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Herpes Simplex Virus Internalization into Epithelial Cells Requires
Na™/H™" Exchangers and p21-Activated Kinases but neither Clathrin-
nor Caveolin-Mediated Endocytosis

Deepika Devadas, Thalea Koithan, Randi Diestel, Ute Prank, Beate Sodeik, Katinka Dohner

Institute of Virology, Hannover Medical School, Hannover, Germany

ABSTRACT

Herpes simplex virus 1 (HSV-1) is an alphaherpesvirus that has been reported to infect some epithelial cell types by fusion at the
plasma membrane but others by endocytosis. To determine the molecular mechanisms of productive HSV-1 cell entry, we per-
turbed key endocytosis host factors using specific inhibitors, RNA interference (RNAi), or overexpression of dominant negative
proteins and investigated their effects on HSV-1 infection in the permissive epithelial cell lines Vero, HeLa, HEp-2, and PtK,.
HSV-1 internalization required neither endosomal acidification nor clathrin- or caveolin-mediated endocytosis. In contrast,
HSV-1 gene expression and internalization were significantly reduced after treatment with 5-(N-ethyl-N-isopropyl)amiloride
(EIPA). EIPA blocks the activity of Na*/H* exchangers, which are plasma membrane proteins implicated in all forms of mac-
ropinocytosis. HSV-1 internalization furthermore required the function of p21-activated kinases that contribute to macropi-
nosome formation. However, in contrast to some forms of macropinocytosis, HSV-1 did not enlist the activities of protein kinase
C (PKC), tyrosine kinases, C-terminal binding protein 1, or dynamin to activate its internalization. These data suggest that
HSV-1 depends on Na*/H" exchangers and p21-activated kinases either for macropinocytosis or for local actin rearrangements
required for fusion at the plasma membrane or subsequent passage through the actin cortex underneath the plasma membrane.

IMPORTANCE

After initial replication in epithelial cells, herpes simplex viruses (HSVs) establish latent infections in neurons innervating these
regions. Upon primary infection and reactivation from latency, HSVs cause many human skin and neurological diseases, partic-
ularly in immunocompromised hosts, despite the availability of effective antiviral drugs. Many viruses use macropinocytosis for
virus internalization, and many host factors mediating this entry route have been identified, although the specific perturbation
profiles vary for different host and viral cargo. In addition to an established entry pathway via acidic endosomes, we show here
that HSV-1 internalization depended on sodium-proton exchangers at the plasma membrane and p21-activated kinases. These
results suggest that HSV-1 requires a reorganization of the cortical actin cytoskeleton, either for productive cell entry via pH-
independent fusion from macropinosomes or for fusion at the plasma membrane, and subsequent cytosolic passage to microtu-
bules that mediate capsid transport to the nucleus for genome uncoating and replication.

lasma membrane receptors and other cellular cues activate

proteins exposed on the virion surface to initiate infection.
Many viruses depend on well-characterized endocytic routes me-
diated by clathrin-coated vesicles or caveolae, while others rely on
macropinocytosis that cells use to nonselectively take up larger
gulps of extracellular fluid containing nutrients. Macropinocyto-
sis of host or viral cargos requires unique sets of host factors that
have been identified by specific perturbation profiles, e.g., for in-
fluenza A virus or the different infectious forms of vaccinia virus
(1-4). Typical host factors that seem to contribute to all forms of
macropinocytosis are actin, an Na™/H™ exchanger (NHE), and
p21-activated kinase 1 (Pakl), whereas protein kinase C (PKC);
tyrosine kinases (TKs), in particular epidermal growth factor re-
ceptor (EGFR); integrins; phosphoinositide-3 kinases (PI3Ks);
Cdc42; Racl; myosin II; C-terminal binding protein 1 (CtBP1);
dynamin; and the endosomal vacuolar H-ATPase pump are re-
quired for only some forms of macropinocytosis (reviewed in ref-
erences 5 to 7).

Several viruses, e.g., Ebola virus and influenza A virus, as well as
herpes simplex virus 1 (HSV-1), can initiate infection by more
than one pathway (3, 8-10). HSV-1 is a human alphaherpesvirus
that initially replicates in epithelial cells of the oral and perioral
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mucosa. After entry into sensory neurons innervating these re-
gions, the viral genomes are targeted to the neuronal nuclei, where
they establish lifelong latent infections (11). Primary infections as
well as reactivation from latency cause many human diseases, e.g.,
herpes labialis, blinding eye infections, or potentially fatal herpes
encephalitis (12). The health burden of HSV-1 and HSV-2 is still
significant even in developed countries, particularly in immuno-
compromised patients, since there are no vaccines available, and
despite treatment options with antiviral drugs, such as acyclovir
and its derivatives (13).

The DNA genome of HSV-1 is enclosed in an icosahedral cap-
sid, coated with an amorphous tegument layer that in turn is cov-
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ered by an envelope with at least 11 glycosylated and 4 nonglyco-
sylated membrane proteins. Initial interactions of glycoprotein C
(gC), and to some extent gB, with heparan sulfate proteoglycans
contribute to efficient infection but are not absolutely required
(reviewed in references 10 and 14 to 17). In contrast, gD, the
gH/gL complex, and the fusion protein gB are essential and suffi-
cient to mediate fusion of viral envelopes with host membranes
(18). Elegant studies over the last 2 decades have led to the cascade
model of HSV-1 fusion: receptor binding to gD activates gD that
then binds to gH, and the activated gH then increases the fusion
activity of gB. This sophisticated network of HSV-1 proteins in-
teracting with several host factors on the plasma membrane has
mostly been identified by screening expression plasmids to render
resistant CHO or J cells susceptible to HSV-1 infection. Nectinl
and herpesvirus entry mediator (HVEM) are probably the most
relevant receptors for gD; gH may interact with Toll-like receptor
2 (TLR2), integrin, g6, and integrin,, g5 (19); and gB may interact
with paired immunoglobulin-like receptor-a (PILRa) or myelin-
associated glycoprotein (reviewed in references 10 and 15 to 17).
After fusion of the HSV-1 envelopes with host membranes, the
capsids are transported to the nucleus, where they dock at the
nuclear pores and release their genomes into the nucleoplasm for
viral transcription and replication. Progeny genomes are pack-
aged into preassembled capsids that, after traversing the nuclear
membranes, obtain their envelopes at cytoplasmic membranes,
and virions are released by exocytosis at the plasma membrane
(11, 14).

The molecular cross talk between host and viral factors deter-
mines the mode of HSV-1 cell entry. An evolutionary advantage of
such an elaborate fusion apparatus may be the necessity to activate
distinct internalization modes in terminally differentiated tissue
cells that may express only a subset of the HSV-1 receptors. HSV-1
capsids can be delivered into the cytosol of primary neurons and
some epithelial cell lines, for example, Vero, HeLa, HEp-2, PtK,,
or CHO-PILRa cells, by fusion with the plasma membrane at
neutral pH (20-29). HSV-1 gene expression in a HeLa cell line,
primary keratinocytes, and CHO-nectinl and CHO-HVEM cells
requires a low endosomal pH, while entry into the melanoma C10
cell line depends on access to endosomes but not on their acidifi-
cation (9, 26, 27, 30-32). Furthermore, HSV-1 may utilize more
than one pathway within a given cell as reported, for example, in
keratinocytes (9).

In addition to the plasma membrane proteins mentioned
above, further cytosolic host factors required for HSV-1 gene ex-
pression and implicated in endocytosis and macropinocytosis
have been identified: actin, TKs, PKC, PI3K, myosin II, and dy-
namin (see the Discussion and references therein). At present, it is
unclear whether all of these HSV-1-host interactions are required
in cells that are naturally susceptible to HSV-1 without an expres-
sion of additional HSV-1 receptors, whether all occur in a given
cell type, and which host factors determine the cell entry route. We
therefore investigated the cell entry of HSV-1 into the four per-
missive epithelial cell lines Vero, HeLa, HEp-2, and PtK,, in which
we perturbed the functions of 13 host factors. We analyzed viral
gene expression as an indicator for productive infection, subcel-
lular localization of incoming particles, virus internalization, and
virus binding. Our data show that Na*/H™" exchangers and Paks
were required for HSV-1 internalization, while clathrin-mediated
endocytosis, caveolae, or endosomal acidification did not contrib-
ute to HSV-1 infection. This suggests either that HSV-1 is inter-
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nalized into these epithelial cell lines by macropinocytosis or that
it requires actin rearrangements regulated by Na*/H™ exchangers
and Paks for fusion at the plasma membrane or subsequent pas-
sage of the actin cortex below the plasma membrane.

MATERIALS AND METHODS

Cells and viruses. BHK-21 (ATCC CCL-10), HeLaS3 (ATCC CCL-2.2),
HEp-2 (ATCC CCL-23), and PtK, (ATCC CCL-56) cells were cultured in
minimum essential medium (MEM; Cytogen, Sinn, Germany) supple-
mented with 10% (vol/vol) fetal calf serum (FCS; Life Technologies
Gibco, Darmstadt, Germany), and Vero cells (ATCC CCL-81) were cul-
tured in MEM with 7.5% (vol/vol) FCS. HeLaCNX cells (provided by
Lucas Pelkmans) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)-GlutaMAX-I (Life Technologies Gibco, Darmstadt, Germany)
with 10% FCS. All treatments on ice or in a 37°C water bath were per-
formed using a CO,-independent medium (Life Technologies Gibco)
with 0.1% (wt/vol) cell culture-grade bovine serum albumin (BSA; PAA
Laboratories). Viruses were harvested from the medium of infected
BHK-21 cells (33) or Vero cells. The following strains were used: HSV-
1(KOS); HSV-1(KOS)tk12, referred to here as HSV-1(KOS)-BGal
(34), provided by Patricia G. Spear; HSV-1(17")Lox (35); and HSV-
1(17+)L0X—pMCMVGFP, referred to as HSV-1(17")Lox-GFP in this study
(36). HSV-1(KOS)-BGal lacks the thymidine kinase gene and expresses
B-galactosidase (B-Gal) under the control of an authentic immediate
early ICP4 promoter. HSV-1(17")Lox-GFP expresses a green fluorescent
protein (GFP) transgene under the control of a cytomegalovirus (CMV)
promoter. We have, furthermore, generated HSV-1(17")Lox-CheGLuc
encoding monomeric Cherry and Gaussia luciferase separated by a picor-
navirus 2A cleavage site under the control of the human cytomegalovirus
(HCMV) major immediate early promoter (37) and inserted between
UL55 and UL56 [HSV—I(17+)Lox—pHCMVmCheGLuc]. Virus titers were
determined using plaque assays, and viral genomes were measured by
real-time PCR (28, 33).

