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Like all viruses, herpesviruses extensively interact with the host cytoskeleton during entry. While microtu-
bules and microfilaments appear to facilitate viral capsid transport toward the nucleus, evidence for a role of
intermediate filaments in herpesvirus entry is lacking. Here, we examined the function of vimentin interme-
diate filaments in fibroblasts during the initial phase of infection of two genotypically distinct strains of human
cytomegalovirus (CMV), one with narrow (AD169) and one with broad (TB40/E) cell tropism. Chemical
disruption of the vimentin network with acrylamide, intermediate filament bundling in cells from a patient with
giant axonal neuropathy, and absence of vimentin in fibroblasts from vimentin�/� mice severely reduced entry
of either strain. In vimentin null cells, viral particles remained in the cytoplasm longer than in vimentin�/�

cells. TB40/E infection was consistently slower than that of AD169 and was more negatively affected by the
disruption or absence of vimentin. These findings demonstrate that an intact vimentin network is required for
CMV infection onset, that intermediate filaments may function during viral entry to facilitate capsid trafficking
and/or docking to the nuclear envelope, and that maintenance of a broader cell tropism is associated with a
higher degree of dependence on the vimentin cytoskeleton.

Human cytomegalovirus (CMV) is a ubiquitous herpesvirus
that can cause serious disease in immunocompromised indi-
viduals (8, 58). Virtually all cell types, with the exception of
lymphocytes and polymorphonuclear leukocytes, can support
CMV replication in vivo (80), and this remarkably broad tro-
pism is at the basis of the numerous clinical manifestations of
CMV infection (8, 58). The range of permissive cells in vitro is
more limited, with human fibroblasts (HF) and endothelial
cells being the most widely used for propagation of clinical
isolates. Two extensively studied strains, AD169 and Towne,
were generated by serial passage of tissue isolates in HF for the
purpose of vaccine development (22, 68). During this process,
both strains accumulated numerous genomic changes (11) and
lost the ability to grow in cell types other than HF. By contrast,
propagation in endothelial cells produced strains with more
intact genomes and tropism, such as TB40/E, VR1814, TR, and
PH (59, 80).

The viral determinants of endothelial and epithelial cell
tropism have recently been mapped to the UL128-UL131A
(UL128-131A) genomic locus (32, 92, 93). Each of the prod-
ucts of the UL128, UL130, and UL131A genes is indepen-
dently required for tropism and participates in the formation
of a complex at the surface of the virion with the viral glyco-
proteins gH and gL (74, 93), which can also independently
associate with gO (45). The gH/gL/UL128-131A complex ap-
pears to be required for entry into endothelial cells by endo-
cytosis, followed by low-pH-dependent fusion of the virus en-
velope with endosomal membranes (73, 74) although some

virus strains expressing the UL128-UL131A genes do not re-
quire endosome acidification for capsid release (66, 79).

HF-adapted strains consistently contain mutations in the
UL128-131A genes (32). Loss of endothelial cell tropism in
AD169 has been associated with a frameshift mutation in the
UL131A gene, leading to the production of a truncated protein
and to the loss of the gH/gL/UL128-131A complex, but not the
gH/gL/gO complex, from the surface of AD169 virions (1, 3,
92). Reestablishment of wild-type UL131A expression in
AD169 by repair of the UL131A gene mutation or by cis-
complementation yielded viruses with restored tropism for en-
dothelial cells but with reduced replication capacities in HF (1,
92). Interestingly, the efficiencies of entry of wild-type and
repaired or complemented AD169 viruses were comparable,
suggesting that the presence of UL131A did not interfere with
the initial steps of infection in HF but negatively affected virion
release (1, 92).

The cellular determinants of CMV tropism are numerous
and have not been fully identified. Virus entry begins with
virion attachment to the ubiquitously expressed heparan
sulfate proteoglycans at the cell surface (17), followed by
engagement of one or more receptor(s) including the inte-
grin heterodimers �2�1, �6�1, and �V�3 (23, 39, 94); the
platelet-derived growth factor-� receptor (84); and the epi-
dermal growth factor receptor, whose role in CMV entry is
still debated (38, 95).

Subsequent delivery of capsids into the cytoplasm requires
fusion of the virus envelope with cellular membranes. Release
of AD169 capsids in HF occurs mainly by fusion at the plasma
membrane at neutral pH although incoming virions have also
been found within phagolysosome-like vacuoles (16, 83). Fu-
sion with the plasmalemma appears to be mediated by the
gH/gL/gO complex as AD169 virions do not contain the gH/
gL/UL128-131A complex, and infectivity of a gO mutant was
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severely reduced (37). The mechanism used by strain TB40/E
to penetrate into HF has not been described but was assumed
to be similar to that of AD169 (80) even though TB40/E virions
contain both gH/gL/gO and gH/gL/UL128-131A complexes.

Transport of released, de-enveloped capsids toward the nu-
cleus is mediated by cellular microtubules, and treatment of
Towne-infected HF with microtubule-depolymerizing agents
substantially reduced expression levels of the viral nuclear im-
mediate-early protein 1 (IE1) (64). Depolymerization of actin
microfilaments was also observed in HF as early as 10 to 20
min postinfection with the Towne strain while stress fiber dis-
appearance was evident at 3 to 5 h postinfection (hpi) with
AD169 (4, 42, 54), suggesting that microfilament rearrange-
ment may be required to facilitate capsid transition through
the actin-rich cell cortex.

The role of intermediate filaments (IF) in CMV infection
not been studied. In vivo, expression of the IF protein vimentin
is specific to cells of mesenchymal origin like HF and endo-
thelial cells (12). Although the phenotype of vimentin�/�

(vim�) mice appears to be mild (15), vimentin-null cells display
numerous defects including fragmentation of the Golgi appa-
ratus (26), development of nuclear invaginations in some in-
stances (76), and reduced formation of lipid droplets, glycolip-
ids, and autophagosomes (29, 52, 87). Vimentin IF interact
with integrins �2�1, �6�4, and �V�3 at the cell surface and
participate in recycling of integrin-containing endocytic vesi-
cles (40, 41). They also accompany endocytic vesicles during
their perinuclear accumulation (34), regulate endosome acid-
ification by binding to the adaptor complex AP-3 (86), control
lysosome distribution into the cytoplasm (87), and promote
directional mobility of cellular vesicles (69). The vimentin cy-
toskeleton is tightly associated with the nuclear lamina (10)
and was shown to anchor the nucleus within the cell, to medi-
ate force transfer from the cell periphery to the nucleus, and to
bind to repetitive DNA sequences as well as to supercoiled
DNA and histones in the nuclear matrix (56, 89, 90). Micro-
tubules and vimentin IF form close connections in HF (30).
Drug-induced disassembly of the microtubule network alters
IF synthesis and organization, leading to the collapse of vimen-
tin IF into perinuclear aggregates (2, 25, 30, 70). By contrast,
coiling of IF after injection of antivimentin antibodies has no
effect on the structure of microtubules (28, 46, 53), indicating
that the interaction between vimentin IF and microtubules is
functionally unidirectional.

