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We previously provided evidence for a model of herpes simplex virus type ¥ {HSV-1) entry by a ¢ascade of interac-
tions between components of the virion envelope and cellular plasma membrane {Fuller and Lee, 1992, /. Virol 66,
5002-5012}. In this report we have determined entry kinetics of wild-type HSV-1 into two highly susceptible cell lines to
further explore the contributions of viral or cellutar factors to entry. Penetration rates of preattached virus varied
among several common laboratory HSV-1 strains into one cell line. However, entry kinetics varied substantially for a
single strajn into highly susceptible HEp-2 or Vero cells under identical conditions. Plaguing efficiencies and sensitivity
to heparin also significantly differed between these cells, Kinetics of entry that included virus attachment and penetra-
tion showed that the cell-specific effects can be explained by two distinct phases of attachment that occurred before
penetration, but differed in duration on both susceptible cell lines. Initial attachment of virus is resistant to removal with
phosphate-buffered saline, but sensitive to removal with buffer containing heparin. This is followed by a second type of
attachment that is heparin resistant, but still sensitive to extracellular inactivation. We conclude that aithough unde-
fined factors unique to individual wild-type HSV-1 laboratory strains affect entry kinetics, entry of any one strain is
greatly influenced by interactions of virus with specific cell components during at least two distinct phases of attach-
ment before penetration, Moreover, the second phase to stabilize binding seems to be the rate-limiting event in entry.
Since major differences in the amounts or sulfation patterns of heparan sulfate were not detected, differences in the
surfaces of HEp-2 and Vero cells that influence the kinetics and efficiency of HSV-1 entry are likely in the fine structure

of heparan sulfate or in the presence and quantity of other unidentified receptors.

Herpes simplex virus type 1 (HSV-1} can infect a
broad range of cultured cells. Infecticus entry occurs
by direct fusion of the HSV-1 envelope with the cellular
plasma membrane independent of fow pH (Fuller and
Spear, 1987; Wittels and Spear, 1990). Fusion for pen-
elration and virion disassembly is hkely triggered by
virus envelope interactions with cell surface compo-
nents during attachment. We proposed and provided
evidence for a model of HSV- 1 entry through a cascade
of multiple interactions between the virion envelope
and cellular plasma membrane (Fuller and Lee, 1992).
This entry model includes (a) initial attachment of the
virion to heparan suliate (HS) on cells, (b) subsequent
stable attachment that primes virion-celt fusion, {c) initi-
ation of a fusion pore formed between the virus enve-
fope and plasma membrane, (d) expansion of the fu-
sion bridge and disassembly of virion structure, and ()
release of the nucleocapsid inlo the cell cytoplasm. In
this report, we further explore HSV-1 interactions with
cells during neutral pH entry,

Studies of the role of individual viral or cefular com-
ponents suggest that H3V-1 entry is complex and in-
volves many envelope glycoproteins and one or mare
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cell surface components (Spear, 1993). Of 10 ge-
nome-encoded glycoproteins, the presence of gC en-
hances infectivity (Herold et al., 1991}, and gB, gD, and
gH are essential for events subsequent to attachment
(Cai et al, 1988; Desai af al., 1888, Forrester et g/,
1992, Fuller et a/., 1989, Fulter and Spear, 1987, Ligas
and Johnson, 1988). gC, gB, and gD have been shown
to bind independently to cells (Kuhn et af,, 1990}, and at
least gC and gB bind to H5 on the cefl surface (Hérold
et al, 1991). HS is a sulfated glycosaminoglycan
{GAG), attached to celiular proteoglycans, that is ubig-
uvitously distributed on a broad range of cells (Kjellén
and Lindahl, 1391; Wight efaf., 1991). HSV-1 infectivity
is reduced by removal or alleration of cell surface hep-
aran sulfate or by the presence of heparin, a chemically
stmilar GAG (Gruenheid et a/., 1993; Nahmias and Ki-
brick, 1964; Shieh et &/, 1992; WuDunn and Spear,
1989). HS is currently the sole identified cell surface
component with which HSV-1 interacts. Other HSV-1
cellular receptors have been pestulated, but their iden-
tity and role in entry have not yet been determined
{Campadelli-Fiume et al., 1988; Fuller and Lee, 1992;
Johnson et af,, 1990; Johnson and Ligas, 1988; John-
son and Spear, 1989; Lee and Fuller, 1993; Subraman-
ian et al., 1994). gD does not mediate fusion but binds
to a saturable non-HS receptor to mediate stable at-
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tachment that resists heparin elution (Fuller af a&f.,
1994; Fuller and Lee, 19982; lohnson and Ligas, 1988;
Lee and Fuller, 1993}). gH is required for entry (Desai et
al., 1988 Forrester et a/., 1992; Fuller et al, 1989),
may bind a non-HS cellular component (Forresteret al.,
1992; Lee and Fuller, 1983}, and is one of the viral
glycoproteins involved in initiation of membrane fusion
(Fuller et al., 1994; Fuller and Lee, 1992).

