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ABSTRACT

Previously we showed that THY-1 has a critical role in the initial stage of infection of certain cell types with human cytomegalo-
virus (HCMV) and that THY-1 is important for HCMV-mediated activation of phosphatidylinositol 3-kinase (PI3K)/Akt during
virus entry. THY-1 is known to interact with integrins and is a major cargo protein of clathrin-independent endocytic vesicles.
Since macropinocytosis involves integrin signaling, is PI3K/Akt dependent, and is a clathrin-independent endocytic process, we
determined whether THY-1 has a role in HCMV entry by macropinocytosis. Using electron microscopy in two cell lines that sup-
port HCMV infection in a THY-1-dependent manner, we found that HCMV enters these cells by a macropinocytosis-like pro-
cess. THY-1 associated with HCMV virions on the cell surface and colocalized with virus inside macropinosomes. 5-(N-Ethyl-N-
isopropyl)amiloride (EIPA) and soluble THY-1 blocked HCMV infection in the cell lines by >80% and 60%, respectively. HCMV
entry into the cells triggered increased influx of extracellular fluid, a marker of macropinocytosis, and this increased fluid uptake
was inhibited by EIPA and by soluble THY-1. Blocking actin depolymerization, Na�/H� exchange, PI3K, and Pak1 kinase, which
are critical for macropinocytosis, impaired HCMV infection. Neither internalized HCMV virions nor THY-1 in virus-infected
cells colocalized with transferrin as determined by confocal microscopy, indicating that clathrin-mediated endocytosis was not
involved in THY-1-associated virus entry. These results suggest that HCMV has adapted to utilize THY-1, a cargo protein of
clathrin-independent endocytotic vesicles, to facilitate efficient entry into certain cell types by a macropinocytosis-like process.

IMPORTANCE

Human cytomegalovirus (HCMV) infects over half of the population and is the most common infectious cause of birth defects.
The virus is the most important infection occurring in transplant recipients. The mechanism of how HCMV enters cells is con-
troversial. In this study, we show that THY-1, a cell surface protein that is critical for the early stage of entry of HCMV into cer-
tain cell types, contributes to virus entry by macropinocytosis. Our findings suggest that HCMV has adapted to utilize THY-1 to
facilitate entry of HCMV into macropinosomes in certain cell types. Further knowledge about the mechanism of HCMV entry
into cells may facilitate the development of novel inhibitors of virus infection.

Human cytomegalovirus (HCMV) infects over half of the gen-
eral population. While the infection is often asymptomatic

when occurring in young children, it poses a serious health threat
in transplant recipients and in immunocompromised individuals.
HCMV is the most common infectious cause of birth defects. The
virus infects a variety of host cells in vivo, including epithelial,
endothelial, and muscle cells as well as fibroblasts. HCMV encodes
multiple glycoproteins, some of which are not shared with other
human herpesviruses, such as UL128, UL130, and UL131A. Other
glycoproteins are conserved, including glycoprotein gH, its chap-
eron protein gL, and gB. This broad array of glycoproteins con-
tributes to diverse mechanisms for the virus to enter into host
cells. Previous studies have shown that low-passage-number clin-
ical isolates of HCMV encode a pentameric complex of gH/gL and
UL128-UL131A, which functions as a determinant for infection of
epithelial and endothelial cells and monocytes, and a gH/gL/gO
trimer (1–6), which facilities HCMV infection in all cell types (7).
However, during prolonged propagation of virus in cell culture,
portions of the UL128-UL131A component of the pentamer are
often lost from the viral genome, resulting in virus that is limited
to infection of fibroblasts. The pentamer and trimer glycoprotein
complexes interact with specific cellular receptors in a cell type-
dependent manner (8), which has been postulated to lead to the
recruitment of gB and to trigger membrane fusion (9). However, a

recent study showed that HCMV gH/gL and gB form stable gB-
gH/gL complexes that are incorporated into virions prior to re-
ceptor binding or membrane fusion and that only small amounts
of gH/gL/gO and gH/gL/UL128-131A complexes are associated
with gB (10).

Entry of viruses into cells involves a repertoire of multiple cel-
lular proteins and diverse entry pathways (11). While herpes sim-
plex virus (HSV), Epstein-Barr virus (EBV), and HCMV can pen-
etrate directly through the plasma membrane by pH-independent
fusion into the cytosol of certain cell types (12–14), the major
route of entry for these viruses is through endocytic pathways,
including clathrin-mediated endocytosis (CME), macropinocyto-
sis, caveolar/lipid raft-mediated endocytosis, and phagocytosis
(11, 12, 15–20). Engagement of specific cellular receptors and/or
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entry mediators by viral ligands plays a key role in sorting virions
into different endocytic pathways (11).

Several host molecules have been postulated to have roles in
facilitating HCMV entry, including platelet-derived growth factor
receptor alpha (PDGFR-�) (18, 21), epidermal growth factor re-
ceptor (EGFR) (22), DC-SIGN (23), �V�3 and �1 integrins (24,
25), and paxillin (26). The use of these molecules to facilitate
HCMV entry is often cell type dependent (18, 27, 28). Previously,
we showed that expression of cell surface antigen THY-1 (CD90)
highly correlates with HCMV infectivity (29). Loss-of-function
experiments using soluble THY-1, specific antibody, and small
interfering RNAs (siRNAs) demonstrated that THY-1 contributes
to HCMV infection at an early stage of entry; inhibition of THY-1
blocked HCMV-triggered activation of phosphatidylinositol 3-ki-
nase (PI3K)/Akt signaling, which has been reported to be required
for entry (6, 21, 30). Expression of exogenous THY-1 in a cell line
that expresses little endogenous THY-1 and is refractory to
HCMV infection enhanced HCMV infectivity within the first 60
min postinfection. Therefore, THY-1 likely functions as an
HCMV entry mediator in certain cell types (29).

THY-1 is a 27-kDa glycosylphosphatidylinositol (GPI)-linked
cell surface glycoprotein expressed on numerous cell types. It par-
ticipates in several signaling pathways and affects numerous bio-
logical processes, including cellular adhesion, neurite outgrowth,
tumor growth, migration, and cell death (31). THY-1 interacts
with integrins and recruits paxillin (32). GPI anchors target pro-
teins to specific lipid raft microdomains or detergent-resistant
membranes that provide critical platforms for signaling and
membrane trafficking (33, 34) and are important for herpesvirus
infection (30, 35–38). THY-1 is a major cargo protein of clathrin-
independent endocytotic carriers (39). Therefore, we investigated
whether THY-1 contributes to HCMV infection by facilitating
entry of the virus through endocytic pathways. Previous studies
showed that HCMV enters dendritic cells through a macropi-
nocytosis-like pathway in a pH-independent and cholesterol-de-
pendent manner (40) and enters primary fibroblasts through
macropinocytosis that is dynamin dependent (41). Since mac-
ropinocytosis occurs constitutively in dendritic cells and macro-
phages but not in epithelial cells, such as HEK293, HEp2, and
A431 cells, that require growth factor stimulation (42–46), it is
unclear whether HCMV utilizes the same pathway in other cells of
different origins. Here we show that THY-1 mediates HCMV en-
try in three different cell lines through an endocytic pathway that
has many of the major features of macropinocytosis in a low-pH-
and dynamin-dependent manner, which provides additional evi-
dence supporting the role of THY-1 in HCMV entry and the role
of macropinocytosis in virus entry.