In this work, we sought to assess the role of the vimentin
cytoskeleton in CMV entry. We hypothesized that vimentin
association with integrins at the cell surface, with endosomes
and microtubules in the cytoplasm, and with the lamina and
matrix in the nucleus might facilitate viral binding and pene-
tration, capsid transport toward the nucleus, and nuclear dep-
osition of the viral genome.

We found that, akin to microtubules, vimentin IF do not
depolymerize during entry of either AD169 or TB40/E. In
comparison to AD169, onset of TB40/E infection in HF was
delayed, and the proportion of infected cells was reduced.
Virus entry was negatively affected by the disruption of vimen-
tin networks after exposure to acrylamide (ACR), by IF bun-
dling in cells from patients with giant axonal neuropathy
(GAN), and by the absence of vimentin IF in vim� mouse
embryo fibroblasts (MEF). In vim� cells, the efficiency of par-

ticles trafficking toward the nucleus appeared significantly
lower than in vimentin�/� (vim�) cells, and in each instance
the negative effects were more pronounced in TB40/E-infected
cells than in AD169-infected cells. These data show that vi-
mentin is required for efficient entry of CMV into HF and that
the endotheliotropic strain TB40/E is more reliant on the pres-
ence and integrity of vimentin IF than the HF-adapted strain
AD169.

MATERIALS AND METHODS

Cells and virus. Primary foreskin HF (a gift from E. S. Mocarski, Atlanta, GA)
were propagated in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal clone serum III (HyClone), 4 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES), 1 mM sodium pyruvate, and 100 U/ml peni-
cillin and 100 �g/ml streptomycin (all from Gibco Invitrogen Corp. [complete
DMEM]) and were used between passages 17 and 27 postisolation. Normal
dermal HF (MCH070 cells) and dermal HF from a patient with GAN (WG0321
cells) were obtained from the Repository for Mutant Human Cell Strains at
Montreal Children’s Hospital and were propagated as described above with the
addition of 10% fetal bovine serum (HyClone). To induce vimentin IF bundling,
cells were cultured in medium lacking serum for 4 days. vim� (MFT-6) and vim�

(MFT-16) immortalized MEF (a gift of R. Evans, Aurora, CO) were propa-
gated as described for foreskin HF. Human CMV strains AD169varATCC
and TB40/E were kind gifts from E. S. Mocarski and were originally obtained
from the ATCC and C. Sinzger (Tübingen, Germany), respectively. Propa-
gation and purification of both strains were performed as described previ-
ously (35). Virus titers were determined by plaque assay on HF monolayers
in 12-well tissue culture plates. Five different stocks of TB40/E and five of
AD169 were used for the experiments described. The identity of each strain
was verified by PCR amplification of AD169 and TB40/E genomic extracts
with primers mapping to the UL150 gene.

Cell infection. For analysis of microtubules, microfilaments, and vimentin IF
structure, HF were plated at a density of 5 � 104 cells/cm2 in 24-well plates with
coverslips 1 day prior to infection with AD169 or TB40/E at a multiplicity of
infection (MOI) of 5. Mock-infected samples were exposed to culture medium
alone. Cells were harvested at 5 and 30 min (min) postinfection and at 1, 2, and
4 hpi. For expression analyses of IE1 and IE2, HF were plated as above and
infected with AD169 or TB40/E at an MOI of 1 or 5 at confluence (3 days
postseeding). After adsorption for 1 h, cells were washed twice and incubated in
fresh DMEM until 2, 4, 8, 24, 48, 72, and 96 hpi. Endpoint titers of cell-free virus
were determined by plaque assay on confluent HF by serial dilution of superna-
tants from HF infected with AD169 or TB40/E at an MOI of 1 and collected at
24, 48, 72, 96, 120, 144, and 168 hpi. MCH070 and WG0321 cells were seeded in
serum-free DMEM at a density of 5 � 104 cells/cm2 in 24-well plates with
coverslips 4 days prior to infection with AD169 or TB40/E at an MOI of 1 or 10.
After adsorption for 1 h, cells were washed twice and incubated in fresh DMEM
until 4, 8, and 24 hpi. For IE1/IE2 expression analyses, vim� and vim� MEF were
seeded at a density of 7.7 � 104 cells/well in 24-well plates with coverslips 1 day
prior to infection with AD169 or TB40/E at an MOI of 1 or 10. After adsorption
for 1 h, cells were washed twice and incubated in fresh DMEM until 4, 8, and 24
hpi. For pp150 staining analyses, vim� and vim� MEF were prechilled on ice for
20 min before exposure to AD169 or TB40/E virions (MOI of 3) for 1 h on ice.
Cells were then transferred to 37°C for 1 h, washed three times with culture
medium, and further incubated for 4 and 8 h.

ACR treatment of HF. Confluent HF cultures were exposed for 2, 4, 6, and 8 h
to a 5 mM ACR solution made by diluting ACR/bis-ACR solution (30% [wt/vol];
Bio-Rad, Hercules, CA) in culture medium. Uninfected cells were harvested
immediately after ACR incubation or after ACR removal, washing, and incuba-
tion in fresh medium for 4 h. For infection with AD169 or TB40/E at an MOI of
1 or 5, ACR-pretreated cells were washed, exposed to each virus for 1 h, washed
again, and collected at 4 hpi.