Inhibitors, siRNAs, and plasmids. The inhibitors cycloheximide, dy-
nasore, 5-(N-ethyl-N-isopropyl)amiloride (EIPA), genistein, IPA-3, no-
codazole, rottlerin (Sigma-Aldrich, Schnelldorf, Germany), bafilomycin
Al (baf; Enzo Life Sciences, Lorrach, Germany), Iressa (LC Laboratories,
Massachusetts, USA), LY294002 (Cayman Chemical, Hamburg, Ger-
many), pitstop-2 (Ascent Scientific, Cambridge, United Kingdom), and
wortmannin (Merck, Darmstadt, Germany) were solubilized in dimethyl
sulfoxide (DMSO) as 300- to 9,000-fold stock solutions and stored in
aliquots at —20°C. Controls were treated with equal amounts of DMSO.
Small interfering RNAs (siRNAs) against alpha adaptin (AP2A1; 5'-GAG
CAUGUGCACGCUGGCCAGCU-3") (38), dynamin2 (D-004007-02),
and CtBP1 (M-008609-02) (39) were from Thermo Scientific (Schwerte,
Germany); those against caveolinl (CAV1; 5'-AAGCAAGTGTACGACG
CGCAC-3'") and scrambled (siScr) were from Qiagen (Hilden, Germany);
that against clathrin heavy chain (CHC) was from Santa Cruz Biotechnol-
ogy (sc-35067; Heidelberg, Germany); and Silencer GFP siRNA was from
Ambion (AM4626; Darmstadt, Germany). HeLaS3 or HEp-2 cells were
reverse transfected with 5 or 10 nM siRNA using Lipofectamine 2000
(Invitrogen, Life Technologies) for 48 or 72 h (36). Lucas Pelkmans pro-
vided plasmids expressing dynamin2-GFP, DN (dominant negative) dy-
namin2 K44A-GFP, caveolin1-GFP, and GFP-caveolinl (40, 41), and Al-
ice Dautry-Varsat provided Eps15-GFP (DIIIA2) and DN Eps15-GFP
(EA95/295) (42). The expression of all GFP fusion proteins was controlled
by an HCMV immediate early promoter. Plasmids were prepared using
Escherichia coli XL1-Blue and Qiagen Spin Miniprep (Qiagen) or Nucleo-
BondXtra midikits (Macherey-Nagel, Diiren, Germany).

Antibodies and reagents. We used rabbit polyclonal antibodies
(PAbs) raised against empty (LC) or DNA-containing (HC) HSV-1 cap-
sids (43), against VP26 amino acid residues 95 to 112 (44), against caveo-
lin (catalog no. 610059; BD Transduction Laboratories), and against p-
Akt (Ser 473; Cell Signaling Technologies, Frankfurt, Germany). Mouse
monoclonal antibodies (MAbs) were directed against HSV-1 infected-cell
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protein 4 (ICP4, 58S [45]), anti-adaptin 1/2 (sc-17771; Santa Cruz Bio-
technology), actin (MAb 1501; Millipore; Darmstadt, Germany), CHC
(MADb catalog no. 610500, immunoblotting; BD Transduction Laborato-
ries, Heidelberg, Germany; MAb X22, microscopy [46]), CtBP1 (catalog
no. 612042; BD Transduction Laboratories), and a goat PAb against dy-
namin II (sc-6400; Santa Cruz Biotechnology). Secondary antibodies for
immunoblotting had been conjugated to horseradish peroxidase or alka-
line phosphatase (Jackson Laboratories, Maine, USA), and those for im-
munofluorescence microscopy had been conjugated to RedX or fluores-
cein isothiocyanate (FITC) (Dianova, Hamburg, Germany) or Alexa
Fluor (Life Technologies). All secondary antibodies were highly pread-
sorbed against cross-reactivities to other species than the intended one.
Furthermore, we used thiazolyl blue tetrazolium bromide (MTT; Sigma),
TO-PRO-3 iodide (Life Technologies), and human transferrin conju-
gated with Alexa Fluor 488 (Molecular Probes).

HSV-1 gene expression. To monitor gene expression, we used the
reporter viruses HSV-1(17%)Lox-GFP, HSV-1(17")Lox-CheGLuc, and
HSV-1(KOS)-BGal or viruses labeled for HSV-1 ICP4. To analyze the
effect of inhibitors on HSV-1(17")Lox-GFP, cells were cultured for 4 to 6
h in complete medium before shifting to serum-deprived medium for 16
h. Cells were pretreated for 1 h with the inhibitor, incubated on ice with
HSV-1 (1 h, multiplicity of infection [MOI] of 5, 1 X 10° to 3 X 10°
PFU/ml), and shifted to 37°C in the presence of the inhibitor, but still in
the absence of serum, in CO,-independent medium containing 0.1% cell
culture-grade fatty acid-free (FAF)-BSA (PAA Laboratories) for 1 h. FAF-
BSA is free of native lipids that may induce intracellular signaling (47).
Extracellular virions were then inactivated by low-pH treatment (40 mM
citrate, 135 mM NaCl, 10 mM KCl, pH 3.0) for 3 min at 4°C (26, 31, 48,
49), and the cells were transferred back to 37°C, 5% CO,, for an additional
4 h before fixation in 4% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS). For RNAi perturbation, HeLaS3 or HEp-2 cells reverse
transfected with 5 or 10 nM siRNA were cultured in 96-well plates. At 48
or 72 h after siRNA transfection, cells were similarly cooled and inocu-
lated with HSV-1(177)-GFP (MOI of 5,4 X 10°to 5 X 10° PFU/ml) for 1
h in CO,-independent medium containing 0.1% FAF-BSA. After wash-
ing, the cells were transferred to regular medium at 37°C and 5% CO, for
5 h before fixation in 4% PFA in PBS.

Fixed cells were treated with a 1:200 dilution of 4’,6-diamidino-2-
phenylindole (DAPI) staining solution (10 mg/ml DAPI, 10% [vol/vol]
DMSO, 0.1% [vol/vol] NP-40, 5% [wt/vol] BSA, 10 mM Tris-HCI, pH
7.4, 146 mM NaCl, 2 mM CaCl,, 22 mM MgCl, ) in PBS containing 0.1%
(vol/vol) Triton X-100 for 10 min. We imaged cell nuclei and GFP-posi-
tive cells from 18 independent sites within three separate wells using a
wide-field high-content fluorescence microscope fitted with a 10X objec-
tive (ImageXpress Micro; Molecular Devices, Biberach an der Riss, Ger-
many). Images were automatically recorded, and the number of nuclei
and the GFP fluorescence intensity per cell were determined using the
image analysis software CellProfiler (50). Calibration experiments had
shown that this algorithm reliably determined the number of cells per
image and that, at a given cell density, GFP expression increased with
increasing viral dose (T. Koithan, Y. Zhao, K. Dohner, D. Devadas, and B.
Sodeik, unpublished data).

Gene expression was also monitored using HSV-1(KOS)-BGal (51).
Cells were cultured overnight in complete medium in 24-well plates, pre-
treated with inhibitor for 1 h, inoculated with an MOI of 20 (1 X 107
PFU/ml) for 1 h on ice, and then shifted to 37°C in CO,-independent
medium with 10% FCS in the continued presence of the inhibitor. At 4
hours postinfection (hpi), the cells were lysed with 0.5% (vol/vol) Triton
X-100 in PBS containing 1 mg/ml BSA, 2 pg/ml aprotinin, 10 p.g/ml E-64,
2 pg/mlleupeptin, 10 wg/ml antipain, 2 pg/ml bestatin, 2 pg/ml pepstatin
(Sigma-Aldrich), and 1.6 mg/ml phenylmethylsulfonyl fluoride (PMSF)
(Carl Roth, Karlsruhe, Germany) for 15 min at room temperature (RT),
after which 11.4 pM orthonitrophenyl-f-galactoside in 0.1 M sodium
phosphate buffer (pH 7.5) was added as the substrate for enzymatic de-
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tection. The colorimetric product was measured at 405 nm using a mul-
tidetection plate reader (Synergy2; Gen5 Software, Munich, Germany).

To measure viral gene expression in cells expressing GFP-tagged pro-
teins, we labeled infected cells for ICP4 or used HSV-1(17")Lox-CheG-
Luc as a reporter virus. Vero or HeLaCNX cells cultured in 24-well plates
were transfected with 0.2 g of plasmid DNA using 0.6 wl/well GeneJuice
(Novagen, Darmstadt, Germany) for 24 h. Cells were precooled and in-
oculated with HSV-1(17")Lox (MOI of 10,2 X 10° PFU/ml) for 1 h on ice
in CO,-independent medium containing 0.1% FAF-BSA and infected for
3 hat 37°C, 5% CO,, in regular culture medium. Cells were fixed in 3%
PFA in PBS and labeled with anti-ICP4 and 0.1 mg/ml DAPI. Images were
acquired by epifluorescence microscopy (Zeiss Observer; Oberkochen,
Germany) using a 63X oil-immersion objective and analyzed using an
automated CellProfiler pipeline for object identification of transfected
and infected cells. The gray values of untreated control cells defined the
background thresholds. Transfected cells were sorted in order of increas-
ing GFP gray values and divided equally into three classes based on low,
medium, or high expression levels, and the proportions of cells expressing
HSV-11CP4 were determined. The experiments leading to Fig. 31, 4C, and
5G, including indicated controls, were performed in parallel and were
thus based on the same set of controls.

In addition, Vero or HeLaCNX cells cultured on 12-well plates were
transfected with GeneJuice and 0.5 g of plasmid DNA per well for 24 h.
Transfected cells were then precooled and inoculated with HSV-
1(177)Lox-CheGLuc (MOI of 10, about 3.5 X 10° PFU/ml) for 2 h on ice
before incubation at 37°C for 6 h in regular culture medium. Cells were
fixed in 1.5% PFA in PBS and analyzed by flow cytometry (BD-LSR-II; BD
Biosciences, Franklin Lakes, NJ, USA). Ten thousand cells per condition
were acquired. Gates were set for GFP and Che using GFP-plasmid-alone
(GFP-positive) and virus-alone (Che-positive) controls and applied
across all samples. Viral gene expression was expressed as fraction of in-
fected cells among the GFP-transfected cells, with the number of infected
cells expressing GFP alone set to 100%. The experiments leading to Fig.
3H, 4B, and 5F were performed in parallel and were thus based on the
same set of controls.

