. HeLa cells were infected at a multi-
plicity of 0.01 PFU/cell, cell-free (F) and cell-associated (E) virus was
collected at the indicated times, and infectious virus was quantified by
TCID50 assay on MRC-5 cells. (D) Cytopathic effect of
BADrUL131-Y4 and BADrUL131-C4 in HeLa cells. HeLa cells were
infected at a multiplicity of 1 PFU/cell, and cells were observed 3 or 7
days later by fluorescent microscopy.
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the normal mode of entry documented for fibroblasts, which
involves fusion of the virion envelope with the plasma mem-
brane. Alternatively, viruses lacking a product of the UL131-
128 locus might enter endothelial and epithelial cells normally
but fail to efficiently execute a postentry step. For example, the
virus might not fully disassemble the capsid-tegument complex
within the cytoplasm (36) and, as a consequence, fail to deliver
its genome to the nucleus. We favor the view that the UL131-
128 locus facilitates the initial interaction of the virion with the
surface of epithelial cells, since the block to AD169 infection of
ARPE-19 cells can be relieved by neuraminidase treatment of
the cells in combination with centrifugal enhancement (21).

Cell-specific effects downstream of entry also influence the
ability of HCMV to produce a yield in epithelial cells. The
UL131-repaired AD169 derivative efficiently entered and ex-
pressed a marker gene in both ARPE-19 and HeLa cells (Fig.
4B), but it generates 1,000-fold more infectious progeny in
ARPE-19 cells (Fig. 5A) than in HeLa cells (Fig. 5C). This
observation is consistent with earlier work suggesting that
HCMV generally replicates more efficiently in well-differenti-
ated diploid cells than in anuploid cells (40). Downstream
virus-specific effects also influence virus yields in epithelial
cells. The UL131-repaired AD169 derivative and clinical iso-
lates efficiently entered and expressed IE1 or a marker gene in
ARPE-19 cells, but the AD169 derivative produced a signifi-
cantly greater yield of infectious progeny than did the FIX and
TR clinical isolates (Fig. 5A and 6C). Apparently, some of the
changes that occurred in AD169 during its sequential passage
in fibroblasts can facilitate efficient replication in other cell
types if it is able to enter them.

The rescue of epithelial and endothelial cell tropism by
repairing the UL131 gene in AD169 concurrently induced a
syncytial phenotype. Cell-cell fusion was evident in fibroblasts,
endothelial cells, and epithelial cells infected with
BADrUL131 viruses (Fig. 2B, 4A, and 5B). Fusion was not
observed with the parental UL131-deficient AD169 virus (Fig.
2A and data not shown). Several reports have demonstrated
syncytium formation by HCMV clinical isolates in fibroblasts
and epithelial cells (5, 30, 42), and the phenotype of the re-
paired AD169 derivative indicates that the UL131 product is
needed for cell-cell fusion. The formation of syncytia would
mediate cell-to-cell spread of HCMV while allowing it to evade
neutralizing antibodies.

A variety of herpesviruses can form syncytia in certain cell
types, including some well-characterized syn variants of herpes
simplex virus type 1. However, the syncytial phenotype of

are indicated. Solid boxes represent wild-type ORFs. The point muta-
tion in the Towne UL130 gene and the deletion in the Toledo UL128
gene are shown, and the positions of open reading frames whose
expression is disrupted are represented by open boxes. (B) Entry of
HCMV strains into MRC-5, HUVEC, HeLa, and ARPE-19 cells. Cells
were infected at a multiplicity of 1 PFU/cell, and 48 h later, the
cultures were fixed with 2% paraformaldehyde, and infected cells were
identified by IE1 expression. (C) Production of infectious progeny by
HCMV strains in ARPE-19 cells. Cells were infected at a multiplicity
of 1 PFU/cell. Six days (BADrUL131-Y4) or 12 days (all other viruses)
later, the cells and media were collected together, samples were frozen
and thawed three times, and virus titers were determined by TCID50
assay on MRC-5 cells.

FIG. 6. Cell tropism of HCMV strains. (A) Diagram of the UL131-
UL128 locus in the Towne, Toledo, FIX, and TR strains of HCMV.
The positions of transcriptional start sites and poly(A) cleavage sites
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HCMV is associated with viruses that contain a wild-type
UL131 gene, whereas the phenotype is more commonly seen in
mutants of herpes simplex virus, such as UL20 (3), UL24 (23),
UL27-gB (14), and UL53-gK (22) mutants. Expression of the
UL131 to UL128 ORFs alone did not result in syncytium
formation (data not shown), indicating that other viral proteins
are likely involved. Perhaps the UL131-128 products function
in cooperation with one or more virus-coded fusogenic glyco-
proteins, such as gB, gH-gL-gO, or gM-gN.

The repaired viruses, BADrUL131-Y4 and -C4, grew more
poorly in fibroblasts than their UL131-deficient AD169 parent,
producing a 10- to 100-fold-reduced yield (Fig. 2). Hahn et al.
(18) compared the replication of an HCMV clinical isolate
(FIX) and a derivative lacking UL131 and found that the two
viruses grew equally well. The AD169 and FIX genomes differ
at numerous locations (32), and the different genetic back-
grounds of the laboratory and clinical viruses apparently influ-
ence their response to the presence or absence of UL131. The
relatively poor replication of BADrUL131 helps to explain why
the UL131-128 locus is mutated in laboratory strains of HCMV
and why clinical isolates accumulate mutations in this locus
when they are serially passaged in fibroblasts.

It is not clear why an intact UL131 ORF interferes with the
production of infectious AD169 progeny in fibroblasts. How-
ever, this observation serves to highlight a major problem in
the production of stocks of HCMV clinical isolates in the
laboratory. If a clinical isolate is passaged in fibroblasts, it can
very rapidly accumulate a mutation in the UL131-128 locus,
precluding its ability to infect other cell types (17). Indeed, as
few as three passages in fibroblasts can be sufficient for such
mutations to appear in virus stocks (1). Since clinical isolates,
but not laboratory strains, efficiently infect and generate infec-
tious progeny in epithelial cells (Fig. 6C), this cell type, like
endothelial cells, holds promise as a laboratory host for the
production of clinical HCMV stocks that are not selected for
mutations in the UL131-UL128 locus.
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