Antibodies and immunofluorescence staining analyses. Cells were fixed, per-
meabilized, and blocked as described previously (36) before incubation with
monoclonal antibodies anti-human vimentin (1:200; V9; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), anti-�-tubulin (1:100; B-5-1-2; Sigma, St. Louis, MO),
anti-pp150 (1:400; originally from W. Britt, Birmingham, AL), or anti-IE1/IE2
(1:500; fluorescein isothiocyanate-conjugated MAb810F; Chemicon, Temecula,
CA) for 1 h at room temperature (RT). Samples were then washed in phosphate-
buffered saline (PBS)–0.05% Tween-20 and incubated with Alexa Fluor 594-
conjugated anti-mouse immunoglobulin G (1:100; Molecular Probes, Eugene,
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OR) for 1 h at RT. For dual stainings, fixed cells were incubated with a primary
antibody and with the Alexa Fluor 594-conjugated goat anti-mouse antibody,
blocked with normal mouse immunoglobulin G (1:100; Caltag, Burlingame, CA),
and finally stained for IE1/IE2 with MAb810F. Microfilaments were stained with
a 1:100 dilution in PBS of Alexa Fluor 568-conjugated phalloidin (Molecular
Probes, Eugene, OR), and nuclei were labeled with a 0.2 mg/ml dilution of
Hoechst 33342 (Molecular Probes, Eugene, OR) in PBS for 3 min at RT.
Coverslips were mounted in 90% glycerol–10% PBS containing 2.5 g/liter of 1, 4
diazabicyclo-(2, 2, 2)-octane (DABCO; Alfa Aesar, Pelham, NH) and analyzed
on a Zeiss Axioskop 2 magneto-optical trap fluorescence microscope equipped
with a Qimaging Retiga 1300 coded monochrome 12-bit camera. Images were
collected and pseudo-colored using Northern Eclipse, version 7.0, software.
Confocal images were acquired on a Zeiss LSM 510 META ConfoCor2 laser-
scanning confocal microscope equipped with Zeiss LSM 510 META image
processing software.

RESULTS

Viral entry does not alter vimentin IF structure. To deter-
mine whether the integrity of vimentin IF can impact viral
entry, foreskin HF infected with AD169 or TB40/E were har-
vested at 5 and 30 min and at 1, 2, and 4 hpi; cells were stained
with antivimentin and anti-IE1/IE2 antibodies and analyzed by
fluorescence microscopy (Fig. 1 and data not shown). In HF
infected with AD169 at an MOI of 5, nuclear IE1/IE2 staining
was observed in about 10% of the cells as early as at 2 hpi (Fig.
1R), indicating that, by this time, AD169 entry had been suc-
cessfully completed, with the nuclear deposition of the viral
genome and the onset of viral gene synthesis. By contrast,

FIG. 1. Organization of the vimentin cytoskeleton during entry of AD169 in HF. Mock-infected (A to D) or AD169-infected (MOI of 5; E to
X) HF harvested at 5 or 30 min postinfection and at 1, 2, or 4 hpi were stained with a monoclonal antivimentin antibody followed by an Alexa Fluor
594-conjugated goat anti-mouse antibody (red) and a fluorescein isothiocyanate-conjugated anti-IE1/IE2 antibody (green). Nuclear DNA was
highlighted with Hoechst 33342 (blue). Merged images are shown in panels on the right. Original magnification was �40 for panels A to D
and �100 for panels E to X.
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IE1/IE2 expression was not detected in TB40/E-infected cul-
tures until 4 hpi (data not shown).

In mock-infected cells, vimentin filaments formed a dense,
web-like network stretching in all directions toward the cell
periphery and forming a border around the nucleus (Fig. 1A to
D). Cells infected with AD169 (Fig. 1E to X) or TB40/E (data
not shown) exhibited a staining pattern virtually identical to
that of mock-infected cells at each of the times tested, suggest-
ing that vimentin IF did not undergo substantial modifications
during the initial phase of infection. At later times (24, 72, and
96 hpi), infected cells became rounded and enlarged. Despite
these morphological changes, the vimentin perinuclear border
and cytoplasmic network remained intact (data not shown).

Parallel sets of samples were also stained for �-tubulin and
for actin to determine the effects of viral entry on the structure
of microtubules and microfilaments. In AD169 or TB40/E-
infected cells, no microtubule disassembly was observed from 5
min to 4 hpi (data not shown), consistent with the role of
microtubules in facilitating capsid movement toward the nu-
cleus (64). During infection with AD169, microfilament depo-
lymerization and stress fiber disappearance occurred in
2.6% � 5% and 35% � 20% of IE1/IE2-expressing cells at 2
and 4 hpi, respectively. Interestingly, development of this phe-
notype occurred later and to a lower extent in TB40/E-infected
HF, with 5% � 5% and 7.6% � 5% of IE1/IE2-positive cells
displaying loss of stress fibers at 4 and 8 hpi, respectively.

Together, these results indicate that microtubules and vi-
mentin IF remain structurally intact throughout the initial
steps of infection with both strains, suggesting that the integrity

of both networks may be required during virus entry. More-
over, onset of replication and microfilament disassembly in
TB40/E-infected HF occurred approximately 2 h later than in
AD169-infected cells, indicating a potential delay in the initi-
ation of TB40/E infection in HF.

AD169 and TB40/E kinetics of infection in HF are different.
To directly compare the growth kinetics of AD169 and TB40/E
in HF, confluent cell monolayers were infected in parallel with
AD169 or TB40/E at an MOI of 1 or 5. Cells were harvested at
2, 4, 8, 24, 48, 72, and 96 hpi, and IE1/IE2 expression was
monitored by immunofluorescence staining analysis. Cell su-
pernatants were also collected at 24, 48, 72, 96, 120, 144, and
168 hpi, and the amount of cell-free virus released during
infection was quantified by plaque assay. IE1/IE2 expression
was detected in 16% � 5% (MOI of 1) and in 7.4% � 3%
(MOI of 5) of AD169-infected HF at 2 hpi, with the percent-
age of positive cells increasing with time up to 89% � 8%
(MOI of 1) and 97% � 2% (MOI of 5) at 96 hpi (Fig. 2A and
B). By contrast, IE1/IE2 expression was not detected at 2 hpi
in TB40/E-infected HF (Fig. 2A and B) while at 4 hpi, approx-
imately 10% of infected cells displayed nuclear staining at
either MOI. From 4 hpi onwards, the percentage of TB40/E-
infected cells increased with time at a rate comparable to that
of AD169-infected cells, so that a 1.5- to 2-fold difference in
the proportion of AD169- and TB40/E-positive cells was main-
tained at each time, irrespective of the MOI used.