HSV-1 nuclear targeting. To analyze the subcellular localization of
incoming capsids, cells pretreated for 1 h with or without inhibitors were
inoculated with gradient-purified HSV-1(KOS) (genome/PFU ratio of
20) for 2 h on ice and then incubated for 2 h with or without inhibitors at
37°C, 5% CO.,, in the respective growth medium with FCS and 0.5 mM
cycloheximide to inhibit protein synthesis (28, 33). For quantification of
nuclear targeting in untreated and inhibitor-treated cells, we randomly
selected about 100 cells per condition and classified them into cells with
most capsids at the nucleus and cells with 50% or less capsids at the
nucleus (33, 52). For siRNA-treated cells, we modified a seeder assay used
to monitor spread from infected, untreated cells to RNAi-transfected cells
(53). Vero cells were inoculated with HSV-1(17")Lox-GFP (MOI of 10,
7.5 X 10° PFU/ml) for 2 h on ice before shifting to 37°C in CO,_-inde-
pendent medium containing FAF-BSA. After 1 hpi, extracellular virions
were inactivated by a 3-min low-pH treatment to synchronize the infec-
tion (26, 31, 48, 49). After 10 hpi, the Vero cells were detached with
Accutase (PAA, Pasching, Austria) and cocultured for 4 h in the presence
of 20 pg/ml human IgGs containing HSV-1-neutralizing antibodies (Sig-
ma-Aldrich) and 0.5 mM cycloheximide with siRNA-transfected HeLa or
HEp-2 cells. Cells were fixed in 3% PFA-PBS, permeabilized, and labeled
for VP26. Images were acquired for those cells whose borders overlapped
with a “seeder” GFP-positive cell and wherein the seeder Vero cell had
already released capsids to the siRNA-treated HeLa or HEp-2 cells. To
quantify this, a CellProfiler pipeline was established that identified capsids
as objects (53). Extracellular capsids were excluded based on the differen-
tial interference contrast (DIC) image. A line was manually drawn around
the nucleus of each cell that included any capsids touching/within the
nucleus. Nuclear targeting was then expressed as a fraction of the capsids
at the nucleus among the cellular capsids. Cells containing fewer than 10
capsids were excluded from the quantification.
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HSV-1 binding and internalization. Virus binding and internaliza-
tion assays were performed as previously described with the modification
that the assay measured HSV-1 genomes by quantitative real-time PCR
(54) and not by scintillation counting of [*H]thymidine-labeled DNA
(28). We used gradient-purified HSV-1(KOS) with a genome/PFU ratio
of 9.8 that was reduced to 7.4 by treating viral particles with 15 units/ml
DNase I for 30 min at 37°C. A low genome/PFU ratio ensured a good
correlation between the number of viral genomes and the concentration
of viral particles (33). Cells in the amount of 4 X 10° to 8 X 10° cells per
3.5-cm dish were deprived of serum for 16 h and inoculated with HSV-
1(KOS) (MOI of 5, 5 X 10° PFU/ml) for 2 h on ice. The experiment was
performed with CO,-independent (on ice) or growth (37°C) medium
containing 0.1% FAF-BSA instead of FCS. Inhibitors were present
throughout the experiment. The amount of virus bound to cells in the
cold was determined, or internalization was quantified 30 min postinfec-
tion (mpi) at 37°C, after which extracellular virions were detached by a
proteinase K (2-mg/ml) treatment for 1 h at 4°C (28). Alternatively, cells
were treated with proteinase K directly after virus binding on ice to deter-
mine the amount of surface-bound virions that could not be removed by
proteinase K treatment. Further proteolysis was inhibited by adding 1.25
mM phenylmethylsulfonyl fluoride (PMSF) and 3% (wt/vol) BSA in PBS.
Cells were pelleted at 1,500 rpm for 10 min. DNA from these samples was
purified using a DNA blood kit (Qiagen) before analysis by real-time PCR
in a Roche LightCycler 1.5 (Roche Diagnostics, Mannheim, Germany)
using the LightCycler FastStart DNA Master HybProbe kit (Roche Diag-
nostics), the forward sense primer 5'-CCACGAGACCGACATGGAGC-
3', the reverse antisense primer 5'-GTGCTYGGTGTGCGACCCCTC-3',
the fluorescein-coupled donor probe 5'-TGTTGGCGACTGGCGACTTT
G-3'—fluorescein, and the R640-coupled acceptor probe R640-5'-TACA
TGTCCCCGTTTTACGGCTACCGG-3'—phosphate, which are specific
to the coding region of HSV-1 gB (gene UL27) (54).

Cell viability. To analyze cell viability, cells of the different conditions
were incubated in triplicate with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) reagent for 2 h. The yellow tetrazolium
salts of MTT were reduced by metabolically active cells to purple forma-
zan crystals that were solubilized using acidified isopropanol and mea-
sured using a multidetection plate reader at 550 nm (Synergy2). Since the
MTT assay measures NADH oxidoreductases of the mitochondrial respi-
ratory chain that are inhibited by EIPA (55), we mixed EIPA-treated cells
1:1 with 0.4% trypan blue (Sigma-Aldrich) to measure cell viability. Fur-
thermore, cell densities were estimated using crystal violet (51).

Endocytosis assays. To monitor intracellular acidic organelles, the
cells were incubated with 50 nM LysoTracker dye for 30 to 150 min at
37°C after incubation in the absence or presence of 200 nM baf for 1 h.
Live cells were imaged with an epifluorescence microscope using a 63X
oil-immersion objective (Zeiss Observer). To evaluate internalization by
clathrin-mediated endocytosis, we used transferrin (38). Cells were incu-
bated with 5 wg/ml of Alexa Fluor 488-conjugated human transferrin
(Invitrogen) for 1 h on ice. The cells were shifted to 37°C for 10 min in the
presence of the inhibitor before fixation with 3% PFA-phosphate-buff-
ered saline (PBS).

Immunofluorescence microscopy. Immunofluorescence micros-
copy was essentially performed as described previously (28, 33). Cells
grown on coverslips were fixed with 3% PFA-PBS and treated with 50 mM
NH,Cl for 10 min. Unless otherwise stated, cells were permeabilized with
0.1% (vol/vol) Triton X-100 for 5 min before blocking in 0.5% (wt/vol)
BSA and 10% (vol/vol) human serum from HSV-1-seronegative volun-
teers to block any nonspecific antibody binding as well as the HSV-1-Fc
receptor (56). The cells were embedded in Mowiol 4-88 containing 2.5%
(wt/vol) 1,4-diazabicyclo[2.2.2]octane. Confocal images were acquired
with an inverted Axiovert 200M microscope equipped with an LSM 510
Meta confocal laser scanning unit and a plan-apochromatic 63X oil-im-
mersion objective with a numerical aperture of 1.4 (Zeiss). Brightness and
contrast were adjusted identically across each set of images using Adobe
Photoshop CS4. ICP4 expression was analyzed with an epifluorescence
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microscope equipped with a plan-apochromatic 63 X oil-immersion ob-
jective using a numerical aperture of 1.4 and appropriate filter sets (Zeiss
Observer).

Immunoblotting. Cells from two wells of a 24-well plate were lysed in
hot sample buffer (50 mM Tris-HCL, pH 6.8, 1% SDS, 1% [wt/vol] B-mer-
captoethanol, 5% [vol/vol] glycerol, bromophenol blue), and the DNA
was sheared by using 22-gauge needles. The lysates were loaded onto
linear 7.5 to 15% gradient SDS gels, and the proteins were transferred to
nitrocellulose or polyvinylidene difluoride (PVDF) membranes. Mem-
branes were washed in PBS containing 0.1% (wt/vol) Tween 20 before
blocking in 5% (wt/vol) low-fat milk or BSA followed by overnight incu-
bation at 4°C with primary antibodies diluted in the same buffer. Second-
ary antibodies conjugated to horseradish peroxidase were used to detect
signals by enhanced chemiluminescence (SuperSignal West Femto maxi-
mum-sensitivity substrate; Thermo Scientific) and an LAS-3000 imaging
system (Fujifilm, Diisseldorf, Germany).

Statistical analyses. The data on HSV-1 gene expression (GFP and
B-galactosidase assays), HSV-1 binding (quantitative real-time PCR
[qQRT-PCR] of genomes), and HSV-1 internalization (QRT-PCR of ge-
nomes after removal of extracellular virions by proteinase K) were ana-
lyzed by paired or unpaired two-tailed ¢ tests (GraphPad Prism version
5.02; San Diego, California). P values above 0.05 were considered not
significant (ns), P values between 0.01 and 0.05 were considered signifi-
cant (*), those between 0.001 and 0.01 were considered very significant
(**), and those below 0.001 were considered highly significant (***).
Background values derived from cells not treated with HSV-1 were sub-
tracted and then normalized to 0%. The data of the unperturbed cells that
had been inoculated with HSV-1 were averaged over the independent
experiments, the means of such controls were normalized to 100%, and
the percentages of the controls as well as of the perturbed samples of the
respective experiments were then recalculated accordingly. The n values
in the figure legends refer to the number of independent experiments for
the respective perturbations. The # values for the corresponding controls
were higher in those cases in which all tested conditions could not be run
on the same day within one experiment.

For the HSV-1 binding and internalization assays, we furthermore
subtracted the number of viral genomes that could not be removed by the
proteinase K treatment from inoculated, unperturbed cells that had been
maintained at 4°C to prevent any internalization (e.g., for EIPA experi-
ment in Vero cells, 1.7 X 10° genomes/5 X 10° cells). The number of
genomes bound to unperturbed cells minus this nondetachable number
of genomes was normalized to 100% (e.g., for EIPA experiment in Vero
cells, 1.2 X 107 genomes/5 X 10°), and the number of nondetachable
genomes was normalized to 0%. The bars of the respective graphs show
the numbers of genomes normalized to the unperturbed control cells
maintained at 4°C (see Fig. 5B, 6B, and 7B and D). In contrast, the P values
were calculated for the respective internalization efficiency of control ver-
sus perturbed cells after 30 mpi at 37°C by comparing the fraction of the
genomes internalized in the presence of the inhibitor to the total number
of genomes bound at 4°C after inhibitor pretreatment for 30 min at 37°C
[(unperturbed internalization/unperturbed binding) for control cells ver-
sus (perturbed internalization/perturbed binding) for treated cells].