The multiple viral envelope and cell surface compo-
nents implicated in HSV infection present a challenge
to understanding its entry into susceptible cells. Criti-
cal viral glycoproteins may directly interact with cell
surface components or may facilitate the function of
another viral glycoprotein or component. The classical
approach of characterizing virus or cell mutants pro-
vides valuable insights. However, if the functions of
glycoproteins are interdependent, viral mutants lacking
a glycoprotein or with multiple lesions may provide lim-
ited information about the entire entry process. Under-
standing how HS or other cellular factors may contrib-
ute to HSV-1 attachment also has not been straightfor-
ward. Viral attachment to HS may be useful, or
essential, for initial attachment and also for subse-
qguent events that lead to virus penetration. Results ob-
tained with Chinese hamster ovary (CHO) celt lines that
are defective in HS or proteoglycans (Shieh et al.,
1992) are complicated by the natural resistance of
CHO cells to HSV-1 infection (Huang et al., 1974).
Wild-type CHO cells required 10-fold mare input virus
than highly susceptible HEp-2 cells to synthesize com-
parable levels of early viral proteins {Shieh et a/., 1992},
This result suggests that factors other than HS chains,
such as different core proteins and the presence of
other GAGs (Wight et a/., 1991) or of other cell factors
may affect HSV-1 entry or uncoating. Because the bio-
genesis of H3-bearing proteoglycans is compiex and
incompletely understood {Kjellén and Lindahl, 1991;
Wight et al., 1991), producing mutants in HS may result
in multiple lesions and partially susceptible pheno-
types, as found in groC L cell mutants (Gruenheid et a/.,
1993). Varied approaches are required to understand
the overall interdependent cascade of interactions that
facilitate HSV-1 entry.

In this report, we examined virus—cell interactions by
determining the kinetics of HSV-1 entry as an entire
cooperative process without introducing known
changes from spontaneous or engineered mutations
of either virus or cell components. We find that HSV-1
attaches in at least two distinct phases prior to virus
penetration. Not surprisingly, and likely due to natural
variation or accumulated variations from jn vitro cul-
ture, common wild-type laboratory virus strains pene-
trated at different rates into a single cell line. Moreover,
a single strain of wild-type HSV-1 attached and pene-
trated at different rates into two susceptible cell lines,
HEp-2 and Vero. The cell-specific differences ob-

served in H5V penetration kinetics and plaquing effi-
ciencies can be explained by differences in the type
and duration of virus attachment. We find that HS is
very similar on HEp-2 and Vero cells. Thus, the fine
structure of HS or the presence of non-HS receptors
likely accounts tor celi-specific attachment and entry
kinetics.

MATERIALS AND METHODS
Cells and viruses

Human epithelial carcinoma {HEp-2) and African
green monkey kidney {(Vero) cell lines were obtained
from ATCC and maintained as described previously
(Fuller and Lee, 1992). We routinely cultured all virus
straing at 34° an HEp-2 cells using a standard low virus
input, 0.01 PFU/cell, of virus stocks not more than two
passages from mother pool stocks. However, previous
history of virus cultivation cannaot be clearly docu-
mented. HSV-1 strains used were commoen wild-type
laboratory strains F, 17 syn+, HFEM, and KOS. These
viruses do not fuse cultured cells and have no known
large alterations in virus structure. A stock of HSV-
1{KOS) known to be close 10 the original isolate, desig-
nated ags KOS(b) in this repaort for convenience, was
kindly provided by P. Schaffer. HSV-1(17 syn+) was
kindly provided by Jeffrey Engel (Goodman and Engel,
1991). Infectious titers of all virus stocks were greater
than 1 X 10°% PFU/m.