Consistent with this difference in the number of infected
cells, the amount of cell-free virus released in the supernatant
of TB40/E-infected cultures was about 100-fold lower than that

FIG. 2. AD169 and TB40/E infection time course in HF. Cells and supernatants from cultures infected with AD169 or TB40/E at an MOI of
1 (A and C) or 5 (B) were collected at the indicated times postinfection. (A and B) Cells were stained for IE1/IE2, and the percentage of expressing
cells was calculated. Means and standard deviations of the percentage values of IE1/IE2-positive cells scored in five separate fields per sample in
one representative experiment are shown. (C) Amount of cell-free virus released in supernatants of AD169- and TB40/E-infected HF as quantified
by plaque assay.
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released by AD169-infected cells at 72 hpi and about fivefold
lower at 96 hpi. At later times, yields became similar, mostly
because of the drop in the AD169 virus production (Fig. 2C).
These data indicate that the onset of TB40/E infection in HF
is delayed compared to AD169 and that the initial difference in
the proportion of infected cells is maintained with time. Con-
sequently, TB40/E-infected cells also released smaller amounts
of newly formed particles over time.

Pretreatment of HF with ACR inhibits the onset of infection.
To determine whether the integrity of the vimentin cytoskele-
ton is required to facilitate the onset of viral infection, HF were
treated with a 5 mM ACR solution for 2, 4, 6, or 8 h prior to
infection with either AD169 or TB40/E. ACR is a neurotoxin
that has been extensively used to disrupt the organization of IF
in neurons and in other cells types (2, 20, 21, 33, 75). ACR
treatment of HF induced cell rounding and contraction, ac-
companied by the aggregation of vimentin IF in elongated
bundles extending into the cells’ retraction fibers (Fig. 3A to E)
(2, 20) and by the appearance of invaginations or folds in the
nuclear envelope (Fig. 3F). Consistent with literature reports
(20, 47), actin stress fiber disassembly but no microtubule de-
polymerization was detected in ACR-treated cells (data not
shown). As the emergence of nuclear folds has been described
to occur in some vimentin null cells, in cells expressing vimen-
tin mutants or containing thick IF bundles, and in ACR-
treated neurons (33, 43, 76, 78), we used the percentage of cells
with nuclear invaginations as an estimate of the extent of IF
disruption. As expected, an exposure time-dependent increase
in percentage values was observed, from 1.5% � 1% after 2 h
to 32% � 7% after 8 h of continual treatment (Fig. 3G). The
number of cells displaying nuclear folding became even larger
after replacement of ACR with fresh medium for 4 h (Fig. 3G),
while incubation in fresh medium for 24 h led to the complete
reestablishment of the vimentin IF network and to the disap-
pearance of nuclear invaginations (data not shown), under-
scoring the reversible nature of ACR-induced changes (2).
ACR treatment also did not trigger widespread cell death, as
the proportion of cells displaying apoptotic nuclei never in-
creased above 2% (Fig. 3H).

HF pretreated with ACR were infected with AD169 at an
MOI of 1 or 5, and the percentage of cells with nuclear invagi-
nations or with apoptotic nuclei at 4 hpi was determined. The
extent of nuclear folding in samples infected at either MOI was
similar to that of uninfected cells treated with ACR and sub-
sequently incubated for 4 h in fresh medium (Fig. 3, compare
panels I and G), suggesting that infection had no effect on the
formation of nuclear invaginations. By contrast, a slightly
higher fraction of dead cells was found after infection of ACR-
treated cells, with the highest value (4.2% � 3%) observed
after 8 h of pretreatment and infection at an MOI of 5
(Fig. 3J).

The proportion of AD169-infected, untreated cells express-
ing IE1/IE2 was 28% � 8% at an MOI of 1 and 57% � 14%
at an MOI of 5 (Fig. 4A). ACR pretreatment led to a marked
decline in the proportion of IE1/IE2-positive cells. The extent
of this decline was dependent on the length of the pretreat-
ment period, with a maximum reduction, relative to untreated
samples, of 12-fold (MOI of 1) and 14-fold (MOI of 5) in cells
pretreated for 8 h.

The percentage of untreated HF expressing IE1/IE2 after

infection with TB40/E was 11% � 2% at an MOI of 1 and
13% � 0.2% at an MOI of 5. In cells pretreated with ACR for
6 h, the proportion of IE1/IE2-positive cells had dropped to
0.6% � 0.9% (19-fold reduction; MOI of 1) and 1.2% � 1.1%
(11-fold reduction; MOI of 5) while in cells pretreated with
ACR for 8 h, no IE1/IE2 expression was detected (Fig. 4B).

Thus, pretreatment of HF with ACR significantly inhibited
the onset of both AD169 and TB40/E replication.

To assess the reversibility of inhibition, HF were either left
untreated or were pretreated with ACR for 4 h prior to ACR
removal and exposure to AD169 or TB40/E at an MOI of 1.
Removal of the virus inoculum was followed by extensive wash-
ing of cells to remove unbound particles and by incubation in
fresh medium for 4, 18, and 24 hpi. At 4 hpi, the percentage of
IE1/IE2-expressing cells in the pretreated samples was approx-
imately 5-fold (AD169) and 3.5-fold (TB40/E) lower than that
of untreated cells at the same time point (Fig. 4C and D). This
result was expected, as the vimentin cytoskeleton remains
largely disorganized at 4 h after ACR removal (Fig. 3G). How-
ever, at 18 and 24 hpi the proportion of IE1/IE2-positive nuclei
in ACR-pretreated cells was similar or greater than that of
their untreated counterparts, indicating that the block in pro-
gression of the infection was removed after the reestablish-
ment of a normal vimentin cytoskeleton.

Vimentin bundling in HF from GAN patients reduces the
efficiency of infection. In addition to IF aggregation, ACR
treatment of HF also caused stress fiber disassembly (data not
shown) and the development of nuclear invaginations (Fig. 3F)
and was reported to inhibit protein synthesis (2). Each of these
effects might contribute to the observed decrease in the per-
centage of infected cells. To assess the effects of vimentin IF
disruption on viral entry using a different system, we compared
the efficiency of onset of AD169 and TB40/E infection in
dermal HF harvested from patients with GAN (WG0321 cells)
and from healthy control subjects (MCH070 cells).