MATERIALS AND METHODS
Cells, viruses, and reagents. Human diploid fibroblasts (MRC-5 cells)
were obtained from the American Type Culture Collection (ATCC) (Ma-
nassas, VA) and maintained in minimum essential medium or F12 me-
dium with 10% fetal bovine serum (FBS). HS-578T adenocarcinoma and
SNB-19 glioblastoma cells were obtained from Charles River Laboratories
(Frederick, MD) and grown in RPMI 1640 medium with 10% FBS.

HCMV Towne-GFP and AD169 were propagated in MRC-5 cells. Cell
culture supernatants from virus-infected cells were centrifuged at 2,000 �
g for 30 min at 4°C, and the clarified supernatants were used as virus stocks
or further partially purified by centrifugation through a 20% sucrose or
sorbitol cushion at 35,000 � g at 4°C for 60 min and resuspended in RPMI
1640 medium with 10% FBS.

Anti-HCMV pp65 monoclonal antibody (MAb) was purchased from
Virusys (Taneytown, MD). THY-1 monoclonal antibody 5E10 and IgG1
isotype control antibody were purchased from BioLegend (San Diego,
CA). Polyclonal goat anti-THY-1 was obtained from Novus (Littleton,
CO). Transferrin-conjugated Alexa 488- and AlexaFluo-conjugated sec-
ondary antibodies were purchased from Invitrogen (Grand Island, NY).
IPA-3 (EMD, Chicago, IL), dynasore monohydrate, and filipin III (Santa
Cruz, Santa Cruz, CA), jasplakinolide (Calbiochem, San Diego, CA),
5-(N-ethyl-N-isopropyl)amiloride (EIPA), bafilomycin A1, and monen-
sin (Sigma-Aldrich, St. Louis, MO), and LY294002 (Cell Signaling Tech-
nology, Boston, MA) were used to inhibit virus entry.

Scanning electron microscopy. Cells were grown and infected on sil-
icon chips, fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer, and then postfixed with 1.0% osmium tetroxide in 0.1 M sodium
cacodylate buffer. Specimens were dehydrated with a graded ethanol se-
ries, critical point dried under CO2 in a Bal-Tec model cpd 030 drier
(Balzers, Liechtenstein), mounted on aluminum studs, and sputter coated
with 50 Å of iridium in a model IBSe ion beam sputter coater (South Bay
Technologies, San Clemente, CA) prior to viewing at 5 kV in a Hitachi
SU-8000 field emission scanning electron microscope (Hitachi, Tokyo,
Japan).

Transmission electron microscopy. Specimens were fixed over-
night at 4°C with 2.5% glutaraldehyde– 4% paraformaldehyde in 0.1 M
sodium cacodylate buffer, pH 7.4. Samples were postfixed for 1 h with
0.5% osmium tetroxide– 0.8% potassium ferricyanide, stained over-
night with 1% uranyl acetate at 4°C, dehydrated with a graded ethanol
series, and embedded in Spurr’s resin. Thin sections were cut with an
RMC MT-7000 ultramicrotome (Ventana, Tucson, AZ) and stained
with 1% uranyl acetate and Reynold’s lead citrate prior to viewing at 80
kV on an FEI BT Tecnai transmission electron microscope (FEI, Hills-
boro, OR). Digital images were acquired with an AMT digital camera
system (AMT, Chazy, NY).

Immune labeling and cryo-immunoelectron microscopy. Cells in
suspension were fixed with 0.1% glutaraldehyde–2% paraformaldehyde
in 0.1 M phosphate buffer overnight. Cells were washed with phosphate-
buffered saline (PBS), resuspended in 10% liquid gelatin, centrifuged into
a pellet, and then allowed to solidify at 4°C for 2 h. The gelatin pellet was
cut into small cubes and immersed in 2.3 M sucrose overnight. Sections of
70 nm were cut at �120°C, picked up with a mixture of methylcellulose
and sucrose, and placed on freshly glow-discharged 200-mesh nickel grids
with Formvar-carbon coating. The grids were incubated on 20-�l drop-
lets of 0.1% glycine in phosphate buffer for 5 min and then blocking
reagent (1% bovine serum albumin [BSA]–Tris) for 10 min. Isotype con-
trol IgG1 and monoclonal THY-1 antibodies were diluted 1:10 in 1%
BSA–Tris, and grids were incubated on 10-�l droplets for 30 min. After
four 2-min washes with blocking buffer, the grids were incubated with
5-nm BBI colloidal gold-conjugated anti-mouse secondary antibody (Ted
Pella, Redding, CA) diluted 1:25. Specimens were imaged by transmission
electron microscopy as described above.

Confocal microscopy. HCMV AD169 and transferrin-Alexa 488 con-
jugates were incubated with cells on ice for 60 min to allow binding. The
temperature was then raised to 37°C for 45 min to internalize virus.
HCMV and transferrin reagent that still remained outside the cells after
internalization were inactivated and quenched, respectively, with low-pH
citrate buffer (40 mM sodium citrate, 10 mM potassium chloride, 135
mM sodium chloride, pH 3.2) at room temperature for 3 min. The cells
were then fixed with 2% paraformaldehyde and 0.25% glutaraldehyde in
PBS and mounted with DAPI (4=,6=-diamidino-2-phenylindole)–Fluoro-
mount-G (Southern Biotech, Birmingham, AL). Confocal imaging was
performed with a Leica SP5 X-WLL microscope.