Assay of rate of penetration

For one set of kinetic studies (Fig. 1}, we used a
slight modification of the classical rate of penetration
assay to examine binding and entry that leads 1o virus
infectivity (Herold et a/., 1991; Highlander et af., 1988;
Huang and Wagner, 1964). HEp-2 or Vero monolayers
at approximately 80% confluency in six-well dishes
were paired, so that each pair of wells represented one
of successive time points. Cell monolayers were incu-
bated for 2 min on ice and then infected with 200-300
PFU/monolayer of the designated virus. Virus was ad-
sorbed to celts at 4° for 90 min, inoculum removed,
and monolayers washed three times with PBS at 4°
before incubation with medium prewarmed to 37°. At
time points beginning immediately after the tempera-
ture shift, progress of virus penetration was deter-
mined from the amount of virus resistant to inactivation
by low pH citrate buffer wash (Huang and Wagner,
1964). After removal of medium from a pair of wells,
monolayers were washed twice with PBS. Each of two
wells was incubated with either PBS (control) or citrate
buffer at pH 3.0 for 2 min before washing twice with
PBS (Huang and Wagner, 1964). HEp-2 monolayers
were overlaid with Dulbecco’s modified medium (DME)
containing 5% calf serum (Hyclone), and Vero cells
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with medium 1989 containing 5% calf serum. Each me-
dium alsc centained 50 mAf HEPES, at pH 7.4, and
0.5% methylcellulose. At 72 hr, HEp-2 monolayers
were fixed with 1% glutaraldehyde and plaques im-
munostained with a polyclonal antibody specific for the
secreted form of HSV gD (Fuller and Spear, 1985). Sec-
ondary antibody was biotinylated goat anti-rabbit immu-
noglobutin (Gibco-BRL). The indicator reagent, strepta-
vidin S-galactosidase conjugate, was developed with
the substrate Bluogal (Gibco-BRL). Plaques on Vero
cellg were either immunostained or fixed with metha-
not and stained with Giemsa.

In an exception to this procedure, rates of penetra-
tion were simultaneously determined for virus exposed
to HEp-2 cells at {1) 37° without prior adsorption, (2) 4°
without prior adsorption, and (3) 4° for 90 min, and
then shifted to 37° (Fig. 1).

Assay of rate of attachment

Rate of attachment was measured as time required
for virus to attach to cells to resist removal by wash
with PBS or heparin, and time required to be protected
from extracellular inactivation. Time points began im-
mediately upon exposure of virus to cells. Virus was
not preattached to cells nor was there a temperature
shift during attachment. Sets of three ceil monolayers
at 80% confluency were infected with 300-400 PFU of
HSV-1(F) per monolayer at either 37° or 4°, input infec-
tivity was calculated from titers of HSV-1({F) on HEp-2
cells. For the first time point, immediately after infec-
tion, the moculum was removed from one set of three
monolayers and the monolayers were washed twice
with PBS. One well was treated with PBS, one with PBS
containing 500 ug/mi heparin {Sigma}, and one with
citrate buffer at pH 3.0 as described for the rate of
penetration. Heparin concentrations were chosen
from a dose-response curve (Fig. 2) and provided con-
ditions similar to those used 1o select heparin-resistant
mutants (Goodman and Engel, 1991). Subseqguently,
all monolayers were overlaid with medium, incubated,
fixed, and stained, and the plagques were scored.

Heparin resistance assay

HSV-1(F) was diluted to approximately 4000 PFU/m
and preincubated with heparin at the indicated con-
centrations for 15 min at room temperature. HEp-2 or
Vero cells in duplicate received the same inocula for 90
min at 37°. To ensure a countable number of plagues,
virus incubated with less than 0.1 pg/ml heparin was
diluted 10-fold into the same concentrations of heparin
used prior to infecting cells. Infected monolayers were
washed twice with either DME or 199 media contain-
ing 5% calf serum and 0.2% human immunoglobulin,
overlaid with this medium, and incubated at 37° until
plaques were evident, Cells were fixed and immuno-

stained and plaques scored as described in the rate of
penetration assay. Heparin resistance of HSV-1 strains
HFEM, KOS(a), KOS(b}, and 17 syn+ were similarly as-
sayed with, or without, heparin at 10 gg/ml on HEp-2
cells and at 300 ug/ml on Vero cells based on the hepa-
rin dose curve (Fig. 2).