GAN is a neurodegenerative disorder characterized by bun-
dling of IF in neurons and in other cell types, including HF (67,
96). This phenotype can be conditionally induced in vitro by
exposing HF from GAN patients to low-serum conditions (48,
51). Serum starvation for a period of 4 days induced vimentin
bundling in 88.8% � 2.9% of WG0321 cells but did not affect
the IF network of MCH070 cells (Fig. 5A to F). IF alteration
in WG0321 cells was phenotypically different from that occur-
ring in ACR-treated HF, with the appearance of dense, spher-
ical bundles of vimentin IF in specific areas of the cell and with
peripheral filaments and nuclear contacts remaining unper-
turbed in the majority of the cells. In addition, retraction fibers,
nuclear invaginations, and microfilament or microtubule de-
polymerization were not observed (Fig. 5D to F and data not
shown).

Serum-starved WG0321 and MCH070 cells were infected
with either AD169 or TB40/E at an MOI of 1 or 10, and the
percentage of IE1/IE2-positive cells at 4, 8, and 24 hpi was
determined. At 4 hpi, 55% � 16% (MOI of 1) and 78% � 12%
(MOI of 10) of AD169-infected MCH070 cells showed IE1/
IE2 expression (Fig. 5G, H, I, and K). These percentages were
slightly higher than those observed at 4 hpi in HF, likely on ac-
count of the greater degree of quiescence reached by MCH070
cells after serum starvation. At the same time point, a 3-fold
(MOI of 1) and a 1.2-fold (MOI of 10) reduction in the per-
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centage of IE1/IE2-positive nuclei was observed in WG0321
cells (Fig. 5I and K). By contrast, at 8 and 24 hpi, WG0321 and
MCH070 cell populations contained equal proportions of IE1/
IE2-expressing cells at each MOI. These data suggest that
vimentin bundling in WG0321 cells may be detrimental to the
onset of AD169 replication and that this effect is both MOI

and time dependent: smaller differences are observed between
the two cell populations after infection at an MOI of 10, and no
differences are observed at later time points postinfection.

No IE1/IE2-positive nuclei were detected at 4 hpi in TB40/
E-infected WG0321 or MCH070 cells at either MOI (Fig. 5J
and L). At 8 and 24 hpi, however, both WG0321 and MCH070

FIG. 3. Effects of ACR pretreatment and AD169 infection on IF organization and nuclear morphology in HF. (A to F) Fluorescence
microscopy analysis of vimentin IF organization in untreated HF (A) and in HF exposed to a 5 mM solution of ACR for 2 (B), 4 (C), 6 (D), or
8 h (E) prior to staining with antivimentin antibodies. (F) Confocal microscopy image of lamin B-stained cell nuclei after 6 h of ACR pretreatment.
(G and H) Percentage of cells with nuclear invaginations (G) or with nuclear outlines consistent with apoptosis (H) in HF monolayers harvested
immediately after ACR treatment for the indicated times (white bars) or harvested after ACR removal and incubation of cells in fresh medium
for 4 h (black bars). (I and J) Percentage of cells with nuclear invaginations (I) or with apoptotic nuclei (J) in HF monolayers harvested after ACR
treatment for the indicated times and AD169 infection at an MOI of 1 (white bars) or 5 (black bars) for 4 h. Mean and standard deviation values
from three independent experiments are shown.
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cells expressed IE1/IE2, indicating that initiation of TB40/E
replication was delayed but not abrogated. Similar to the sit-
uation in HF (Fig. 2A and B), infection of MCH070 with
TB40/E yielded approximately 30 to 40% fewer IE1/IE2-pos-
itive cells than infection with AD169 at 8 and 24 hpi and at
both MOIs, indicating that efficient initiation of TB40/E infec-
tion is impaired in HF, regardless of their origin (foreskin or
dermis) and of the presence (HF) or absence (MCH070) of
serum in the culture medium.

A 1.8-fold reduction in the proportion of IE1/IE2-positive
nuclei was observed at 8 h after TB40/E infection of WG0321
cells compared to MCH070 cells, irrespective of the MOI used
(Fig. 5J and L). At 24 hpi, the extent of this reduction appeared
to decrease slightly to 1.65-fold (MOI of 1) and 1.5-fold (MOI
of 10), but was not eliminated as it was for AD169-infected
WG0321 cells.

Combined, these data indicate that the presence of vimentin
bundles can directly or indirectly impair the efficient onset of
both AD169 and TB40/E replication. In contrast to infection
with AD169, the degree of impairment of TB40/E infection
was MOI independent, and the defect could not be corrected
with time.

Absence of vimentin impairs the onset of infection. To fur-
ther investigate the role of vimentin on virus entry, immortal-
ized vim� and vim� MEF were infected with AD169 or
TB40/E at an MOI of 1 or 10, and the proportion of IE1/IE2-
positive cells at 4, 8, and 24 hpi was determined. MEF do not
support human CMV replication but allow normal entry events

to proceed (49, 50), with the block in infection occurring after
IE gene expression. Consistent with literature data, IE1/IE2
expression was observed in MEF infected with either strain
(Fig. 6), but the percentages of IE1/IE2-positive cells were
lower than those found in HF or MCH070 cell populations,
possibly as a result of the reduced degree of quiescence
reached by immortalized cells compared to primary HF. While
the proportion of AD169-infected vim� MEF remained un-
changed over time, a sudden increase in the number of TB40/
E-infected vim� MEF was observed between 8 and 24 hpi at
each MOI.

At all times tested and at both MOIs, the percentage of
IE1/IE2-expressing vim� MEF infected with AD169 was mark-
edly lower than that observed in vim� MEF (Fig. 6 A and C).
The largest differences were recorded during infection at an
MOI of 1, with fivefold, fourfold, and threefold reductions at 4,
8, and 24 hpi, respectively. At an MOI of 10, differences ap-
peared to be slightly reduced, to an average of 2.3-fold. Inter-
estingly, while the proportion of IE1/IE2-positive, vim� cells
remained fairly constant (Fig. 6A and C,), the percentage of
IE1/IE2-positive, vim� cells appeared to slowly increase with
time at both MOIs (Fig. 6A and C), suggesting that the onset
of AD169 infection in vim� cells was delayed but not abro-
gated.