Inhibition of HCMV infection with chemical inhibitors and RT-
qPCR to monitor infectivity. Chemical inhibitors were dissolved in buf-
fer or solvent as specified by the manufacturer and further diluted with cell
culture medium to reduce the amount of solvent used. HS-578T cells were
pretreated with inhibitors at 37°C for 60 to 90 min. HCMV was then

HCMV Entry by Macropinocytosis-Like Process and THY-1

November 2016 Volume 90 Number 21 jvi.asm.org 9767Journal of Virology

http://jvi.asm.org


added in the presence of the inhibitors on ice and left for 45 min, and the
temperature was raised to 37°C for 5.5 h to initiate infection before the
cells were lysed and total RNA was extracted using an RNeasy minikit
(Qiagen, Valencia, CA) following the manufacturer’s instructions. To
eliminate DNA contamination, RNA was treated with DNase I (Roche
Applied Science, Indianapolis, IN) and purified a second time with an
RNeasy minikit. Quantitative real-time reverse transcription-PCR (RT-
qPCR) was performed using One-step RT-PCR Master mix reagent (Pro-
mega, Madison, WI) with a 7500 real-time PCR machine. Primers and
probes for detection of HCMV immediate early gene UL123 and late gene
UL55 were described previously (108), and the following oligonucleotides
were used: UL123, 5=-TCCCGCTTATCCTCAGGTACA, 5=-TGAGCCTT
TCGAGGAGATGAA, and 5=-FAM-TCTCATACATGCTCTGCATAGT
TAGCCCAATACA; UL55, 5=-TGGGCGAGGACAACGAA, 5=-TGAGGCT
GGGAAGCTGACAT, and 5=-FAM-TGGGCAACCACCGCACTGAGG.
Primers and Vic-labeled probe for GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) were purchased from Applied Biosystems (Carlsbad,
CA). Serial dilutions of HCMV Bac DNA or human GAPDH plasmid
were used to generate standard curves, and copy numbers of HCMV
RNAs were normalized to copy numbers of human GAPDH amplified
from the same wells. DNA contamination was monitored by performing
PCR amplification without reverse transcriptase.

Fluid-phase marker uptake. Cells were serum starved in OPTI-MEM
medium (Invitrogen, Grand Island, NY) for 5 h. HCMV (Towne) was
then added to cells and bound on ice for 60 min. Fluorophore-conjugated
dextran (Invitrogen, Grand Island, NY) was added at 0.5 mg/ml. The
temperature was shifted to 37°C for 60 min. The cells were then treated
with low-pH citrate buffer (40 mM sodium citrate, 10 mM potassium
chloride, 135 mM sodium chloride, pH 3.2) for 3 min to quench the
remaining extracellular dextran-fluorescein isothiocyanate (dextran-
FITC) and virus (29) and washed extensively with PBS. The uptake of
dextran was quantified by fluorescence-activated cell sorter (FACS) anal-
ysis.

RESULTS
HCMV virions enter HS-578T and SNB-19 cells via macropi-
nocytosis but not by clathrin-coated endocytosis. Previously we
showed that HS-578T adenocarcinoma cells support produc-
tive HCMV infection and produce progeny virus and that in-
hibiting THY-1 expression or blocking its activity reduced
HCMV infection within the first hour of infection (29). We also
found that blocking THY-1 inhibited virus-induced activation
of PI3K/Akt. THY-1 is known to interact with integrins (47–
50) and is a major protein present in clathrin-independent
endocytic vesicles (39). Since macropinocytosis is PI3K/Akt
dependent, involves integrin signaling, and is a clathrin-inde-
pendent endocytic process, we determined whether THY-1 has
a role in HCMV entry by macropinocytosis. Macropinosome
formation is a result of organized movement of the plasma
membrane and actin cytoskeleton, a multistep process includ-
ing membrane ruffling and cup-shaped invagination of the
plasma membrane (ruffle cup closure) (42). Virus-induced
membrane ruffling can include different forms, including la-
mellopodial ruffles and filopodial protrusions and blebs. The
variation in morphology is determined by the properties of the
virus, the cell type infected, the receptor used, and the signaling
pathways that are engaged (51).

To visualize HCMV entry we bound virus onto cells at 4°C and
then raised the temperature to 37°C for internalization. The cells
were then fixed and studied by electron microscopy. Scanning
electron microscopy showed that HCMV induced cell surface
membrane ruffling and blebbing in HS-578T cells, and virus par-
ticles were observed to associate with lamellipodium-like protru-

sions and ruffles (Fig. 1). A similar association of virions with
membrane ruffles was also observed by transmission electron mi-
croscopy and showed features consistent with macropinocytosis
(42, 52). Large vesicles (diameter of �200 nm) harboring HCMV
virions were readily observed just under the plasma membrane
(Fig. 2). The morphology of HCMV-containing macropinosomes
was closely analogous to what has been observed with other vi-
ruses that enter cells by macropinocytosis (40, 52, 53). Like that of
HS-578T cells, HCMV infection of SNB-19, a glioblastoma cell
line, is THY-1 dependent at the entry step (29). Electron micros-
copy showed that most internalized HCMV particles were local-
ized inside macropinosomes within the first 90 min of infection
(Fig. 3), thus providing additional evidence for THY-1-mediated
HCMV entry through macropinocytosis in an additional cell type.

To rule out the involvement of clathrin-dependent endocytosis
in HCMV entry, we performed confocal microscopy using an en-
dosomal marker, transferrin, in HS-578T cells (54). Purified
HCMV AD169 virus and Alexa 488-conjugated transferrin were
bound to the cell surface on ice, and entry was initiated at 37°C for
45 min. HCMV was identified by using a monoclonal antibody
against virus-encoded tegument protein pp65. In the absence of
transferrin, internalized HCMV was distributed evenly in the cy-
toplasm (Fig. 4A). Transferrin was also distributed evenly in the
cytoplasm in the absence of HCMV (Fig. 4B). Entry of HCMV
resulted in redistribution of transferrin from a diffuse to a more
clumped pattern; however, HCMV did not colocalize with trans-
ferrin (Fig. 4C). Since transferrin has been shown to enter cells
using clathrin-coated endosomes (54), these results indicate that
HCMV does not use this pathway for entry in HS-578T cells.
THY-1 did not colocalize with transferrin-Alexa 488 in either the
absence (Fig. 4D) or presence (Fig. 4E) of virus, indicating that
THY-1 was not present in clathrin-coated endosomes. These data
are consistent with a previous report that THY-1 is excluded from
clathrin-coated pits (55).

THY-1 colocalizes with HCMV virions on the cell surface
and inside macropinosomes. To determine if THY-1 is localized
in macropinosomes and whether THY-1 contributes to the ob-
served association of HCMV and macropinosomes, we performed
cryo-immunoelectron microscopy. HCMV was allowed to bind to
HS-578T cells on ice, and the temperature was raised to 37°C for
90 min to internalize the virus. The cells were then fixed in 2%
paraformaldehyde and 0.25% glutaraldehyde in PBS and stained
with anti-THY-1 mouse monoclonal antibody followed by gold-
conjugated anti-mouse antibody. THY-1 colocalized with virions

FIG 1 HCMV induces membrane ruffling and blebbing in HS-578T cells.
HS-578T cells were incubated with HCMV on ice. The temperature was then
raised to 37°C for 60 min to initiate internalization. Scanning electron micros-
copy was then performed as described in Materials and Methods. HCMV (blue
arrows) was observed in close contact with lamellipodium-like protrusions
and ruffles (red arrows) and membrane blebs (orange arrows).
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at the cell surface and in cell junctions (Fig. 5A, B, and C). In some
fields, THY-1 was detected on the membrane in a morphological
structure described as cup closure during macropinosome forma-
tion, together with HCMV virions (42) (Fig. 5D). Furthermore,
THY-1 was present inside mature macropinosomes with virions
(Fig. 6). Thus, cryo-immunoelectron microscopy provided strong
evidence indicating that THY-1 is associated with HCMV virions
inside macropinosomes.