Purification of heparan sulfate proteoglycans

[PH]glucosamine and [**S]sulfate were purchased
from Amersham Corp.; Q-Sepharose Fast Flow, pre-
packed Superose 6 (1 X 30 cm) and Sephadex G-50
{fine} were from Pharmacia LKB Biotechnology Inc.;
Guanidine HCI, urea, and phenylmethylsuliony! fluo-
ride were from Life Technologies/Bethesda Research
Laboratories; Triton X-100 was from Pierce Cheamical
Co.; the detergent CHAPS was from Calbiochem;
chondroitin sulfate ABC lyase (Proteus vulgaris) and
heparitinase (Flavobacterium heparinum) were from
Seikagaku America; 8-aminohexanoic acid, benzami-
dine HCI, and N-ethylmalemide were from Sigma; and
barium nitrite was from Fulka AG.

To label cell GAGs, approximately 3 X 108 HEp-2 or
Vero cells were plated in 25-cm? flasks in a final volume

" of 8 ml DME with 8% fetal bovine serum. Radioiso-

topes [#¥S5]sulfate and [*H]glucosamine were added at
50 uCi/ml each at the time of plating and cultures incu-
bated at 37° for 24 hr. To purity radiolabeled HSPG,
guanidine HCI extracts of cefl monolayers and media
were analyzed by Sephadex G-50 column chromatog-
raphy {8-mi bed volume equitibrated with 8 M urea, 0.3
M sodium chloride, 50 mM sodium acetate, pH 6.0,
containing 0.5% CHAPS) and the radiclabeled macro-
moleculies were isclated and quantified by scintillation
spectroscopy (Yanagishita et a/., 1987). Isolated mac-
romalecules were analyzed by Q-Sepharese anion-ex-
change chromatography. Samples were applied to 2-
ml columns (0.7 X b em) and eluted with a 40-ml linear
gradient of sodium chlaride (0.3-1.2 M) in 8 M urea,
0.5% CHAPS, 50 mM scdium acetate, pH 6.0 {Yanagi-
shita et al., 1987). One-milliliter fractions were col-
lected and monitored for radioactivity and conductivity.
Proteoglycan fractions from Q-Sepharcse chromatog-
raphy were identified by their 3°8 radicactivity profile.
Pooled samples of proteoglycans were digested with
chondroitin sulfate ABC lyase {100 mlU/ml} in 0.1 M
Trts, 0.1 M acetate, pH 7.3, for 60 min at 37° {Yanagi-
shita, 1992). Digested protecglycans were analyzed by
Q-Sepharose anion-exchange chromatography. Frac-
tions containing 55 radicactivity were pooled, dialyzed
against H,O, and lyophilized.

Characterization of HSPG

HSPG pools for cell fractions were reconstituted in
H,O and vacuum dried. GAGs were prepared by treat-
ing labeled HSPG with alkaline borohydride in 1-m! vol
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of 0.056 M sodium hydroxide, 1.0 M sodium borohy-
dride at 45° for 24 hr. Excess borohydride was de-
stroyed by neutralizing the solution with 5.0 M acetic
acid. GAGs were differentially cleaved by either hepari-
tinase digestion or nitrous acid treatment. Heparitinase
digests were performed identically to chondroitin sul-
fate ABC lyase digests, except that 5 milU/ml of en-
zyme was used. Nitrous acid treatment was performed
at low pH (Shively and Conrad, 1978). Following treat-
menit, the volumes of the samples were reduced tc 250
ul. An equal volume of 8 A7 guanidine HClwas added to
bring the final concentration of the treated samples t¢
4 M guanidine HC\, Alkaline boronydride-treated sam-
ples were analyzed by chromatography on Superose 6
columns, and both heparitinase- and nitrous-acid-
treated samples were analyzed by chromatography on
Superdex 75 columns. Columns were equilibrated and
eluted in 4 M guanidine HCI, 50 mA sodium acetate,
0.5% Triton X-100, pH 6.0, at a flow rate of 0.4 ml.