Similar to what was observed in HF, the proportion of TB40/
E-infected vim� cells at either MOI was about three- to four-
fold lower than that of AD169-infected vim� cells (Fig. 6,
compare A to B and C to D). In addition, the absence of vimentin

FIG. 4. Impact of ACR pretreatment on AD169 and TB40/E infection efficiency. (A and B) Percentage of IE1/IE2-expressing HF either
untreated (No ACR) or after exposure to a 5 mM solution of ACR for 2, 4, 6, or 8 h prior to infection with AD169 or TB40/E at an MOI of 1
or 5 for 4 h. (C and D) Percentage of IE1/IE2-expressing HF left untreated (white bars) or treated with a 5 mM solution of ACR for 4 h (black
bars) prior to infection with AD169 or TB40/E at an MOI of 1. Mean and standard deviation values from three (A and C) and two (B and D)
independent experiments are shown.
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appeared to have a larger impact on the onset of TB40/E infec-
tion, with 7- to 9-fold and 3- to 17-fold reductions in the percent-
ages of IE1/IE2-positive vim� cells observed at an MOI of 1 and
10, respectively (Fig. 6B and D). Finally, and contrary to infection

with AD169, the percentages of IE1/IE2-positive vim� cells ap-
peared to steadily decrease with time during TB40/E infection at
both MOIs, an indication of abortive infection.

Together, these data show that the presence of vimentin is

FIG. 5. Structure of vimentin IF and expression of viral IE1/IE2 proteins in WG0321 and WG0321 dermal fibroblasts. (A to F) Serum-starved
dermal fibroblasts from healthy donors (MCH070) and from patients with GAN (WG0321) were stained for vimentin and with Hoechst 33342.
Merged images are shown as indicated. (G and H) Serum-starved MCH070 (G) and WG0321 (H) dermal fibroblasts were infected with AD169
at an MOI of 10 for 4 h prior to staining for vimentin (green) and for IE1/IE2 (red). (I to L) Percentage of serum-starved MCH070 and WG0321
cells expressing IE1/IE2 after infection with AD169 (I and K) or TB40/E (J and L) at an MOI of 1 or 10. Mean and standard deviation values from
three (I, K, and L) and two (J) independent experiments are shown. ND, not detected.
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required for the efficient start of both AD169 and TB40/E
replication. While onset of AD169 infection in vim� cells is
initially delayed, it appears to recover with time. By contrast,
TB40/E infection becomes abortive, suggesting a larger degree
of reliance on vimentin for the initial stages of TB40/E infec-
tion.

Vimentin is required for proper viral particle trafficking. To
assess whether vimentin affected intracellular capsid transport,
virion localization was tracked by staining AD169- or TB40/E-
infected vim� and vim� MEF for pp150, a tegument phospho-
protein that remains strongly associated with capsids during
entry and that has been used as capsid marker in other studies
(64, 81). At 1 hpi with AD169, the pp150 signal was found
predominantly at the cell surface and within the cytoplasm of
vim� and vim� cells (Fig. 7A and B), and no obvious differ-
ences were found between cell types in the total numbers of
particles per cell at 1 and 4 hpi. By 8 hpi, only few vim� cells
still contained particles while the pp150 signal was clearly ev-
ident in the cytoplasm of several vim� cells (Fig. 7C and D).
The number of pp150-positive, vim� cells seemed to decline
with time much more rapidly than the number of pp150-posi-
tive, vim� cells, suggesting that capsid disassembly and con-
comitant loss of the pp150 signal might occur more rapidly in
the presence of vimentin. To quantify this result, the percent-
age of pp150-positive vim� and vim� MEF was determined
after infection with AD169 or TB40/E at an MOI of 3 in
synchronized infections. After virus adsorption at 4°C for 1 h,
cultures were shifted at 37°C for 1 h to allow for penetration to
occur, then washed, and further incubated for 4 and 8 h. The
proportions of pp150-positive cells after virus adsorption and
penetration were virtually identical in all samples (Fig. 7E),

indicating that the absence of vimentin did not affect binding of
either strain. After 4 h at 37°C, however, the percentage of
pp150-positive vim� cells infected with AD169 was dramati-
cally lower than that of vim� cells (Fig. 7E). By 8 h, a slight
additional decrease in the percentage of particle-containing
cells was observed in vim� cells (Fig. 7E). In TB40/E-infected
cultures, the proportions of virion-containing vim� and vim�

cells after 1 h at 37°C were almost identical, and no decrease
relative to the percentage of pp150-positive cells after virus
adsorption for 1 h at 4°C was observed (Fig. 7E). This situation
remained unchanged in vim� MEF until the 8-h time point,
when a decrease in the percentage of cells with particles was
registered. By contrast, vim� cultures were characterized by a
more gradual decrease in pp150-positive cells over time. Thus,
the rate of pp150 signal loss in AD169-infected, vim� cells was
significantly faster than that in TB40/E-infected, vim� cells,
suggesting that AD169 virions may be reaching the nucleus
more rapidly than TB40/E virions. To assess if this was indeed
the case, the proportion of pp150-positive virions localizing at
the cell surface, in the cytoplasm, or in close proximity to the
nucleus of infected cells at 1 h posttransfer at 37°C was calcu-
lated. In vim� cells infected with AD169, particles were equally
distributed between the cytoplasm and the nucleus while in
vim� cells, virions accumulated in the cytoplasm (Fig. 7F). The
majority of virus particles were also found in the cytoplasm of
vim� and vim� cells infected with TB40/E, supporting the
hypothesis of a slower rate of intracellular movement of
TB40/E virions than of AD169 virions. In vim� cells, a slightly
higher proportion of TB40/E particles were also observed at
the cell periphery, suggesting that penetration of TB40/E cap-
sids may also be delayed by the absence of vimentin.

FIG. 6. Viral IE1/IE2 gene expression in vim� and vim�MEF. Percentage of vim� (white bars) and vim� (black bars) MEF expressing IE1/IE2
after infection with AD169 (A and C) or TB40/E (B and D) at an MOI of 1 or 10. Mean and standard deviation values from two independent
experiments are shown.
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DISCUSSION

During entry, all viruses interact with components of the
cellular cytoskeleton to reach their appropriate intracellular
sites of replication (71). The role of microfilaments and micro-
tubules in mediating transport of viral particles has been well
established for several viruses, including other herpesviruses
(31, 55, 71). Although vimentin IF lack polarity and do not
directly participate in intracellular cargo movements, they are
dynamically integrated with microfilaments and microtubules
and are important for infection with a variety of viruses. Ex-
pression of vimentin at the cell surface allows for binding and
internalization of porcine reproductive and respiratory syn-
drome virus (44) while its association with capsid components
of the human immunodeficiency virus type 1 (88), Theiler’s
murine encephalomyelitis virus (62), and adenovirus type 2 (5)
assists with virus entry. Vimentin was shown to promote as-
sembly of African swine fever virus, frog virus 3, and vaccinia
virus by forming protective cage-like structures around the
sites of virion production (61, 72, 85), to enhance egress of
bluetongue virus particles via interactions with the outer capsid
protein VP2 (18), and to be required for Junin virus replication
at a stage subsequent to entry but preceding viral protein
synthesis (7). A specific role for vimentin in entry of herpesvi-
ruses has not been described. Here, we show that vimentin IF
are likely to play a role during entry of two CMV strains with
different tropisms and that their degree of dependency on an
intact vimentin cytoskeleton correlates with the extent of tro-
pism, possibly as a result of different entry mechanisms.