Inhibiting macropinocytosis interferes with HCMV infec-
tivity. A hallmark of virus entry by macropinocytosis is activation
of signaling pathways following virus attachment and receptor
clustering (11, 42, 51). These pathways are necessary for initiating
actin remodeling that ensures membrane ruffling, invagination,
and maturation of macropinosomes and primes host cells for in-
fection (56). Inhibitors targeting different steps in the macropi-
nosome formation process have been used to elucidate the mech-

anisms of virus entry. 5-(N-Ethyl-N-isopropyl)amiloride (EIPA)
inhibits membrane ruffling by blocking Na�/H� exchange, alter-
ing submembranous pH, and inhibiting signaling by Rac1 and
Cdc42 (57). It is generally recognized that EIPA is the most selec-
tive inhibitor currently used for macropinocytosis (11, 58). We
treated HS-578T cells with EIPA for 60 min, infected the cells with
HCMV, and isolated RNA 4.5 to 5.5 h later. HCMV infectivity was
then measured by RT-qPCR amplifying UL123 or by amplifying
UL123 and UL55 gene products simultaneously. A previous study
showed that double priming, detecting UL123 (an early gene) and
UL55 simultaneously, resulted in higher sensitivity and earlier de-
tection of HCMV RNA (59, 60). Although UL55 is a late gene,
UL55 transcripts start to appear at 4 h postinfection, and expres-
sion is not strictly dependent on new viral DNA synthesis (61, 62).
The copy number of HCMV UL123 RNA was then normalized
against the copy number of GAPDH RNA that was simultaneously
amplified in the same reaction as an internal control. EIPA abol-
ished 90% of HCMV infectivity in HS-578T cells compared with a
dimethyl sulfoxide (DMSO) control (Fig. 7A) (P 	 0.0001, 3 in-
dependent experiments). The inhibitory effect of EIPA on infec-
tivity was dose dependent (Fig. 7B). The level of GAPDH RNA was
the same in cells treated with the highest dose of EIPA and DMSO
(the solvent for EIPA). In addition, cell viability, determined by
CytoTox-One assay (Promega, Madison, WI) which measures cell
membrane integrity, was similar in EIPA-treated cells and solvent
controls (Fig. 7C and D), indicating that EIPA was not cytotoxic
under these conditions. Previously, we reported that soluble
THY-1 (sTHY-1) blocks HCMV entry (29). Here we compared
the inhibitory effects of EIPA and sTHY-1. Treatment of HS-578T
cells with EIPA or sTHY-1 alone reduced HCMV infectivity by
90% and 60%, respectively (Fig. 7E). Less than 5% of the total
infectivity was resistant to combined treatment with EIPA and
sTHY-1. We previously showed that entry of HCMV into SNB-19
glioblastoma cells is THY-1 dependent (29). Pretreatment of

FIG 2 HCMV virions enter HS-578T cells via macropinocytosis. HCMV was bound to HS-578T cells and internalized for 90 min as described in the legend to
Fig. 1. Transmission electron microscopy of HCMV-infected cells was performed, and virions were observed undergoing macropinocytosis with ruffling of
membranes and ruffle closure over virions (panels A and B). Virions are seen inside macropinosomes (C to F). In 32 electron microscopy fields with virus-
infected HS-278T cells, we observed that 81% (74/91) of HCMV particles were inside macropinosomes, while 19% (17/91) of particles were free in the cytoplasm
within 90 min of infection.

FIG 3 HCMV virions enter SNB-19 cells via macropinocytosis. HCMV was
added to SNB-19 cells on ice for 60 min and then internalized for 90 min and
observed under a transmission electron microscope as described in the legend
to Fig. 2. In 20 electron microscopy fields with virus-infected SNB-19 cells,
87% (33/38) of HCMV particles were inside macropinosomes, while 13%
(5/38) of HCMV particles were free in the cytoplasm.
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SNB-19 cells with EIPA reduced HCMV infectivity by 80% in
multiple independent experiments, and treatment with sTHY-1
reduced HCMV infectivity by 75% (Fig. 7F). Treatment with
combined sTHY-1 and EIPA slightly reduced the HCMV infectiv-
ity compared to that with EIPA alone or sTHY-1 alone. These data
suggest that macropinocytosis is an important pathway for inter-
nalization of HCMV. Since 80% of HCMV infectivity was THY-1
dependent and EIPA sensitive, the data imply that THY-1 medi-
ates HCMV entry by macropinocytosis.

Actin remodeling is essential for macropinosome formation,
and inhibitors of actin remodeling such as jasplakinolide and cy-
tochalasin D have been used to assess the role of macropinocytosis
in virus infection (38, 40, 63–65). Treatment of HS-578T cells with
jasplakinolide reduced HCMV infectivity (Fig. 8A) (P 	 0.001, 6
independent experiments) at a nontoxic dose (Fig. 8B). Inhibition

FIG 4 HCMV internalization does not involve clathrin-coated endosomes. The results of a confocal microscopy study using a Leica SP5 microscope are shown.
(A) HS-578T cells were exposed to HCMV on ice, followed by internalization at 37°C for 45 min, and virus internalization was terminated using a low-pH citrate
buffer wash to inactivate noninternalized virus and remove the soluble proteins. The cells were then fixed and stained with monoclonal anti-pp65 followed by
anti-mouse–Alexa 594 (red) secondary antibody. Nuclei were stained with DAPI (4=,6=-diamidino-2-phenylindole). (B) HS-578T cells were incubated with
transferrin-conjugated Alexa 488 (green) on ice and then at 37°C for 45 min. After a low-pH buffer wash as described above, the cells were fixed and observed
under the microscope. (C) HS-578T cells were incubated with both transferrin and HCMV as described for panels A and B. After the acid buffer wash, the cells
were fixed and stained in the same manner as cells shown in panel A. (D and E) HS-578T cells were incubated with transferrin alone (D) or with both transferrin
and HCMV (E) as described for panel C and then fixed and stained with a goat anti-THY-1 antibody followed by anti-goat–Alexa 549 (red) secondary antibody.