The average molecular weights of HS chains were
calculated from the Superose 6 chromatography pro-
files, using the formula MW = 18040283l Thg per.
centages of N-sulfated glucosamine residues {GlcN)
were calculated by comparing the radioactivity pregent
in populaticns of nitrous acid fragments separated by
Superdex 75 chromatography. Proportions of N-sul-
fated glucosamine (GIcN) residues in nitrous acid frag-
ments are 1/n, where n represents the number of
GlcN-anhydromannose residues in the fragment {(n = 1
for disaccharides, n = 2 for tetrasaccharides, eic). If p,
is the proportion of fragments with n residues com-
pared to all fragments, then the proportion of GLcN
residues containing N-sulfate in the ariginal heparan
sulfate is (1/n X p,).

RESULTS
Characteristics of HSV-1 rate of penetration assay

In one approach to determine the influence of virus
or cellular components on HSV-1 entry and infectivity,
we examined entry with a classical rate of penetration
assay (Huang and Wagner, 1964). Rate of penetration
denotes the time required for virus to penetrate into
cells, thus escaping extracellular inactivation by low
pH buffer. This inactivation presumably results from
irreversibly altered conformation of virus components.
Virus attaches 1o cells during incubation at 4°, but only
penetrates when the temperature is increased (Huang
and Wagner, 1964). Increase in infectivity, guantitated
as increasing numbers of plaques over time, repre-
sents progression of preattached virus through pene-
tration. We determined in our system if this assay was
appropriate for examining kinetics of HSV-1 interac-
tions with cells.

Greater than 95% of HSV-1{F) virus that attached to
HEpR-2 cells during 80 min at 4° was inactivated when

cells were treated with low pH buffer at 4° and subse-
quently shifted to 37° to allow penetration of surviving
virus (Fig. 1A, open squares). Consistent with the origi-
nal observation {Huang and Wagner, 1964), and with
generally assumed characteristics of HSV entry, at 4°
in our system {1} virus attached, {2} virus did not pene-
trate, and {3) the low pH buffer efficiently inactivated
bound extracellular virus. If virions were exposed to
low pH buffer after both incubation for 30 min at 4° and
temperature shift to 37°, 50% of the preattached in-
fectious virions were protected in 7 min (Fig. 1A, open
circles). In contrast, for virus incubated with cells at
37° without preattachment, 50% protection required
20 min (Fig. 1A, solid circles). These results show that
protection from extracellular inactivation isolates entry
and delineates the rate of penetration of a virus popula-
tion. They clearly document and extend several gener-
ally accepted characteristics of HSV-1 entry. First, the
temperature of initial virus interaction with cell surfaces
during infection affects the efficiency of virus attach-
ment both in time required and in averall numbers (Fig.
1A and Tabie 1). Second, consistent with a proposed
function of attachment to prime fusion for penetration
(Fuller and Lee, 1992}, attachment that occurs at 4°
arrested the virus population at a stage primed for im-
mediate penetration when the temperature is raised
(Fig. 1A). We used this classical penetration assay, ora
variation thereof, to examine the influence of interac-
tions between viral and cell surtace tacters on kinetics
of HSV-1 entry into highly susceptible cells.

Influence of cell type and strain variation on
penetration rate

If HSV enters through a cascade of interdependent
events, binding of virai components to unique cell sur-
face components likely affects entry rate and efficiency
of intection. Variation in the envelope compaosition ot
individual HSV-1 strains also might influence coopera-
tivity required for entry. We determined the kinetics of
penetration of H3V-1(F) into HEp-2 and Vero cells and
of several common wild-type laboratory HSV-1 strains
into HEp-2 cells {Figs. 1B and 1C). Preattached HSV-
1{F} penetrated more quickly into HEp-2 cells than Vero
cells (Fig. 18). Fifty percent of the viral population was
protected by 7 min on HEp-2 cells compared to over
twice as long {16 min) on Vero cells. The results indi-
cated cell-specific differences in penetration of one
virus strain.