Like all herpesviruses, CMV replicates in the nucleus and
requires virions to be actively transferred from the cell mem-
brane to the nuclear envelope at the start of infection. Entry
can occur by direct penetration across the plasma membrane
or by macropinocytosis, depending on the cell type and the
virus strain (16, 79, 83). Both mechanisms require fusion of the
virus envelope with cellular lipid bilayers, and the subsequent
transport of capsids along cellular microtubules, whose struc-
tural integrity is maintained during entry. Consistent with data
from Arcangeletti et al. (4), our results show that the vimentin
cytoskeleton is not disassembled during the initial steps of
CMV infection, suggesting that maintenance of an intact IF
network may be necessary for entry. Vimentin disruption and
reorganization are induced early during infection with a variety
of viruses including reovirus (77), respiratory syncytial virus
(27), frog virus 3 (60), Thelier’s murine encephalomyelitis virus
(62), vaccinia virus (24), and adenovirus types 2, 5, 4, and 9 (6).
By contrast, IF connections are preserved in cells infected with
herpes simplex virus type 1 (HSV-1) (63), equine herpes virus

FIG. 7. Detection of virus particles in vim� and vim� MEF. (A to D)
Confocal immunofluorescence images of AD169-infected MEF stained
for pp150 at 1 and 8 hpi. The pp150 signal is depicted in red while the
green signal emanates from cellular autofluorescence. (E) Percentage of
AD169- and TB40/E-infected vim� and vim� MEF containing pp150-

positive particles immediately after adsorption (black bars) and at
three different times postpenetration (dark gray, light gray, and white
bars; times are indicated at the top of the panel). A minimum of 110
cells were counted for each sample. Mean and standard deviation
values from separate cell fields in one representative experiment (out
of three) are shown. (F) Proportion of pp150-positive particles local-
izing at the cell surface, in the cytoplasm, or at the nucleus in vim� and
vim� MEF infected with AD169 or TB40/E at 1 h postpenetration.
Mean and standard deviation of values from eight different cells per
sample are shown. AD, AD169; TB, TB40/E.
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type 1 (91) and adenovirus types 3, 7, and 12, whose particles
are predominantly found within phagosomes (6), indicating
that the requirement for an intact IF cytoskeleton may be
shared among different herpesviruses and may be relevant for
entry via intracellular vesicles.

In contrast to IF, microfilament disassembly was evident by
2 hpi with AD169 and by 4 hpi with TB40/E. Binding of some
herpesviruses to the cell surface triggers rapid reorganization
of the actin cytoskeleton (55), and actin depolymerization close
to viral particles was observed upon fusion of the Towne en-
velope with the plasma membrane (42). Microfilament disas-
sembly appeared to be beneficial for the onset of Towne and
AD169 infection (4, 42) as it likely facilitated virion transit
across the actin-rich cell cortex. By contrast, treatment with
actin depolymerizing drugs inhibited uptake of HSV-1 parti-
cles in cells where entry by phagocytosis dominated over fusion
at the plasma membrane (14), pointing at a possible require-
ment for intact microfilaments to support myosin VI-mediated
transport of endocytic vesicles toward the cell center (9). Thus,
the difference we observed between AD169 and TB40/E in the
timing of microfilament depolymerization may potentially re-
flect two different mechanisms of entry of each strain into HF,
with fusion at the plasma membrane followed by immediate
actin disassembly being predominant for AD169 and endocy-
tosis accompanied by delayed microfilament reorganization
being more common for TB40/E. AD169 virions contain the
gH/gL/gO complex, which mediates entry by fusion with the
plasma membrane, but lack the gH/gL/UL128-131A complex,
which is required for entry by endocytosis (73, 74). By contrast,
TB40/E virions contain both gH/gL/gO and gH/gL/UL128-
131A complexes endowing TB40/E virions with the potential to
enter HF either by fusion at the cell surface, by endocytosis, or
by a combination of both mechanisms.

Onset of TB40/E infection was delayed by approximately 2 h
relative to infection with AD169, and this resulted in a similar
delay throughout the time course of infection, with the pro-
portion of IE1/IE2-positive cells in TB40/E-infected monolay-
ers remaining lower than that in AD169-infected cells at each
time and irrespective of the MOI used (Fig. 2A and B). These
differences are likely to be due to slower and less efficient
transport of TB40/E particles, especially if TB40/E entry mech-
anisms require the generation and intracellular movement of
vesicles. Fusion of AD169 virions at the plasma membrane
may allow capsids to associate with microtubules in a rapid and
efficient manner while escape of TB40/E capsids from endo-
somes may require longer times. Although the intracellular
content of AD169 and TB40/E DNA in HF was reported to be
similar at 1.5 hpi (81), HF internalization of radiolabeled
AD169 particles was found to be more efficient than that of the
clinical strain TR (73). The delay in TB40/E infection onset
was also reflected by the lower levels of cell-free virus pro-
duced by infected cells at 72, 96, and 120 hpi although by 144
and 168 hpi AD169 and TB40/E yields had equalized (Fig. 2C).
To our knowledge, this is the first report directly comparing
growth of AD169 and TB40/E in HF. A 10-fold reduction in
cell-free virus yields relative to AD169 has been described for
another clinical strain, VR1814 (1), while repair or comple-
mentation of the UL131A gene mutation in AD169 reduced
virus production in HF (1, 92). It is thus conceivable that
expression of UL131A might be detrimental for efficient

TB40/E production in HF, and additional functions encoded
by genes mutated during the process of AD169 adaptation to
growth in HF may also contribute to the phenotype we ob-
served.