FIG 5 THY-1 colocalizes with HCMV virions on the cell surface and at cell
junctions. HCMV was incubated with HS-578T cells and internalized as de-
scribed in the legend to Fig. 2. The cells were fixed with 2% paraformaldehyde
and 0.25% glutaraldehyde in PBS. Cryo-immunoelectron microscopy was
performed with monoclonal anti-THY-1 antibody or isotype control antibody
as described in Materials and Methods. Anti-mouse secondary antibody was
conjugated with 5-nm gold particles. (A to C) HCMV virions (blue arrows)
colocalized with THY-1 labeled with gold particles (red arrows) on the cell
surface (A and B) and at cell junctions (C). Two representative micrographs
are shown from over 20 fields in which THY-1 colocalized with virions. Insets
show THY-1 associated with virus particles. (D) Both virions and THY-1 co-
localized in a plasma membrane structure termed a “ruffle cup” in the process
of macropinosome formation (42). The contour of the membrane invagina-
tion is outlined with orange arrows. Insets show THY-1 associated with virus
particles. Bars represent 200 nm.

FIG 6 THY-1 colocalizes with HCMV virions inside macropinosomes.
HCMV virions (blue arrows) colocalized with 5-nm-gold-labeled THY-1 (red
arrows) inside large intracellular vesicles with diameters greater than 200 nm,
a hallmark of macropinosomes. In 29 fields, we observed 70 virions and 296
labeled THY-1 particles inside macropinosomes, with 134 THY-1 particles in
direct association with virus. Two representative fields are shown. Insets show
THY-1 associated with virus particles. Bars represent 200 nm.
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of actin remodeling with cytochalasin D also impaired virus infec-
tion in a dose-dependent manner (Fig. 8C). Within the dose range
used, no detectable cytotoxicity was observed as assessed by mon-
itoring the GAPDH RNA level and cell viability (Fig. 8D and E).

The GTPase dynamin regulates endocytic vesicle formation
and is generally required for clathrin- and caveola-mediated en-
docytosis; however, dynamin is also involved in some clathrin-
and caveola-independent endocytic pathways (54). Dynasore in-
hibits the GTPase activity of both dynamin 1 and dynamin 2 (66).
Treatment of HS-578T cells with dynasore reduced HCMV infec-
tivity (Fig. 9A) (P 
 0.006, 3 independent experiments), indicat-
ing that HCMV infection of epithelial cells is dynamin dependent.
A prior study showed that dynamin is important for efficient in-
ternalization of HCMV into monocytes but not into fibroblasts
(6), providing further evidence for cell type-specific entry of
HCMV.

Cholesterol is concentrated in lipid raft microdomains on the
plasma membrane, is required for actin reorganization and mem-
brane ruffling, and provides a platform for recruitment of acti-
vated signaling molecules such as Rac1 (33, 67). All of these fea-

tures are required for macropinocytosis (68). THY-1 has been
shown to localize in lipid rafts, and clustering of THY-1 is choles-
terol dependent (69–71). Filipin is a polyene antibiotic and binds
selectively to cholesterol, forming complexes in the plasma mem-
brane that sequester cholesterol (72). In addition, treatment with
filipin leads to unclustering of GPI-anchored proteins (73, 74).
Depletion of cholesterol with filipin reduced HCMV infection
(Fig. 9B) (P 
 0.015, 2 independent experiments). These findings
are consistent with a previous report that cholesterol is required
for HCMV entry into fibroblasts (75).

Activation of macropinocytosis is often initiated by ligand-
induced dimerization of receptor tyrosine kinases on the cell sur-
face and the subsequent activation of signaling cascades (42, 76).
PI3K and Pak1 are critical checkpoints for actin modulation, ruf-
fle cup closure, and macropinosome trafficking (11). Treatment
of the cells with a Pak1 inhibitor, IPA-3, blocked HCMV infection
by �80% (Fig. 10A) (P 
 0.0002, 2 independent experiments).
Inhibition of HCMV infection by IPA-3 was dose dependent (Fig.
10B) and cytotoxicity was not observed (Fig. 10C and D). Simi-
larly, incubation of cells with LY294002, a PI3K inhibitor, inhib-

FIG 7 Macropinocytosis inhibition of HCMV infection by EIPA is dose dependent, and EIPA and soluble THY-1 protein block HCMV infection to similar
extents. (A and B) HS-578T cells were pretreated with EIPA at 215 �M (A) or at various concentrations (B), followed by HCMV infection for 4.5 to 5.5 h. RNA
was extracted, and HCMV transcripts were detected using RT-qPCR and normalized against GAPDH amplified from the same reaction as an internal control.
(C) To assess potential cytotoxicity, the level of GAPDH RNA was determined by RT-qPCR at the highest dose used for panel B (100 �M). (D) CytoTox-One
assay was used to assess cytotoxicity based on cell membrane damage at the end of the infection. (E and F) HS-578T (E) and SNB-19 (F) cells were pretreated with
50 �M EIPA or DMSO solvent. HCMV was incubated with soluble THY-1 protein or control (filtrates that contained the same buffer composition) at room
temperature for 10 min, and cells were infected for 4.5 h. RNA was extracted, and HCMV transcripts were detected using RT-qPCR and normalized against
GAPDH amplified from the same reaction as an internal control.
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ited HCMV infection by 60% (Fig. 10E) (P 	 0.01, 5 independent
experiments). Previously, we have shown that blocking THY-1
with siRNA or antibody inhibited HCMV-induced PI3K activa-
tion within the first 45 min of infection (29). Thus, inhibiting
macropinosome formation in HS-578T cells by several different
mechanisms all led to impaired HCMV infection during virus
entry into the cells. Similar results were also observed with MRC-5
fibroblasts, in which inhibitors targeting macropinocytosis se-
verely impaired HCMV infectivity (Fig. 11A and B) at nontoxic
doses (Fig. 11C). The inhibition was dose dependent (Fig. 11D
and E). Importantly, these inhibitors were required to be present
before infection, since adding the inhibitors 2 h after infection
(designated “added-in” in Fig. 11B) failed to block infectivity,
with the exception of IPA-3, a Pak1 inhibitor. The failure of IPA-3
to block HCMV infectivity when added after infection is likely due
to the observation that p21-activated kinases (Pak) have an im-
portant role in virus replication (77). We also tested whether sev-
eral other viruses, including vaccinia virus, adenovirus, respira-
tory syncytial virus, and human papillomavirus pseudovirions,

FIG 8 Actin remodeling is important for HCMV-induced macropinocytosis. (A) HS-578T cells were pretreated with jasplakinolide (200 nM) for 60 min,
followed by HCMV infection for 60 min. Virus internalization was then terminated by a low-pH buffer wash to inactivate any remaining extracellular virus. After
an additional 5 h in culture, RNA was extracted and HCMV transcripts were detected using RT-qPCR and normalized against GAPDH amplified from the same
reaction as described for Fig. 7. (B) The quantity of GAPDH RNA was determined by RT-qPCR to assess potential cytotoxicity. (C) HS-578T cells were pretreated
with cytochalasin D (CytoD) at the indicated concentration, followed by HCMV infection for 4.5 h. RNA was extracted, and HCMV transcripts were detected
using RT-qPCR and normalized against GAPDH amplified from the same reaction as an internal control. Infectivity was then normalized against that of the
solvent control. (D) To assess potential cytotoxicity, the level of GAPDH RNA was determined by RT-qPCR at the highest CytoD concentration used for panel
C (2.5 �M). (E) Cell viability was also monitored by CytoTox-One assay with 2.5 �M CytoD at the end of the infection.