To determine whether the penetration rate of HSV-
1(F) was representative of other strains, penetration
rates of several randomly chosen common wild-type
laboratory HSV-1 strains were compared on HEp-2
cells. None of these viruses are known to carry exten-
sive mutations that affect entry. The penetration rates
of wild-type strains F and 17 syn+ were similar (f5 = 7
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FiG. 1. Rates of HSV-1 penetration. (A} The effect of temperature and preattachment of HSV-1 on the rate of penetration. HEp-2 monclayers in
six-well dishes were incculated with 300 PFU of HSV-1(F) at 37° or 4°. Immediately after inoculation at 37° {solid circles), at 4° (open sgquares), or
after 90-min incubation at 4° followed by a shift to 37° {open circles), the incculum was removed and the cells were washed three times with
PBS. Duplicate ceill monolayers were treated for 2 min with low pH citrate buifer or with PBS (cantrol), then washed twice with PBS, and overlaid
with DME containing 0.5% methyicekulose. Cell monolayers were fixed and plagues immunostained at 72 hr. The number of infectious virus
surviving low pH inactivation by citrate treatment at each time point is expressed as a percentage of the virus from wash at each time point. (B
and C) The rates of penetration into Verc and HEp-2 cells or among HSV-1 strains. For B, HEp-2 and Vero monotayers were inoculated with 300
PFU of HSV-1{F). For C, HEp-2 monclayers were similarly inoculated with HSV-1 straing 17 syn+ (open circles), KOS{a), KOS(b), or HFEM. After
incubation at 4°* for 90 min the monolayers were washed, shifted to 37°, and treated as described for A, The percentage of infectious virus
surviving low pH citrate inactivation is compared to the PBS control value at each time point. Each point is the average of at least triplicate
determinations. Standard deviations {less than 15%) were omitted in C for legibility.

min}, while those of both HFEM (t;, = 10 minj and two
preparations of KOS (tss = 15 and 30 min} varied from
the rates of F and 17 syn+ and varied among them-
selves (Fig. 1C). These results indicate that the kinetics
of penetration of common wild-type HSV-1 laboratory
strains differ substantially under identical conditicns on
the same celi line. The penetration rate of HSV-1(F)
was similar to that of strains with similar characteristics
of stability and plaque morphology. Minor natural varia-
tions in HSV-1 strains, or possible accumulated varia-
tions from in vitro propagation, which are difficult to
systematically evaluate, may contribute to subtle virus
strain differences that affect kinetics of penetration into
a given cell line.

Although common wild-type laboratory HSV-1
strains enter HEp-2 cells at different rates (Fig. 1C),

there were significant differences between the pene-
tration rates of a single strain, HSV-1{F), into HEp-2 and
Vero cells under identical incubation conditions (Fig.
1B). This suggested that virus interaction with unique
cell factors greatly influences the events required to
mediate infecticus entry. We further explored the cell-
specific interactions of HSV-1{F) with HEp-2 and Vero
cells,

Plaquing efficiency of HSV-1

HEp-2 and Vero cells are frequently used for culture
and study of H3V-1. It has been widely observed that
plaque morphologies and the efficiency of ptaque for-
mation of many laboratory strains differ on these two
susceptible cell lines. Table 1 confirms that HSV-1
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TABLE 1

EFfiENCY OF HSV-1 PLague FoORMATION?

Temperature
Cell 4° 37°
HEp-2 78 187 (42%)
Vero 192 222 {B6%)
(419%)° (84%)

4 Number of ptaques resulting from 90-min incubation of HSV-1{F)
on indicated cell line at indicated temperature.

® Percentage of infectious virions seen at 4° compared to that
seen at 37°.

¢ Percentage of infectious virions seen as plagues on HEpP-2 com-
pared 10 that seen on Vero,

tforms more plagues on Vera cells than HEp-2 cells
exposed simultaneously to the same virus inoculum.
The temperature at which virions interact with cells
atso influences plaquing efficiency. HEp-2 cells are
more sensitive 10 temperature for attachment than
Vero cells (Table 1}, An important contributing factor to
these differences might be interactions among virus
and cell surface components during the cascade of
entry evenis. The cetl-specific plaguing efficiencies did
not correlate with cell-specific HSV-1 penetration rates
{Fig. 1B and Table 1), since faster penetration of HSV-
1{F} into HEp-2 cells does not seem to directly result in
formation of more plagues.