Previous studies have shown that drug-mediated disassembly
of microtubules inhibits onset of infection by CMV (64),
HSV-1 (63), and other viruses (31, 57, 71). Microtubules and
IF are closely connected; hence, chemical disruption of micro-
tubule networks also invariably leads to changes in the orga-
nization of IF, complicating the separation of each system’s
contribution. To dissect the role of vimentin IF during CMV
entry, we determined the efficiency of onset of AD169 and
TB40/E infection in fibroblasts with disrupted or absent IF.

ACR has been widely used to selectively and reversibly dis-
rupt vimentin IF without altering microtubule structures (2, 65,
75) and has been employed in studies addressing the role of IF
in Junin, bluetongue, and dengue virus replication (7, 13, 18).
Treatment of HF with ACR prior to infection with AD169 or
TB40/E resulted in an exposure time-dependent decrease in
the percentage of infected cells (Fig. 4A and B), suggesting
that the integrity of vimentin IF is required for CMV entry.
Changes in cell and nuclear morphology and ACR-induced
inhibition of protein synthesis may also have contributed to
reduce infection rates while the concomitant disassembly of
actin stress fibers may have affected the onset of TB40/E, but
not of AD169 infection, as microfilament disassembly facili-
tates entry of AD169 virions (4). By contrast, cell death was not
considered to be a significant factor as the percentage of cells
with apoptotic nuclei remained consistently low (Fig. 3H and
J), and removal of ACR allowed for resumption of infection
(Fig. 4C and D). Intriguingly, infection recovery after ACR
removal suggests that viral particles are still capable of enter-
ing cells with disrupted vimentin IF. Perhaps in the absence of
an extended vimentin cytoskeleton, virions remain trapped in
the cytoplasm or become unable to deposit the viral genome in
nuclei with membrane invaginations. Restoration of a proper
IF cytoskeleton accompanied by the disappearance of nuclear
folding may then allow for viral particle trafficking and nuclear
genome deposition to resume.

To establish the role of vimentin IF during CMV infection in
a setting that did not involve exposure to pharmacological
agents, IF bundling was induced in fibroblasts from GAN pa-
tients by serum starvation. The phenotype of IF in GAN HF
cultures was less uniform than that in ACR-treated cultures,
with some cells showing more prominent bundling than others
and with bundles localizing in distinct areas of each cell, leav-
ing the rest of the IF network fairly intact (Fig. 5F). Inhibition
of AD169 infection in this system appeared to be temporary
and MOI dependent, which suggests that particles could cir-
cumvent the obstacle represented by accumulated IF when
given enough time or when present in large amounts. By con-
trast, TB40/E infection was severely impacted, and the per-
centage of infected cells did not substantially increase with
time or at higher MOIs. These results point again at possible
differences in AD169 and TB40/E entry mechanisms. As ret-
rograde transport of endocytic vesicles is severely impaired in
neurons from GAN-null mice (19), it is tempting to speculate
that transport of CMV particles toward the nucleus may be
preferentially delayed in GAN HF if capsids are contained
within endosomes rather than free in the cytoplasm following
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penetration at the cell surface. A block in the endocytic route
of infection is also less likely to be overcome by raising the
MOI as the speed and direction of vesicle movements would
still remain the limiting factors even in the presence of numer-
ous particles.

Both AD169 and TB40/E were able to infect MEF cells (Fig.
6), but as was observed with HF cultures, the efficiency of onset
of TB40/E infection in MEF was lower than that of AD169,
pointing at a possible conservation of entry mechanisms be-
tween human and mouse HF. While the proportion of AD169-
infected vim� MEF remained stable from 4 to 24 hpi, an
increase in the percentage of TB40/E-infected cells was ob-
served at 24 hpi at both MOIs. Intriguingly, the number of
vim� MEF containing AD169 particles decreased very rapidly
after penetration was allowed to proceed and remained sta-
ble later on while the reduction in the number of TB40/E-
positive cells occurred much more gradually (Fig. 7). Com-
bined, these results suggest that entry of AD169 is more
rapid and efficient that that of TB40/E, with prompt capsid
trafficking and nuclear genome translocation occurring in
the majority of AD169-infected cells. By contrast, cytoplas-
mic movement of TB40/E virions is lengthier, and, perhaps
as a result of this delay, the percentage of cells expressing
IE1/IE2 increases only at later times in infection. Initiation
of infection with both strains in vim� MEF is dramatically
hampered, particularly at low MOIs, demonstrating that this
protein is required for infection. Intriguingly, although the
absence of vimentin seemed to only reduce the speed of
AD169 particle translocation, it effectively blocked progres-
sion of TB40/E virions. Consequently, the proportion of
AD169-infected vim� cells still increased over time while
TB40/E infection became abortive, perhaps as a result of
virion degradation in the cytoplasm. Viral DNA was indeed
reported to be eliminated from the cytoplasm of endothelial
cells as a consequence of failures in particle transport to-
ward the nucleus and in nuclear genome deposition (82).

In summary, the efficiency of onset of CMV infection
depends on the presence and integrity of the vimentin cy-
toskeleton, which may facilitate virus entry at different
steps. As the proportions of vim� and vim�pp150-positive
cells were similar, a role for vimentin as a CMV receptor at
the cell surface is unlikely (Fig. 8, step a). Likewise, partic-
ipation of IF in uncoating of clathrin from endocytic vesicles
(86) is not expected to impact CMV entry (Fig. 8, step b), as
clathrin-coated endosomes are too small to accommodate
CMV virions (79). By contrast, vimentin could promote
capsid binding to microtubules after entry at the plasma
membrane (Fig. 8, step c), enhance internalization of endo-
cytic vesicles carrying virions bound to integrins (Fig. 8, step
d), or allow for rapid AP-3-mediated acidification of endo-
somes and concomitant intracytoplasmic release of endocy-
tosed virions (Fig. 8, step e). Finally, vimentin interactions
with the nuclear lamina (10) and with cellular DNA (89, 90)
may increase the speed of viral genome translocation across
the nuclear envelope and of IE gene transcription (Fig. 8,
step f). Additional work will be needed to pinpoint the exact
steps during viral entry that require vimentin assistance.
Based on the differences we observed between AD169 and
TB40/E, these will likely depend on the mechanisms of virus

entry and will require the engagement of different virion
components encoded by each strain.
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