FIG 9 Dynamin and cholesterol are important for HCMV-triggered macropi-
nocytosis. HS-578T cells were pretreated with dynasore (71 �M) (A) or filipin
(7.0 �g/ml) (B) for 60 to 90 min, followed by HCMV infection for 5.5 h. RNA
was extracted, and HCMV transcripts were detected using RT-qPCR and nor-
malized against GAPDH amplified from the same reaction. Representative
data from multiple independent experiments are shown for each inhibitor.
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use macropinocytosis to enter HS-578T cells. We found that the
macropinocytosis inhibitors we used that blocked HCMV entry
also blocked entry of the other viruses, indicating that these vi-
ruses infect HS-578T cells through macropinocytosis, consistent
with prior reports that these viruses use macropinocytosis to enter
other cell types (63, 64, 78, 79).

Entry of HCMV triggers increased uptake of extracellular
fluid. Increased influx of extracellular fluid is one of the hallmarks
of macropinocytosis, a result of membrane ruffling and invagina-
tion to form large fluid-filled vesicles. The process often occurs as
a transient response to growth factor or virus stimulation (11, 58).
However, numerous studies have shown that in antigen-present-
ing cells and in certain tumor cell lines, macropinocytosis is con-
stitutively active such that efficient accumulation of fluid-phase
markers is not dependent on stimulation by exogenous factors
(42, 43, 80–82). Fluorophore-labeled high-molecular-mass poly-
saccharides, such as 10-kDa and 70-kDa dextrans, have been used
to quantify extracellular fluid uptake during virus entry (63, 65,
79, 83–86). We incubated HCMV with SNB-19 cells on ice for 1 h,
added FITC-conjugated 10-kDa or 70-kDa dextran to the cells,
and shifted the temperature to 37°C for 1 h to allow virus inter-
nalization. Entry of HCMV was associated with increased dextran
uptake compared with that in mock-infected cells (Fig. 12A [10-
kDa dextran, 9 independent experiments] and B [70-kDa dextran,
4 independent experiments]). Pretreatment of the cells with EIPA,
an inhibitor of macropinocytosis, blocked virus-triggered uptake

of dextran (Fig. 12A and B). Interestingly, in multiple experiments
with HS-578T cells, we did not observe a significantly increased
fluid influx associated with HCMV (Fig. 12C) compared with the
case for SNB-19 cells (Fig. 12D). Instead, HS-578T consistently
demonstrated a higher level of baseline fluid influx than SNB-19
(Fig. 12C versus D), suggesting a possibility of constitutive mac-
ropinocytosis. To verify this, we stimulated the cells with EGF,
which has been shown to trigger macropinocytosis through acti-
vation of receptor tyrosine kinase and EGFR (58, 81, 82, 87).
While EGF stimulation resulted in increased fluid uptake in
SNB-19 cells, EGF failed to increase fluid uptake further in HS-
578T cells (Fig. 12E). Furthermore, the high baseline of fluid in-
flux in HS-578T cells was macropinocytosis dependent, since
treatment with EIPA totally abolished the fluid influx in HS-578T
cells (Fig. 12F). Taken together, these data strongly suggest that
HS-578T cells undergo constitutively active macropinocytosis.

Soluble THY-1 blocks HCMV internalization, and virus en-
try triggers influx of 70-kDa dextran, a marker of macropinocy-
tosis. Since THY-1 blocks HCMV entry in SNB-19 cells (29) (Fig.
7F), we determined whether sTHY-1 also blocks HCMV-triggered
macropinocytosis. HCMV was preincubated with sTHY-1 or con-
trol protein (filtrates from the sTHY-1 preparation in which
sTHY-1 was removed by a size exclusion column) at room tem-
perature for 10 min and bound to SNB-19 cells on ice for 60 min.
A marker of macropinocytosis, dextran (70 kDa)-FITC (46, 88),
was then added at 0.5 mg/ml and 37°C and left for 60 min. The

FIG 10 Disrupting PI3K and p21-activated kinase 1 (Pak1) signaling blocks HCMV infection. HS-578T cells were pretreated with the Pak1 inhibitor IPA-3
at16.7 �M (A) or at the indicated concentration (B) or treated with the PI3K inhibitor LY294002 (12.5 �M) (E) and infected with HCMV as described for Fig.
7. Infection was monitored either by RT-qPCR for HCMV UL123 at 5.5 h postinoculation (A) or by FACS for HCMV-GFP positive cells at day 3 postinfection
(E). The level of GAPDH RNA (C) and cell viability (D) were measured to assess potential cytotoxicity associated with IPA-3 as described in the legend to Fig. 7.
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cells were then treated with low-pH citrate buffer for 3 min to
quench any remaining extracellular dextran-FITC and inactivate
virus, washed extensively with PBS, and fixed with 2% parafor-
maldehyde and 0.25% glutaraldehyde. HCMV was stained with a
MAb against pp65 (Virusys, Taneytown, MD), followed by anti-
mouse–Alexa 594-labeled secondary antibody. Confocal imaging
of the cells was performed, and the mean fluorescence intensities
for internalized virus particles (red) and dextran (green) were
normalized against the number of cells. sTHY-1 blocked internal-
ization of HCMV by nearly 40% (Fig. 13A). Pretreatment of
HCMV with sTHY-1 diminished both internalized virus and dex-
tran by over 50% (Fig. 13B to E). These data imply that THY-1 is
important for entry of HCMV into cells by macropinocytosis.