RESULTS

Measuring HSV-1 gene expression. To characterize the host re-
quirements for HSV-1 infection, we used the reporter viruses
HSV-1(17")Lox-GFP, HSV-1(17")Lox-CheGLuc, and HSV-1
(KOS)-BGal. We tested the influence of serum, because epithelial
cells in vivo are in a postmitotic quiescent state and because
growth factors can modulate endocytosis and viral entry pathways
(3,5,6,57). Therefore, we also measured virus internalization that
had been induced directly by HSV-1 and not by serum factors
added along with the inoculum. Cells were pretreated with inhib-
itors for 1 h at 37°C, inoculated for 1 h on ice, and then shifted
back to 37°C to initiate infection in the continued presence of
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FIG 1 HSV-1 gene expression and nuclear targeting do not require endosomal acidification. (A) Serum-deprived cells treated with baf and infected with
HSV-1(17")Lox-GFP (MOI of 5, 1 X 10° to 2.5 X 10° PFU/ml) in the absence of serum for 5 h. GFP expression (black bars, mean * standard deviation [SD];
Vero, n = 3; HeLaS3, n = 5; HEp-2, n = 2; PtK,, n = 2) and cell viability (gray bars, MTT, mean = SD, n = 2) of corresponding DMSO-treated cells were
normalized to 100%. (B) Cells treated with 200 nM baf were infected in the absence or presence of serum at different MOIs and analyzed for viral gene expression.
Mean = SD, n = independent experiments each performed in triplicate (GFP) or quadruplicate (3-galactosidase). (C) Vero (a and b) or HeLaS3 (c and d) cells
were infected with HSV-1(KOS) at an MOI of 50 (1.2 X 107 to 4.3 X 107 PFU/ml) in the presence of CH and in the absence (a and c) or presence (b and d) of
200 nM baf. The cells were fixed at 2 hpi, labeled with antibodies against capsids (LC), and analyzed by confocal fluorescence microscopy. Nuclei were stained
with TO-PRO-3 (dashed lines). (D) Quantification of nuclear targeting in control (ctrl) and baf- and wortmannin-treated cells. About 100 cells per inhibitor of
one representative experiment as described for panel C were classified into cells with most capsids at the nucleus (% nuclear targeting) or cells with 50% or fewer

capsids at the nucleus.

inhibitor. After 1 h, any noninternalized, extracellular virions
were inactivated by a short treatment at pH 3 (26, 31, 48, 49), and
the infection continued without inhibitors for 4 or 5 h. Thus, in
these experiments any perturbation mediated by the inhibitors
was restricted to the internalization phase, and off-target effects of
reversible inhibitors on nuclear targeting, transcription, protein
synthesis, or virus replication could be prevented. To study roles
of specific host factors, cells were transfected with specific siRNAs
for 48 or 72 h. While RNA interference (RNAi) allows protein-
specific targeting, lack of a particular host factor may influence
nuclear targeting, translation, and viral replication in addition to
virus binding and internalization in these experiments. When ex-
tracellular, bound HSV-1 virions had been acid inactivated prior
to shifting to 37°C, HSV-1(17")Lox gene expression was reduced
to 5%, in the presence of nocodazole to about 20%, and in the
presence of cycloheximide to 12 to 17%. Similarly, RNAI targeting
the GFP gene prevented the synthesis of GFP. These positive con-
trols and checkerboard analyses showed that with these reporter
viruses, viral gene expression could be quantified reliably over a
range of virus doses, cell densities, and experimental conditions.
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HSV-1 infection requires neither endosomal acidification
nor PI3K signaling. To determine if HSV-1 entry required acid-
mediated activation of the fusion apparatus, we used bafilomycin
Al (baf), which inhibits the vacuolar H*-ATPase pump and thus
raises the endosomal pH (58). Vero, HeLa, HEp-2, or PtK, cells
were infected after serum deprivation with HSV-1(17")Lox-GFP.
Endosome neutralization did not decrease gene expression in
Vero or HeLaS3 cells and even increased it in HEp-2 and PtK, cells
at baf concentrations that did not affect cell viability (Fig. 1A).
Since these data were not consistent with previous reports using
another HeLa cell line variant and a different HSV-1(KOS)-BGal
strain (26), we also tested infection at different virus doses. While
baf reduced infection with HSV-1(17")Lox-GFP at a lower MOI
of 1 moderately by about 25%, it increased it at the higher MOI of
20 (Fig. 1B). With the HeLaCNX cell line, baf did not impair viral
gene expression after infection at an MOI of 5 either. When
HeLaS3 cells were infected in the presence of serum, baf decreased
gene expression by about 30% at an MOI of 5 and by about 20% at
an MOI of 20. When we infected HeLaS3 cells with HSV-1(KOS)-
BGal at an MOI of 20, baf had no effect on viral gene expression.
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FIG 2 HSV-1 gene expression and nuclear targeting do not require PI3K. (A) Serum-deprived, LY294002-treated cells were infected with HSV-1(17")Lox-GFP,
(MOI of 5,1 X 10° to 2.7 X 10° PFU/ml) for 5 h in the absence of serum. Gene expression (black bars, mean = standard deviation [SD]; Vero, n = 3; HeLaS3,
n = 5; HEp-2, n = 2; PtK,, n = 2) and cell viability (gray bars, MTT, mean = SD, n = 2) were normalized to DMSO treatment. (B) Cells pretreated with
wortmannin were infected with HSV-1(KOS)-BGal (MOI of 20, 1 X 10” PFU/ml) for 4 h in the presence of the inhibitor. The amount of $-Gal (black line;
mean * SD, in quadruplicate; Vero: 0 and 0.5 wM, n = 3;0.2 and 2 pM, n = 2; 1 pM, n = 1; HeLaS3: 0 puM, n = 4;0.2 and 0.5 M, n = 3; 1 pM, n = 152 pM,
n = 2;PtK,: 0 and 0.5 pM, n = 4; 0.1 and 0.2 pM, n = 2; 1 and 2 pM, n = 3), cell density (gray dashed line; crystal violet; mean * SD, in quadruplicate; Vero:
0,0.2,0.5,and 2 pM, n = 2; 1 pM, n = 1; HeLaS3: 0 and 0.2 pM, n = 3; 0.5and 2 pM, n = 2; 1 M, n = 1; PtK,: 0 and 0.5 M, n = 4; 0.1 and 0.2 pM, n = 2;
land 2 pM, n = 3), and cell viability (gray solid line, MTT, mean * SD, n = 3) were determined and normalized to DMSO treatment. (C) Wortmannin prevents
serum-induced phosphorylation of Akt. After 2 h of serum deprivation, serum was added to Vero cells in the absence or presence of 500 nM wortmannin.
Anti-phospho-Akt and actin antibodies were used to probe cell lysates by immunoblotting. (D) Vero (a and d), HeLaS3 (b and e), or PtK, (c and d) cells were
preincubated without (a to c) or with (d to f) 500 nM wortmannin for 1 h and infected with gradient-purified HSV-1(KOS) at an MOI of 35 (3.5 X 10’ PFU/ml)
for 3 hpi in the presence of cycloheximide (a to c) or of cycloheximide and wortmannin (d to f), labeled with anti-HC, and analyzed by epifluorescence
microscopy. The position of the nuclei was determined by phase-contrast microscopy (dashed lines). (E) PtK, cells untreated or pretreated with 200 nM baf for
1 h were incubated with 50 nM LysoTracker Red and baf for 20 min and analyzed by live-cell fluorescence microscopy (a and b) and DIC (c and d).

As the producer cell lines, BHK and Vero, used to prepare the contrasts with reports for another HeLa line, we also verified that
inoculum can influence the cell tropism of HSV-1 (59), HeLaS3  at concentrations that inhibited the phosphorylation of Akt, a
cells were also infected with HSV-1(KOS)-BGal prepared in Vero  downstream substrate of PI3Ks (Fig. 2C), targeting of incoming
cells, but again baf did not reduce gene expression compared to  capsids to the nucleus was not affected by wortmannin in Vero,
that in untreated cells (Fig. 1B). Similarly, targeting of incoming  HeLaS3, or PtK, cells (Fig. 2D and 1D). We also confirmed that at
HSV-1(KOS) capsids to the nucleus was as efficient in the pres- 200 nM baf used for the infection experiments (Fig. 1), the endo-
ence of baf as in the controls (Fig. 1C and D). somal pH had indeed been raised, as the pH-sensitive LysoTracker
Endosomal maturation and transport of cargo to acidic endo-  Red did not stain any intracellular acidic organelles (Fig. 2E).
somes require PI3Ks (60), and inhibitors of PI3Ks like wortman-  Thus, HSV-1 gene expression was not or only slightly impaired in
nin or the reversible LY294002 reduce HSV-1 gene expression in ~ Vero, HeLaS3, HeLaCNX, HEp-2, and PtK, cells when endosomal
HeLa and CHO-nectinl cells (30, 61). We therefore tested these acidification or maturation had been perturbed after infection
inhibitors in Vero, HeLaS3, HEp-2, or PtK, cells, but neither =~ with HSV-1(17")Lox-GFP or with HSV-1(KOS)-BGal at an MOI
LY294002 (Fig. 2A) nor wortmannin (Fig. 2B) inhibited HSV-1  of 1, 5, or 20 in both the presence and the absence of serum.
gene expression even at very high concentrations. Interestingly, HSV-1 internalization depends neither on clathrin- nor on
gene expression was again rather increased in PtK, cells. Since this  caveolin-mediated endocytosis. To investigate the role of clath-
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FIG 3 continued

rin, we infected cells with HSV-1(17")Lox-GFP in the presence of
pitstop-2, which blocks the association of clathrin with membrane
adaptors, resulting in an inhibition of clathrin-mediated endocy-
tosis (62). While pitstop-2 reduced the uptake of transferrin (Fig.
3K), a model cargo of clathrin endocytosis (38), viral gene expres-
sion remained fairly unchanged in Vero, HeLaS3, HEp-2, and
PtK, cells (Fig. 3A). RNAIi treatment against CHC reduced the
levels of the protein by about 90% (Fig. 3B) and also inhibited the
uptake of transferrin (Fig. 3K). Under these conditions, HSV-1
gene expression was reduced by 20% in HeLaS3 cells and by 45%
in HEp-2 cells (Fig. 3C). To assess nuclear targeting of incoming
capsids in siRNA-treated cells, we added producer Vero cells in-
fected with HSV-1(17")Lox-GFP for 10 h and thus released infec-
tious virus (35, 49) to HeLa or HEp-2 cells transfected with scram-
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bled siRNA or siRNA against CHC (Fig. 3D and E). Vero cells,
identified by their prominent GFP expression, released viral par-
ticles that could enter HeLa or HEp-2 cells only by cell-to-cell
spread due to the presence of neutralizing antibodies (53) and that
could not express progeny proteins thereafter due to the presence
of cycloheximide (28, 33). These experiments demonstrated that
nuclear capsid targeting was not impaired in the absence of CHC
in HeLaS3 (Fig. 3E) or HEp-2 (Fig. 3D and E) cells. The pitstop-2
and RNAi experiments suggested that, if clathrin influenced
HSV-1 gene expression, it was downstream of endocytosis and
nuclear targeting and that this process was less important in HeLa
than in HEp-2 cells.