Entry of HCMV in HS-578T and MRC-5 cells is pH depen-
dent. Most viruses that use macropinocytosis as their primary
entry pathway require low pH for internalization (11). HCMV has
been reported to enter dendritic cells through a macropinocyto-

sis-like pathway, which occurs at neutral pH (40). To determine if
a low pH is needed for the macropinocytic entry of HCMV into
HS-578T epithelial cells, we treated the cells with several lysoso-
motropic agents and followed infection. Ammonium chloride
(NH4Cl) is a weak base that raises the pH of acidic endosomal
compartments. Pretreating HS-578T cells with NH4Cl inhibited
HCMV infectivity in a dose-dependent manner (Fig. 14A and B);
no loss of in cell viability was observed at the highest concentra-
tion of NH4Cl (Fig. 14C). Monensin, a carboxylic ionophore that
blocks endosomal acidification, and bafilomycin A1, an inhibitor
of the vacuolar H�-ATPase in the endosomal membrane which
prevents acidification of endosomal vesicles, both inhibited
HCMV infectivity (Fig. 14D) (4 independent experiments). Com-
pared to NH4Cl or monensin, bafilomycin A1 had less of an in-
hibitory effect on HCMV infectivity. Nonetheless inhibition of
infection was significant (P 	 0.01 for each inhibitor versus sol-
vent control) and reproducible in multiple independent experi-

FIG 11 HCMV infection of MRC-5 cells is sensitive to macropinocytosis inhibitors during entry. (A and B) MRC-5 cells were pretreated with EIPA (50 �M),
IPA-3 (25 �M), dynasore (50 �M), cytochalasin D (CytoD) (2 �M), jasplakinolide (Jasp) (200 nM), or 0.1% DMSO (solvent) at 37°C for 60 min, followed by
infection for 4.5 h. For the “added-in” groups (B), the cells were infected in parallel with the pretreatment groups; after infection at 37°C for 2 h, the inhibitors
were added to the same concentration as in the pretreatment groups and cultured for additional 2.5 h. RNA was extracted from the cells, treated with DNase I,
and repurified. HCMV UL123 expression was monitored by RT-qPCR and normalized against GAPDH amplified in the same reaction. Infectivity was then
normalized against that of the DMSO group. (C) Quantitation of GAPDH RNA by RT-qPCR to monitor cytotoxicity at the end of the 4.5-h infection. (D and E)
MRC-5 cells were pretreated with the indicated amount of dynasore (D) or cytochalasin D (CytoD) (E) or 0.1% DMSO (the amount used to dissolve the higher
doses of the inhibitors) at 37°C for 60 min, followed by infection for 4.5 h. RNA extraction and RT-qPCR were performed to monitor infectivity as described for
the previous figures.
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ments. Therefore, HCMV enters HS-578T cells in a pH-depen-
dent manner. Similar results were observed with MRC-5 cells, and
in each case the inhibitors significantly reduced the infectivity of
HCMV compared with the solvent (P 	 0.01) (Fig. 14E).

DISCUSSION

Although viruses can enter host cells by direct cell surface mem-
brane fusion, most viruses have evolved to take advantage of a
number of endocytic pathways for efficient entry. Recent studies
have shown that viruses from multiple families, including adeno-
viruses, picornaviruses, retroviruses, papillomaviruses, poxvi-
ruses, paramyxoviruses, filoviruses, and herpesviruses, use mac-
ropinocytosis (51). Macropinosomes share common features and
markers with endosomal and phagocytic vesicles, and these path-
ways are interconnected and interdependent in complex ways in a
cell type-dependent manner (11, 89). Therefore, several criteria
have been proposed to define whether a virus uses macropinocy-
tosis (51). These include morphological evidence of localization of
virions in endocytic vesicles �200 nm in diameter and membrane
ruffling or blebbing. Other criteria for macropinocytosis include

dependence of virus infection on actin remodeling, Na�/H� ex-
changers, dynamin, or signaling molecules such as p21-activated
kinase 1 (Pak1) and PI3K/Akt or a transient increase in fluid up-
take. We found that HCMV entry into three different cell lines of
diverse tissue origins has classic features of macropinocytosis: vi-
rions were internalized into large endocytic vesicles, virus entry
triggered membrane ruffling and blebbing, activation of signaling
and actin remodeling were required, and inhibitors of Na�/H�

exchange (EIPA), dynamin, and cholesterol effectively blocked
infectivity. Previous studies showed that HCMV enters dendritic
cells, ARPE-19 epithelial cells, and primary fibroblast cells
through macropinocytosis (18, 40, 41). Our results provide fur-
ther evidence that macropinocytosis is a major pathway for
HCMV infection in a broad spectrum of cell types.

Although macropinocytosis has often been defined as dynamin
independent (90), dynamin is required for macropinocytic entry
of several viruses, including HCMV entry into primary fibroblasts
(41, 51, 91). In this study, we found that dynamin is needed for
HCMV infection in two different cell lines. Haspot et al. reported
that HCMV entry into dendritic cells is pH independent (40).

FIG 12 Both HCMV and EGF induce dextran uptake and activate macropinocytosis in SNB-19 cells, while HS-578T cells have high-level constitutively active
macropinocytosis. (A and B) SNB-19 cells were serum starved for 5 h and then pretreated with EIPA (50 �M) or DMSO (the solvent for EIPA) at 37°C for 60 min.
HCMV was added to the cells and incubated on ice for 45 to 60 min, followed by addition of 10-kDa dextran–Alexa 488 (A) or 70-kDa dextran–FITC (B) at 0.5
mg/ml. The temperature was then shifted to 37°C for 60 min. The cells were then treated with low-pH citrate buffer for 3 min and washed extensively with PBS,
and uptake of dextran was quantified by FACS analysis. (C to E) HS-578T (C) or SNB-19 (D) cells were treated with 70-kDa dextran–FITC as described above.
In parallel, the cells were treated with EGF at 50 ng/ml for 60 min at 37°C in the presence of 0.5 mg/ml 70-kDa dextran–FITC (E). (F) HS-578T cells were treated
in the absence or presence of EIPA (50 �M) at 37°C for 60 min and then incubated with HCMV and dextran as described above.
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However, our data, obtained using three different inhibitors to
prevent endosomal acidification, clearly showed that low endo-
somal pH is required for HCMV infection of the cell lines used in
our study. Bodaghi et al. observed that in epithelial and endothe-
lial cells, HCMV virions localized to large endocytic vesicles, and
an actin remodeling inhibitor (cytochalasin B) blocked �80% of
the infectivity (92). Interestingly, infection was pH independent at
high multiplicity of infection (MOI) but pH dependent at low
MOI. Vanarsdall et al. reported that HCMV infects ARPE-19 ep-
ithelial cells through clathrin-independent, dynamin-dependent,
and low-pH-dependent macropinocytosis (18). Recently, Hetze-
necker et al. demonstrated that HCMV infects human primary
fibroblasts via macropinocytosis in a pH-independent manner
(41). Thus, it is clear that while macropinocytosis is a primary
entry mechanism for HCMV, cell type-associated variations have
been observed. Therefore, HCMV entry in these cells may be more
appropriately termed as using a “macropinocytosis-like path-
way.”

HCMV infection in HS-578T cells has the major hallmarks
of macropinocytosis, including inhibition of infection by
EIPA. Our data suggest that HS-578T cells undergo constitu-
tively active macropinocytosis, which does not require addi-

tional exogenous stimulation. This may explain our observa-
tion that, in contrast to the case for SNB-19 cells, adding
HCMV or EGF to HS-578T cells did not trigger additional fluid
uptake. A previous study reported that adeno-associated virus
2 entry into HeLa and 293T cells is sensitive to EIPA and is
dependent on Cdc42 signaling, cholesterol, and actin remod-
eling. While virus entry was associated with extensive plasma
membrane blebbing and ruffling, there was no increase in flu-
id-phase uptake with virus infection (93).

Our previous work showed that THY-1 is important for
HCMV infection during the initial stage of virus entry (29). Here,
using three different cell types, we provide further evidence that
HCMV utilizes THY-1 to gain entry into certain cell types through
an endocytotic pathway that bears many features of macropinocy-
tosis. THY-1 is a membrane GPI-anchored protein. In addition to
its plasma membrane location, THY-1 is a major cargo content of
clathrin-independent large endocytic vesicles and is excluded
from clathrin-coated endosomes (39, 55). THY-1 interacts with
several integrins and with growth factor receptors, such as PDGFR
and EGFR, and is associated with lipid rafts, all of which have been
implicated in playing important roles in HCMV entry and in ac-
tivation of endocytic compartments (42, 94). Therefore, the abil-

FIG 13 sTHY-1 blocks HCMV internalization and reduces HCMV-triggered uptake of 70-kDa dextran, a macropinocytosis marker. HCMV was bound to
SNB-19 cells (nuclei were stained blue with DAPI), and 70-kDa dextran–FITC was then added at 37°C and left for 60 min (as described in the legend to Fig. 10).
The cells were stained with anti-pp65 antibody followed by anti-mouse–Alexa 594. Confocal microscopy was performed; 36 fields from each sample were
randomly selected, and mean fluorescence intensity for internalized virus particles (red) and dextran (green) was analyzed using Imaris imaging software. (A) The
quantity of internalized HCMV particles was normalized against dextran and the cell number. (B and C) The number of internalized particles for virus (B) and
dextran (C) in four fields of each sample was normalized for the number of cells. The numbers on the x axes of panels A to C indicate the number of cells
examined. (D and E) Two representative fields.
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ity of HCMV to interact with THY-1 provides a natural route for
virus entry.

Interactions between virus-encoded ligands and host receptors
and/or other accessory molecules serve as sorting signals for
different endocytic pathways (58, 95). Cholesterol-dependent
clustering of GPI-anchored proteins is critical for activation of
endocytic pathways (94, 96). Binding of virus-encoded ligands
cross-links GPI-anchored proteins and switches on signaling cas-
cades that precede macropinocytosis activation. For example,
group B coxsackieviruses interact with the GPI-anchored protein
decay-accelerating factor, which results in clustering of the pro-
tein and leads to virus delivery to tight junctions and subsequent
endocytotic entry (97, 98). Numerous studies have shown that
cross-linking of THY-1 is essential for its role in signaling through
Src and PI3K pathways (99, 100). Src and PI3K are critical regu-
lators of macropinocytosis (43, 51). The putative binding of
HCMV gB and/or gH to THY-1 (29) may cross-link the GPI-

anchored protein. Clustering of GPI-anchored proteins has been
shown to serve as a sorting signal for specific endocytic routing
(76). A prior study showed that binding of �v�3 integrin by
HCMV at the cell surface results in the activation of PI3K and Src,
with actin reorganization through RhoA, which correlates with
translocation of HCMV capsids to the nucleus (30). Integrin plays
an important role in induction of macropinocytosis by signaling
through the non-receptor tyrosine kinase focal adhesion kinase
and RhoA (91, 101–103). THY-1 binds to several integrins and
shares common features with integrins in protein-protein inter-
actions, including RhoA activation (48). Both THY-1 and integ-
rins localize to lipid rafts and contribute to endocytosis. Previous
work has shown that HCMV gB and/or gH interacts with THY-1
(29) and integrins (30, 104). In addition, a gH/gL/gB complex is
present in HCMV particles (10). Therefore, THY-1 and integrins
might cooperatively mediate HCMV internalization by bridging
virus attachment with macropinocytosis.

FIG 14 HCMV infection is impaired when endosomal acidification is blocked. (A) HS-578T cells were pretreated with NH4Cl (50 mM) at 37°C for 60 min,
followed by infection for 5.5 h. RNA was extracted, and HCMV UL123 expression was monitored by RT-qPCR and normalized against GAPDH amplified in the
same reaction. (B) HS-578T cells were treated with NH4Cl at various concentrations. HCMV infection was carried out for 4.5 h, and the cells were washed with
low-acid buffer for 3 min to inactivate uninternalized virus and cultured for additional 3 days without NH4Cl before FACS analysis. (C) Cell viability was
monitored by CytoTox-One assay using the highest dose (100 mM) of NH4Cl. (D and E) HS-578T cells (D) and MRC-5 cells (E) were pretreated with NH4Cl (50
mM), monensin (25 nM), or bafilomycin A1 (BFLA1) (200 nM). Representative data from 3 independent experiments for each cell type are shown (P 	 0.0001
for both NH4Cl and monensin versus solvent control; P 	 0.01 for bafilomycin A1 versus solvent control).

HCMV Entry by Macropinocytosis-Like Process and THY-1

November 2016 Volume 90 Number 21 jvi.asm.org 9777Journal of Virology

http://jvi.asm.org


In this study, we found that HCMV virions colocalize with
THY-1 on the plasma membrane and inside macropinosomes
during virus entry and that sTHY-1 simultaneously blocks virion
internalization and dextran uptake (a marker of macropinocyto-
sis). Taken together, these data strongly suggest that THY-1 may
facilitate HCMV entry by the same mechanism that other GPI-
anchored proteins use for selective retention in macropinosomes
(105–107). This has similarities to what has been observed with
adenovirus serotype 3, which utilizes CD46 and integrins as entry
mediators to enter host cells by macropinocytosis. Adenovirus 3
colocalizes with CD46 and integrins inside macropinosomes (53).
We found that HCMV and THY-1 did not colocalize with trans-
ferrin, indicating that HCMV and THY-1 are excluded from
clathrin-coated endosomes. THY-1 is a major cargo protein of
clathrin-independent endocytic vesicles (39). Thus, THY-1 may
help to selectively guide its ligands to distinct endocytic pathways.
Uptake of viruses by macropinocytosis may be a more efficient
entry route than fusion with the plasma membrane, since mac-
ropinosomes internalize and recycle in the cell very effectively. We
found that THY-1 facilities HCMV entry more efficiently during
the first hour of infection than after prolonged virus incubation in
certain cell types (29). These results suggest that HCMV has
adapted to utilize THY-1, a cargo protein of clathrin-independent
endocytotic vesicles, to facilitate efficient entry and couple virus
internalization with signaling activation.
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