While clathrin forms vesicles at the plasma membrane and the
trans-Golgi network, AP2, a crucial protein complex for clathrin
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FIG 3 HSV-1 gene expression does not require clathrin-mediated endocytosis. (A) Serum-deprived, pitstop-2-treated cells were infected with HSV-1(17")-GFP
(MOI of 5,1 X 10° to 2.5 X 10° PFU/ml) for 5 h. GFP intensities (black bars, mean * standard deviation [SD], triplicate; Vero, n = 4; HeLaS3, n = 7; HEp-2,
n = 3; PtK,, n = 3) and cell viability (gray bars, MTT assay, mean * SD, n = 2) were normalized to DMSO treatment. A paired ¢ test showed no significant effect
on GFP expression in Vero (P = 0.7552), HeLaS3 (P = 0.0656), HEp-2 (P = 0.2369), or PtK, (P = 0.0956) cells. (B) RNAi-treated cells (72 h) were analyzed by
immunoblotting with antibodies to clathrin heavy chain (CHC), CtBP1, or caveolinl. To estimate the silencing efficiency of the different siRNAs, we loaded
different amounts of cells treated with a scrambled siRNA (100%, 50%, 25%, or 10%) to be compared to 100% of cells treated with specific siRNAs. (C) Cells
treated with RNAi against CHC for 72 h were infected with HSV-1(17")Lox-GFP (MOI of 5, 4 X 10° to 5 X 10° PFU/ml) for 5 h (mean * SD, triplicates). A
paired ¢ test showed no significant effect on GFP expression in HeLaS3 (n = 3, P = 0.2159) or HEp-2 (n = 3, P = 0.1708) cells. (D) Scr- or siCHC-transfected
HEp-2 cells were infected with HSV-1(17")Lox-GEFP for 4 h in the presence of cycloheximide and human IgGs containing HSV-1-neutralizing antibodies by
coculturing with previously infected Vero cells (MOI of 10, 7.5 X 10° PFU/ml, 10 hpi). Cells were labeled for VP26, stained with TO-PRO-3, and analyzed by
confocal fluorescence microscopy. Bar, 5 pm. (E) Quantification of nuclear targeting in the seeder cell assay (compare with panel D, mean *= SD) after
transfection with Scr siRNA (72 h: HeLaS3, n = 24 cells; HEp-2, n = 22; 48 h: HeLaS3, n = 16; HEp-2, n = 38) or knockdown of CHC (72 h: HeLaS3, n = 15;
HEp-2,n = 16), AP2A1 (48 h; HeLaS3, n = 18; HEp-2, n = 22), caveolinl (48 h; HeLaS3, n = 34; HEp-2, n = 16), dynamin2 (48 h; HeLaS3, n = 8; HEp-2,n =
5), or CtBP1 (48 h; HeLaS3, n = 21; HEp-2, n = 16). (F) Cells transfected with siAP2A1 for 48 h were infected with HSV-1(17*)Lox-GFP (MOI of 5, 4 X 10° to
5 X 10° PFU/ml) for 5 h (mean *+ SD, HeLa, n = 3; HEp-2, n = 2). (G) siRNA-transfected lysates (48 h) were analyzed by immunoblotting and probed with
anti-adaptin 1/2, anti-CtBP1, or anti-Cavl. To estimate the silencing efficiency of the different siRNAs, different amounts of cells treated with a scrambled siRNA
(100%, 50%, 25%, or 10%) were loaded to be compared to 100% of cells treated with specific siRNAs. (H) Cells transfected with GFP, GFP-Eps15-WT, or
GFP-Eps15-DN were infected with HSV-1(17+)Lox-CheGLuc (MOI of 10, 3.5 X 10° PEU/ml) for 6 h and fixed. Ten thousand cells per experimental condition
were analyzed by flow cytometry (mean * standard error of the mean [SEM]; Vero, n = 2; HeLaCNX, n = 7 independent experiments). Cycloheximide (CH)
was used as a positive control (n = 4). Please note that the same set of negative (GFP) and positive (CH) controls was plotted for Fig. 3H, 4B, and 5F. (I) Cells
transfected with GFP, GFP-Eps15-WT, or GFP-Eps15-DN were infected with HSV-1(KOS) at an MOI of 10 (2 X 10° PFU/ml) for 3 h, fixed, and labeled with
anti-ICP4 and DAPI. GFP-positive cells collected from two independent experiments were classified into 3 equally sized pools with low (white bars), medium
(gray bars), or high (black bars) GFP expression levels containing # cells each. The percentage of ICP4-positive cells within each category was plotted. Please note
that the data from cells transfected with GFP alone as control have been used to plot Fig. 31, 4C, and 5G. (J) PtK, cells were infected with HSV-1(KOS) atan MOI
of 80 (5 X 107 PFU/ml) for 15 min, fixed, labeled with anti-capsid (HC, panel b, green in panels a and d) and anti-CHC (panel ¢, red in panels a and d), and
analyzed by confocal fluorescence microscopy. Bar, 3 um for panel a and 2 wm for panels b to d. (K) HEp-2 (a to d) or HeLaS3 (e to i) cells had been either
pretreated with the respective inhibitors for 1 h (a to d) or transfected for 72 h (e and f) or 48 h (g to i) with the indicated siRNA (e to i) prior to internalization
of Alexa Fluor 488 transferrin and analysis by confocal fluorescence microscopy. Dashed lines indicate nuclei as detected by TO-PRO-3 staining.
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FIG 4 HSV-1 gene expression does not require caveolin-mediated endocytosis. (A) Cavl-silenced cells were infected with HSV-1(17")Lox-GFP (MOI of 5, 4 X
10°to 5 X 10° PFU/ml) for 5 h (mean =+ SD; HeLa, n = 3; HEp-2, n = 3). (B) Cells transfected with GFP, Cav1-GFP (WT), or GFP-Cav1 (DN) were infected with
HSV-1(17")Lox-CheGLuc (MOI of 10, 3.5 X 10° PFU/ml) for 6 h and fixed. Ten thousand cells per experimental condition were analyzed by flow cytometry
(Vero, n = 2; HeLaCNX, n = 7; independent experiments; mean = standard error of the mean [SEM]). Cycloheximide (CH) was used as a positive control (n =
4). Please note that the same set of negative (GFP) and positive (CH) controls was plotted for Fig. 3H, 4B, and 5F. (C) Cells transfected with GFP, Cav1-GFP (WT),
or GFP-Cavl (DN) were infected with HSV-1(KOS) at an MOI of 10 (2 X 10° PFU/ml) for 3 h, fixed, and labeled with anti-ICP4 and DAPI. GFP-positive cells
collected from two independent experiments were classified into 3 equally sized pools with low (white bars), medium (gray bars), or high (black bars) GFP
expression levels containing # cells each. The percentage of ICP4-positive cells within each category was plotted. Please note that the data from cells transfected
with GFP alone as control have been used to plot Fig. 31, 4C, and 5G. (D) Vero (a to ¢) or HEp-2 (d to f) cells were infected with HSV-1(KOS) at an MOI of 50
(1 X 107 to 2.5 X 107 PFU/ml) for 20 min, fixed, labeled with anti-capsid (MADb 5C10, panels a and d; green in panels c and f) and anti-caveolinl (panels
b and e, red in panels ¢ and f), and analyzed by confocal fluorescence microscopy. The arrow points to an incoming HSV-1 particle colocalizing with

caveolinl. Bar, 2 pm.

coat formation, acts exclusively at the plasma membrane (63).
RNAi against the a1 subunit of AP2 (AP2A1) reduced the levels of
the protein by 50 to 75% (Fig. 3G) but rather increased HSV-1
gene expression in HeLa cells and had no effect in HEp-2 cells (Fig.
3F). Moreover, the efficiency of HSV-1 nuclear targeting was also
not affected in cells treated with RNAi against AP2A1 (Fig. 3E). In
contrast, transferrin uptake and thus clathrin-mediated endocy-
tosis had indeed been blocked (Fig. 3K). Furthermore, we tested
overexpression of Eps15 (EGF pathway substrate 15), an accessory
protein of clathrin-mediated endocytosis (42). A dominant nega-
tive (DN) form of Eps15 did not reduce the number of Vero
or HeLa cells expressing mCherry after infection with HSV-
1(17+)Lox-CheGLuc (Fig. 3H). While DN Eps15 reduced the
expression of ICP4 after infection with HSV-1(17")Lox by 25 to
35% in Vero cells compared to GFP alone or Epsl5 wild type
(WT), there was no effect in HeLa cells (Fig. 31). Furthermore,
there was little colocalization between incoming capsids and
clathrin up to 1 hpi (Fig. 3]). These experiments confirmed that
under various conditions that impaired clathrin-mediated endo-
cytosis, there was little inhibition of HSV-1 infection.

RNAIi against caveolinl, a central protein for the formation of
caveolae (64), reduced protein levels by more than 75% (Fig. 3G),
but HSV-1 mediated GFP expression by only 20% in HeLa or
HEp-2 cells (Fig. 4A). Moreover, there was no effect on the effi-
ciency of HSV-1 nuclear targeting in HeLaS3 or HEp-2 cells (Fig.
3E). Compared to WT caveolinl-GFP, overexpression of DN
GFP-caveolinl (41) did not reduce HSV-1(17+)Lox-CheGLuc-
mediated gene expression in Vero or HeLaCNX cells (Fig. 4B).
Similarly, neither overexpression of WT caveolinl-GFP nor that
of DN GFP-caveolinl influenced ICP4 expression in Vero cells
(Fig. 4C). Moreover, incoming HSV-1 particles were only rarely
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located in areas enriched for caveolinl (Fig. 4D), as reported be-
fore (65). Overall, these results indicated that clathrin- and caveo-
lin-mediated endocytosis was not required for HSV-1 nuclear tar-
geting and gene expression.

HSV-1 infection and dynamins. Clathrin- and caveolin-me-
diated endocytosis and phagocytosis require dynamin (66). While
most forms of macropinocytosis do not need dynamins, some
depend on its function (7). Dynasore, an inhibitor of all dynamin
isoforms (67), decreased transferrin uptake (Fig. 3K) as well as
HSV-1 gene expression in Vero, HeLa, HEp-2, or PtK, cells in a
dose-dependent manner while not perturbing cell viability (Fig.
5A). To measure HSV-1 binding or HSV-1 internalization from
the plasma membrane, we used a modified protease protection
assay and real-time PCR (28, 33, 54). After virus binding on ice,
cells were either left untreated to quantify virus binding or directly
treated with proteinase K to determine the amount of surface-
bound virions that could not be removed by proteinase K treat-
ment. The remaining background was subtracted, and the amount
of viral particles bound to control cells in the cold was normalized
to 100%. To measure internalization, cells were shifted to 37°C for
30 min and then treated with proteinase K to remove any remain-
ing virions still bound to the cell surface. Dynasore did not impair
HSV-1binding to Vero and HeLaCNX cells and had no significant
effect on internalization (Fig. 5B). Furthermore, RNAi against dy-
namin2, which reduced protein levels by about 90% (Fig. 5C), did
not inhibit HSV-1 gene expression (Fig. 5D) or nuclear targeting
(Fig. 5E and 3E), although transferrin uptake had been reduced
(Fig. 3K). Moreover, cells expressing DN dynamin (40) were as
well infected as cells expressing WT dynamin (68) or GFP alone
(Fig. 5F and G). Therefore, we inferred that dynamin was not
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FIG 5 HSV-1 gene expression does not require dynamin. (A) Serum-deprived, dynasore-treated cells were infected with HSV-1(17")Lox-GFP (MOl of 5, 1 X 10° to
3 X 10° PFU/ml) for 5 h. GFP (black bars, mean = standard deviation [SD]; Vero, n = 5; HeLaS3, n = 8; HEp-2, n = 4; PtK,, n = 4) and cell viability (gray bars, MTT
assay, mean = SD, n = 2) were normalized to DMSO. (B) Serum-deprived Vero or HeLaCNX cells pretreated with 80 wM dynasore were inoculated with HSV-1(KOS)
atan MOl of 5 (5 X 10° PFU/ml). Virus binding was measured after 2 h on ice, and virus internalization was measured after 30 min at 37°C and a proteinase K treatment
(mean * standard error of the mean [SEM], duplicates) in Vero (n = 5) or HeLaCNX (n = 6) cells. A paired t test revealed no significant changes in HSV-1 binding (P =
0.2688 for Vero; P = 0.7045 for HeLaCNX) or internalization (P = 0.7373 for Vero; P = 0.3959 for HeLaCNX). Please note that the P values for internalization refer to
the fraction of internalized to bound virions for untreated cells versus inhibitor-treated cells (see statistical analyses). (C) Cells treated with siRNA for 48 h were analyzed
by immunoblotting using antibodies against clathrin heavy chain (CHC), dynamin2 (Dnm?2), or CtBP1. To estimate the silencing efficiencies of the different siRNAs,
different amounts of cells treated with a scrambled siRNA (100%, 50%, 25%, or 10%) were loaded to be compared to 100% of cells treated with specific siRNAs. (D) Cells
transfected for 48 h with siDnm2 were infected with HSV-1(17*)Lox-GFP (MOl of 5,4 X 10° to 5 X 10° PFU/ml) for 5 h (mean = SD; HeLa, n = 3; HEp-2, n = 3). (E)
Dnm2-silenced HEp-2 cells cocultured with Vero cells were infected with HSV-1(17*)Lox-GFP (MOI of 10, 7.5 X 10° PFU/ml, 10 hpi) for 4 h in the presence of CH and
human IgGs, fixed and labeled for VP26, stained with TO-PRO-3, and analyzed by confocal fluorescence microscopy. Bar, 5 pm. (F) Cells transfected with GFP,
Dnm2-WT-GFP, or Dnm2-DN-GFP were infected with HSV-1(17")Lox-CheGLuc (MOI of 10, 3.5 X 10° PFU/ml) for 6 h, and fixed. Ten thousand cells per
experimental condition were analyzed by flow cytometry (mean = SEM; Vero, n = 2; HeLaCNX, n = 7). Cycloheximide (CH) was used as a positive control (n = 4).
Please note that the same set of negative (GFP) and positive (CH) controls was plotted for Fig. 3H, 4B, and 5F. (G) Cells transfected with GFP, Dnm2-WT-GFP, or
Dnm2-DN-GFP were infected with HSV-1(KOS) at an MOI of 10 (2 X 10° PFU/ml) for 3 h, fixed, and labeled with anti-ICP4 and DAPI. GFP-positive cells collected
from two independent experiments were classified into 3 equally sized pools with low (white bars), medium (gray bars), or high (black bars) GFP expression levels
containing 7 cells each. The percentage of ICP4-positive cells within each category was plotted. Please note that the data from cells transfected with GFP alone as control

have been used to plot Fig. 31, 4C, and 5G.
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FIG 6 HSV-1requires NHE for gene expression and internalization. (A) (Top row) Serum-deprived, EIPA-treated cells were infected with HSV-1(17")Lox-GFP
atan MOI of 5 (1 X 10°to 3 X 10° PFU/ml) for 5 h. Gene expression (black bars, mean = standard deviation [SD], triplicates) measured in Vero (n = 7), HeLaS3
(n =9), HEp-2 (n = 5), or PtK, (n = 5) cells and cell viability (gray bars, trypan blue, mean = SD, n = 2 in triplicates) were normalized to 100% for
DMSO-treated cells. A paired ¢ test revealed significant changes in HSV-1 gene expression in Vero (P = 0.0416), HeLaS3 (P = 0.0023), HEp-2 (P = 0.0191), and
PtK, (P = 0.0215) cells. (Bottom row) EIPA-treated cells were infected with HSV-1(KOS)-BGal (MOI of 20, 1 X 107 PFU/ml) in the presence of EIPA for 4 h.
3-Gal (black line, mean * standard error of the mean [SEM]; in quadruplicate; Vero and HeLaS3: 0 and 50 pM, n = 9; 25 and 75 uM, n = 6; 100 uM, n = 8;
HEp-2 and PtK,: 0, 50, and 100 wM, n = 7; 25 and 75 pM, n = 6) and cell densities (gray line, crystal violet, mean = SEM; quadruplicates; for all cell lines: 0, 50,
and 100 pM, n = 7; 25 and 75 uM, n = 6) were normalized to DMSO wells. An unpaired ¢ test revealed that EIPA significantly reduced gene expression at 100
pM in Vero (P = 0.0195) and PtK, (P = 0.0004) cells and already at 50 .M in HeLaS3 (P = 0.0122) and HEp-2 (P = 0.0055) cells. (B) Serum-deprived Vero,
HeLaCNX, HEp-2, or PtK, cells pretreated with 75 .M EIPA were inoculated with HSV-1(KOS) at an MOI of 5 (5 X 10° PFU/ml). Virus binding was measured
after 2 h on ice, and virus internalization was measured after 30 min at 37°C and a proteinase K treatment (mean * SEM, duplicates) in Vero (n = 5), HeLaCNX
(n=15),HEp-2 (n=7),and PtK, (n = 4) cells. A paired t test revealed significant changes in HSV-1 binding in Vero (P = 0.0292), HeLaCNX (P = 0.0235), and
PtK, (P = 0.0326) cells but not in HEp-2 cells (ns; P = 0.7204). Internalization was significantly reduced in Vero (P = 0.0281) and HeLaCNX (P = 0.0057) cells

but not in HEp-2 (P
for untreated cells versus inhibitor treated cells (see statistical analyses).

required for HSV-1 internalization and that dynasore may have
reduced HSV-1 gene expression due to its off-target effects.

NHE function is crucial for HSV-1 gene expression and in-
ternalization. Next, we tested 5-(N-ethyl-N-isopropyl)amiloride
(EIPA), a widely used inhibitor of macropinocytosis that blocks
the function of NHEs (7, 69). Without NHE activity, the cytosol
becomes acidified, the GTPases Cdc42 and Rac1 are inhibited, and
actin polymerization and thus the formation of macropinosomes
do not occur (69). HSV-1(17)Lox-GFP expression was reduced
by EIPA to less than 50% in Vero, HeLa, HEp-2, and PtK, cells,
with Vero cells being the least impaired (Fig. 6A, top row). Simi-
larly, HSV-1(KOS)-BGal expression was decreased in Vero, HeLa,
HEp-2, and PtK, cells in the presence of increasing EIPA concen-
trations, again with Vero cells being the least affected (Fig. 6A,
bottom row).
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= 0.0679) or PtK, (P = 0.1589) cells. Please note that the P values for internalization refer to the fraction of internalized to bound virions

EIPA reduced HSV-1 binding in Vero, HeLaCNX, or PtK, cells
by 33%, 40%, or 43%, respectively, while binding to HEp-2 cells
was not affected (Fig. 6B). Normalizing the amount of HSV-1
internalized in the presence of EIPA to the starting amount of
HSV-1 bound in the presence of the inhibitor revealed that EIPA
had reduced the HSV-1 internalization by almost 75% in
HeLaCNX cells, by more than 60% in Vero and HEp-2 cells, and
by 34% in PtK, cells. In the four cell lines, HSV-1 gene expression,
internalization, and binding relied on the activity of NHEs, sug-
gesting that HSV-1 may enter these cells by macropinocytosis that
depends on actin dynamics to form membrane ruffles.

HSV-1 cell entry and host factors contributing to macropi-
nocytosis. Next, we investigated the roles of Pakl, PKC, TKs,
EGFR, and CtBP1, which are often required for macropinocytosis
(5,6,57,70). While HSV-1 gene expression was strongly reduced
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(Fig. 7A), when Vero, HeLa, HEp-2, or PtK, cells had been in-
fected in the presence of the Pak inhibitor IPA-3 during the first
hours postinfection (71), virus binding to Vero or HeLaCNX cells
was not impaired by IPA-3 (Fig. 7B). While control Vero cells had
internalized 25% of the bound HSV-1 within 30 mpi, IPA-3 had
reduced the internalized fraction to 2%; control HeLaCNX cells
internalized about 40%, which was reduced to 20% in the pres-
ence of IPA-3 (7B). When Vero or HeLa cells had been infected in
the presence of the PKC inhibitor rottlerin (72), there was also a
dose-dependent reduction in HSV-1 gene expression (Fig. 7C).
While rottlerin reduced HSV-1 binding to Vero cells by 50%
and to HeLaCNX cells by only 20%, internalization of the re-
spective HSV-1 fraction was similar for control Vero (20%),
treated Vero (30%), control HeLa (30%), and treated HeLa
(26%) cells (Fig. 7D).

Although TKs are required for some forms of macropinocyto-
sis (5, 6, 57), the inhibitor genistein did not reduce HSV-1 gene
expression in any of the four cell lines, not even at higher concen-
trations that impaired cell viability (Fig. 7E). Similar results were
obtained with Vero and HeLa cells at an MOI of 1, 5, or 20 and
irrespective of whether the cells had been infected in the presence
or absence of serum (data not shown). Macropinocytosis can also
be induced by the activation of the epidermal growth factor recep-
tor (EGFR), a mechanism that is used, for example, by vaccinia
virus (4). At 1 and 5 M, the EGFR inhibitor Iressa did not affect
HSV-1(17")Lox-GFP expression in any of the four cell lines (Fig.
7F). In Vero and PtK, cells, GFP expression was reduced by 10
wM, and in HeLaS3 and HEp-2 cells it was reduced by 25 uM
Iressa with the mildest effect being on HEp-2 cells (Fig. 7F). More-
over, Iressa reduced HSV-1(KOS)-BGal expression in Vero,
HeLa, and HEp-2 cells at 10 and 25 M (data not shown). How-
ever, at these concentrations Iressa inhibits other pathways in
addition to EGFR signaling (73). Thus, at a concentration that
specifically inhibits EGFR, Iressa did not impair HSV-1 gene ex-
pression, suggesting that HSV-1 infection did not depend on TKs,
including EGFR.

CtBP1, a downstream target of Pakl, contributes to macropi-
nosome closure after internalization of Ebola virus, echovirus 1,
and adenoviruses 3 and 35 (39, 74-76). RNAI against CtBP1 re-
duced the protein level to our detection limits (Fig. 3G) and
HSV-1 infection to 60% in HEp-2 cells but had no effect in HeLa
cells (Fig. 8A). However, nuclear targeting of incoming capsids
released from untreated, cocultured Vero cells was not impaired
in RNAi-treated HeLa (Fig. 3E) or HEp-2 (Fig. 8B and 3E) cells.
Moreover, while CtBP1 is exported from the nucleus to the cytosol
upon adenovirus macropinocytosis (74, 75), its subcellular local-
ization was not changed upon HSV-1 infection in Vero or HeLaS3
cells (Fig. 8C). Taken together, these data show that HSV-1 inter-
nalization required the activity of NHE and Paks but not of PKC,
and that TKs, EGFR, and CtBP1 were dispensable for HSV-1 in-
fection.

DISCUSSION

HSV-1 gets internalized into cells by both fusion at the plasma
membrane and endocytosis and may even use several pathways
within one cell (9; reviewed in references 10 and 17). To further
characterize endocytosis pathways in naturally permissive cells,
we have determined the effect of perturbing 13 host factors on
HSV-1 gene expression, nuclear targeting, internalization, and
binding. HSV-1 did not depend on endosomal acidification,
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clathrin, or caveolin in Vero, HeLa, HEp-2, or PtK, cells. In con-
trast, efficient HSV-1 internalization required NHE and Paks but
not PI3K, dynamin, PKC, TKs, EGFR, or CtBP1 (summarized in
Table 1). These data suggest that HSV-1 enters these cells via an
NHE- and Pakl-dependent macropinocytosis, that HSV-1 re-
quires NHE- and Pakl-mediated actin dynamics for fusion at the
plasma membrane and subsequent passage through the cortical
actin cytoskeleton, or that the two processes contribute to efficient
infection in the same cells.

HSV-1 did not require the vacuolar H*-ATPase for infection
with strain 17" or KOS, in the presence and absence of serum,
through a range of MOIs, and irrespective of the cell line that was
used to produce the inoculum. These results are consistent with
previous studies in Vero, HEp-2, CHO-PILRa, BHK, J-nectinl,
C10 murine melanoma, J-HVEM, or the neuroblastoma SK-
N-SH cells (27, 30, 32, 77, 78) and the fact that low pH does not
account for conformational changes in gB during fusion (79, 80).
Indeed, in HEp-2 and PtK, cells, HSV-1 infection was even more
efficient when endosomal acidification, and thus presumably vi-
rion degradation, had been inhibited. In other cell lines, such as
CHO-nectinl, CHO-HVEM, J-nectinl-integrin,,gs,ss,» HaCaT,
HaCaT-integrin,,p3, and SK-N-SH-integrin, g5 cells, infection is
reduced by baf (9, 19, 21, 26, 30, 31, 78, 81). Furthermore, infec-
tion of a different HeLa line with a different KOS strain is inhibited
by baf (26). The apparently conflicting results with different HeLa
lines could arise from various amounts of crucial host factors such
as integrin,,gs;; HSV-1 infection is reduced by baf in HeLa-
integrin g3, HaCaT-integrin,,g3, or SK-N-SH-integrin, g5 cells
but not after RNAI silencing of the 3 integrin subunit in these
same cell lines (78). Therefore, viral entry pathways can be de-
scribed only for a particular cell line, and general concepts can be
obtained only after testing several host factors (75). This notion is
also supported by a small RNAi screen targeting 50 protein kinases
that has shown that HSV-1 gene expression relies on different
kinases in the HeLaKyoto or HeLaMZ cell lines (36).

Considering the HSV-1 diameter of 225 nm, it may not be
surprising that neither clathrin- nor caveolin-mediated endocyto-
sis was required; however, clathrin-coated pits can organize vesi-
cles to accommodate, for example, vesicular stomatitis virus,
which has a length of 200 nm (82). However, HSV-1 does not
seem to utilize such mechanisms, as it did not require CHC, AP2,
Epsl5, or caveolin here, and neither does perturbation of clathrin
or caveolin function impair HSV-1 gene expression in CHO-nec-
tinl or HaCaT cells (9, 31, 65).

Macropinocytosis is being recognized as an important route for
virus internalization, and many host factors involved in this internal-
ization mode have been identified, although the specific perturbation
profiles vary for different host and viral cargos (2, 3, 74, 75, 83). One
unifying theme is the requirement for a dynamic actin cytoskeleton,
NHEs, and Pakl (reviewed in references 7 and 84). Indeed, efficient
HSV-1 gene expression requires actin in CHO-nectinl cells, HaCaT
cells, primary keratinocytes, and corneal fibroblasts (9, 31) and in the
Vero, HeLa, HEp-2, and PtK, cell lines used in the present study
(Koithan et al., unpublished). However, a role for actin is not unique
to macropinocytosis, since other modes of endocytosis depend on
actin polymerization, too (85, 86). Furthermore, actin dynamics may
also facilitate an enlargement of the viral fusion pore, be it at the
plasma membrane or an endosomal membrane, or passage of the
incoming cytosolic capsids through the cortical actin network into
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FIG 7 HSV-1 requires Paks and PKC for gene expression and Paks for internalization but does not depend on TKs. (A and C) Serum-deprived IPA-3 (A)- or rottlerin
(C)-treated cells were infected with HSV-1(17")Lox-GFP at an MOI of 5 (1 X 10° to 3 X 10° PFU/ml) for 5 h. GFP (black bars, mean * standard deviation [SD]; Vero,
n = 6; HeLa, n = 8 HEp-2, n = 3; PtK,, n = 2 for IPA-3 and n = 2 for rottlerin for each cell line) and cell viability (gray bars, MTT, mean * SD, n = 2) were normalized
to DMSO. (B and D) Serum-deprived Vero or HeLaCNX cells pretreated with 25 wM IPA-3 (B) or 50 wM rottlerin (D) were inoculated with gradient-purified
HSV-1(KOS) atan MOI of 5 (5 X 10° PFU/ml). Virus binding was measured after 2 h on ice, and virus internalization was measured after 30 min at 37°C and a proteinase
K treatment (mean = standard error of the mean [SEM]; duplicates) in Vero (1 = 5) and HeLaCNX (1 = 6 for [PA-3, n = 5 for rottlerin) cells. A paired ¢ test revealed
no significant changes in HSV-1 binding (IPA: Vero, P = 0.6726; HeLaCNX, P = 0.1643; rottlerin: HeLaCNX, P = 0.1041) with the exception of HSV-1 binding to Vero
cells, which was reduced by rottlerin (P = 0.0116). Internalization was significantly decreased by IPA-3 (Vero, P = 0.0038; HeLaCNX, P = 0.0113) but not by rottlerin
(Vero, P = 0.4282; HeLaCNX, P = 0.6777). Please note that the P values for internalization refer to the fraction of internalized to bound virions for untreated cells versus
inhibitor-treated cells (see statistical analyses). (E and F) Serum-deprived genistein (E)- or Iressa (F)-treated cells were infected with HSV-1(17")Lox-GFP (MOI of 5,
1 X 10° to 3 X 10° PFU/ml) for 5 h. GFP (black bars, mean *+ SD; genistein: Vero, n = 4; HeLaS3, n = 5; HEp-2, n = 15 PtK,, n = 1; Iressa: Vero, n = 5; HeLaS3, n =
5; HEp-2, n = 6; PtK,, n = 3) and cell viability (gray bars, MTT, mean * SD, n = 2) were normalized to DMSO. Please note that cell viability after Iressa treatment was
measured at 10 and 25 puM for Vero, HeLaS3, and HEp-2 cells and at 1, 5, and 10 pM for PtK, cells.
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FIG 8 HSV-1 gene expression does not require CtBP1. (A) Scr- or siCtBP1-transfected cells were infected with HSV-1(17")Lox-GFP (MOI of 5,4 X 10° to 5 X 10°
PFU/ml) for 5 h. GFP (mean * standard deviation [SD]; HeLaS3, n = 3; HEp-2, n = 2) was normalized to Scr. (B) CtBP1-silenced HEp-2 cells were cocultured with Vero
cells infected with HSV-1(17")Lox-GFP (MOI of 10, 7.5 X 10° PFU/ml, 10 hpi) for 4 h in the presence of CH and human IgGs containing HSV-1-neutralizing
antibodies, fixed and labeled for VP26, stained with TO-PRO-3, and analyzed by confocal fluorescence microscopy. Bar, 5 pm. (C) Vero (a to ¢) or HeLaS3 (d to f) cells
were infected with gradient-purified HSV-1(KOS) atan MOI of 50 (1 X 10” to 2.5 X 10” PFU/ml) for 10 min, labeled with anti-CtBP1 (panels a and d; enlarged in panels
cand f) and anti-capsid (anti-LC, panels b and ), and analyzed by confocal fluorescence microscopy. Bars, 8 wm (d) and 2 wm (f).

the cell interior, where they can proceed with microtubule transport
toward the nuclear pores (24, 84, 87-89).

The NHE inhibitor EIPA reduced HSV-1 gene expression in
Vero, HelLa, HEp-2, and PtK, cells, consistent with studies in
HaCaT, CHO-nectinl, CHO-integrin,p3, and 293T-integrin, g5
cells, while infection of J-nectinl or J-nectinl-integrin,p; cells is
notimpaired (9, 90). In addition to EIPA reducing HSV-1 binding

to cells by 30 to 40%, internalization of the virions bound in the
presence of EIPA was reduced by 35 to 75%, depending on the cell
line tested. EIPA blocks Racl and Cdc42 signaling by lowering the
submembranous pH (69). Since HSV-1 binds to filopodia in-
duced by Cdc42 (91), the reduced virus binding in the presence of
EIPA might be due to an inhibition of filopodium formation.
Furthermore, the Pak inhibitor IPA-3 reduced HSV-1 gene ex-

TABLE 1 NHE and Pak are required for efficient HSV1 gene expression and HSV1 internalization”

HSV-1 GFP/HSV-1 galactosidase/ HSV-1
HSV-11CP4 HSV-1 nuclear capsid targeting internalization HSV-1 binding
Vero HelLa Vero HelLa
Host factor Perturbant Vero HelLa  HEp-2 PtK, Vero Hela  HEp-2 PtK, (PtK,) (HEp-2)  (PtK,)  (HEp-2)
Endosomal pH  Bafilomycin - - A A - - - - ND ND ND ND
PI3K Wortmannin - - - - - — — - ND ND ND ND
LY294002 1 - - ) ND ND ND ND ND ND ND ND
Clathrin heavy  pitstop-2 - - ! ND  ND ND ND ND ND ND ND
chain siRNA ND - ! ND ND — — ND ND ND ND ND
AP2A1 siRNA ND A ND ND - - ND ND ND ND ND
Eps15 WT, DN ! - ND ND ND ND ND ND ND ND ND ND
Caveolinl siRNA ND - ND ND — — ND ND ND ND ND
WT, DN - - ND ND ND ND ND ND ND ND ND ND
Dynamin2 Dynasore v v v v ND ND ND ND - - - -
siRNA ND 1 - ND ND — — ND ND ND ND ND
WT, DN - - ND ND ND ND ND ND ND ND ND ND
NHE EIPA v v v v ND  ND ND ND V(V)  V(V) YY) V(-
Paks IPA-3 v v v v ND ND ND ND v v - -
PKC Rottlerin v v v v ND ND ND ND - - v -
TK Genistein 1 ! - ND ND ND ND ND ND ND ND
EGFR Iressa - - - - ND ND ND ND ND ND ND ND
CtBP1 siRNA ND - ND ND - - ND ND ND ND ND

@ Abbreviations and symbols: DN, dominant negative construct; —, no effect (75 to 120%); A, strong increase (>150%); 1 , weak increase (120 to 150%); V¥, strong decrease

(<60%); |, , weak decrease (60 to 75%); ND, not determined.
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pression in Vero, HeLa, HEp-2, and PtK, cells, while overexpres-
sion of a DN Pakl version does not perturb HSV-1 infection in
MDCK cells (92). IPA-3 did not interfere with HSV-1 binding but
reduced internalization in Vero and HeLa cells.

PI3Ks can regulate the formation of membrane ruffles and cup
closure to seal the nascent macropinosomes (7, 93, 94). Yet, the
PI3K inhibitors LY294002 and wortmannin inhibited neither
strain 17" nor KOS in Vero, HeLa, HEp-2, or PtK, cells, consis-
tent with previous results in Vero, HaCaT, or J-nectinl cells (30,
61,78). But HSV-1 gene expression requires PI3K activity in some
HeLa cell lines and CHO-nectinl, CHO-HVEM, J-nectinl-
integrin ,,gs/6/s» HaCaT-integrin,,g;, and SK-N-SH-integrin g5
cells (19, 30, 31, 61, 78, 81, 95). However, HSV-1 internalization is
not inhibited by wortmannin in Vero, a HeLa cell line, and CHO-
nectinl cells (31, 61). If some HSV-1 particles had directly fused
with the plasma membrane, the requirements for PI3Ks might be
overridden by their tegument kinase pUL13 or pUS3 (96, 97).
After the tegument proteins have been released into the cytosol,
they could induce signaling cascades that would stimulate inter-
nalization of further HSV-1 particles by macropinocytosis.

Although we had excluded clathrin- and caveolin-mediated
endocytosis, we still tested the role of dynamin since it contributes
to some forms of macropinocytosis, to fusion pore expansion, and
to remodeling of the cytoskeleton (66, 75, 98). The dynamin in-
hibitor dynasore reduced HSV-1 gene expression in the four cell
lines, again with the weakest effect on Vero cells. These results
are consistent with data on dynasore from murine epidermis,
HeLa-integrin,,z;, HaCaT, HaCaT-integrin,,p;, CHO-nectinl-
integrin,,, g3, J-nectinl-integrin,ps/s and SK-N-SH integrin,, g5
cells but not with studies using HeLa, CHO-nectinl, J-nectinl,
J-nectinl-integrin,,ge, or SK-N-SH cells or primary neurons (9,
19, 65,78, 90). Although our RNAi or DN dynamin perturbations
were sufficient to block transferrin endocytosis, they did not affect
HSV-1 gene expression or nuclear targeting in Vero, HeLa, or
HEp-2 cells. In contrast, DN dynamin reduces HSV-1 gene ex-
pression in HaCaT, CHO-nectinl-integrin g3, 293T, and 293T-
integrin,,, g5 cells, whereas there are conflicting reports for CHO-
nectinl cells (9, 31, 90). While dynamin did not seem to
contribute to the HSV-1 infection in our experiments, the mod-
erate effects of dynasore might be due to its off-target effects, since
it inhibits membrane ruffling and macropinocytosis in a dy-
namin-independent manner (67, 99, 100).

The PKC inhibitor rottlerin reduced HSV-1 gene expression
and also HSV-1 binding but not direct internalization of the
bound virions. PKC is also required for HSV-1 gene expression in
CHO-nectinl, CHO-nectinl-integrin,g3, J-nectinl, and J-nec-
tinl-integrin,, g5 cells (90). In addition to integrins, PI3Ks, and
PKC, many forms of macropinocytosis depend on TKs, and acti-
vation of some growth factor receptors stimulates fluid-phase up-
take (5, 6, 101). Consistently, TK activity contributes to HSV-1
infection of HaCaT, CHO-nectinl, CHO-nectinl-integrin,, g3, J-
nectinl, and J-nectinl-integrin g5 cells but not of neuroblastoma
SK-N-SH cells or human neurons (27, 30, 31, 90). However, the
TK inhibitor genistein and the EGFR inhibitor Iressa did not im-
pair HSV-1 gene expression in our cells, not only in the presence
of serum growth factors that might have overrun these inhibitors
but also in the absence of serum. HSV-1 might rely on genistein-
resistant TKs, or might also circumvent a TK requirement by us-
ing its own tegument proteins.

In summary, our data show that NHE and Paks contributed to
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efficient HSV-1 internalization and thus to efficient gene expres-
sion in Vero, HeLa, HEp-2, and PtK, cells, but we did not detect
any major effects by perturbing other host factors implicated in
some forms of macropinocytosis, such as PI3K, dynamin, PKC,
TKs, EGFR, or CtBP1. There are ample electron microscopy stud-
ies showing HSV-1 fusion intermediates at the plasma membrane
and the release of capsids into the cytosol (9, 20, 22-26, 28, 102).
However, there is no formal proof that these capsids are ultimately
the ones that release their genomes into the nucleoplasm for viral
transcription and replication and that they do not get stuck in the
cortical actin cytoskeleton (24, 87). On the other hand, virus entry
via endocytosis can also be a dead end, resulting in degradation of
incoming virions (28, 103).

A potential function of macropinocytosis is consistent with a
colocalization of a small fraction of incoming HSV-1 particles
with a cointernalized fluorescently labeled fluid-phase marker and
the early endosomal antigen 1 in CHO-nectinl and HaCaT cells
(27, 31). Furthermore, electron microscopy micrographs reveal
incoming HSV-1 virions that appear to be surrounded by mem-
branes (9, 25, 26, 31, 32, 61, 102). However, electron microscopy
of inoculated cells with an electron-dense marker on their plasma
membranes or electron tomography studies are required to deter-
mine whether these membranes are invaginations of the plasma
membrane or true macropinosomes that have pinched off from
the plasma membrane. Furthermore, the fraction of incoming
HSV-1 virions fusing with the plasma membrane or being inter-
nalized into macropinosomes needs to be quantified. Finally, it
has to be investigated in further studies whether HSV-1 can leave
these organelles by fusion with their limiting membranes. If
HSV-1 particles indeed transit through such macropinosomes,
further experiments will be required to characterize their physio-
logical properties.

While further work is required to characterize the relative con-
tributions of different internalization pathways in different cell
types in vitro and in vivo, it has become clear that HSV-1 requires
a unique set of host factors for efficient gene expression, making
them potential targets for the development of new antiviral ther-
apies. Perturbation tools that could prevent internalization of
HSV into epithelial cells, keratinocytes, or neurons but not into
immune cells (104) that are required for crucial antiviral re-
sponses in the human host likely stand the best chances to be
further developed into new treatments of the sequelae of HSV-1
and possibly HSV-2 as well.
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