Correlation of virus penetration rates with
sensitivity to heparin

Differences in attachment to HS might influence
penetration rate, since binding 16 HS is important to
HSV-1 entry (Herold et af., 1881; Shieh et a/., 1992;
WuDunn and Spear, 1989). We determined if penetra-
tton rate correlated with the abitity of HSV-1 to bind to
HS, as measured by sensitivity to heparin competition.
This approach assumes that HSV-1 binding to heparin
mimics binding to cell surface HS (Goodman and En-
gel, 1991; WuDunn and Spear, 1989). We assayed in-
fectivity because only virions that attach to HS, or an-
other cell component, in preference to heparin could
form plagues. Consistent cell-specific differences also
were evident in a dose—responge of the effect of hepa-
rin an HSV-1(F) infectivity (Fig. 2). On HEp-2 cells, virus
infectivity was reduced to less than 1% at 1 pg/ml of
heparin. In contrast, approximately 10% of input virus
could infect Vero cells even in the presence of up to
500 ug/ml of heparin.

Relative sensitivity to heparin of wild-type laborataory
HSV-1 strains was examined on both cell lines. Cell-
specific differences consistently were maore pro-
nounced than differences among the wild-type strains
(Fig. 3). Afl of the virus strains were reduced o less

than 1% infectivity on HEp-2 cells with 10 ug/ml hepa-
rin (Fig. 3). The same strains retained a range of 2-10%
infectivity an Vero cells even in the presence of 300
wg/ml of heparin. The infectivity of each strain in the
presence of heparin was greatly influenced by cell type
and did not obvicusly correlate with penetration rate
{(Figs. 1, 2, and 3). In heparin sensitivity, the cell-speci-
fic differences are greater than discernible variations
among common wild-type virus laboratory strains,

Kinetics of attachment and penetration of HSV-1
strains

Penetration rate, plaguing efficiency, and heparin
sensitivity consistently show a majer influence of cell-
specific factors on H3SV-1 entry (Table 1, Figs. 1, 2, and
3). We mare c¢losely examined the kinetics of entry of
one strain, HSV-1({F), into HEp-2 and Vero cells by modi-
fying the classical rate of penetration assay. Since this
assay examings entry of virus preattached at 4° (Fig.
1A), the penetration rates do not represent virus—cell

000G

Number of PFU

10

Virus Resistant to Heparin
of Control

3

1

%

.001 .01 A 1 10 100 1060
Heparin  (ugfmi)

Fig. 2. Effects of heparin on HSV infectivity on HEp-2 and Vero
cells. HSV-1{F) viral stock was diluted to approximately 4000 PFU/
ml, then duplicate aliquots were treated with or without the indicated
concentrations of heparin. Confluent monolayers of either HEp-2
(solid circles) or Vero cells {open squares) were incubated with the
virus inocula for 90 min at 37°. The cell monolayers were washed
twice with medium containing human gamma globulin, in DME on
HEp-2 cells or 199 on Vero cells, and overlaid with the same media.
Plaques were scored when clearly visible. The PFU formed in the
presence of heparin is presented as the average number of resistant
virug (A} and the percentage of resistant virus compared to PFU in
the absence of heparin (B). Standard deviations were consistently
less than 10%.
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FiG. 3. Heparin resistance of wild-type HSV-1 strains on HEp-2 and
Vero cells. Stocks of HSV-1 strains were diluted and duplicate ali-
quots were treated with or without 10 wg/ml heparin (HEp-2 cells) or
300 pg/ml heparin (Vero cells). Confluent monolayers of either HEp-2
or Verg cells were incubated with virus and treated as in the legend
to Fig. 2. The PFU formed in the presence of heparin is presented as
the percentage of PFU formed in the absence of heparin on Vero
cells (hatched hars} or on HEp-2 cells {solid bars}. Fewer than 1% of
virug from parallel incculations formed plagues on HEp-2 cells. The
experiment was performed in triplicate for each virus on each cell
line. Error bars indicate standard deviations.

interactions throughout the entire entry process. For
instance, virus preattached at 4° penetrated faster
than virus that had not undergone the 4° incubation
(Fig. 1A). Morecver, by 80 min postinfection at 4°, ap-
proximately 80% of input virions were attached 1o re-
sist removal by heparin wash (data not shown). Ceil-
specific differences that influence entry and infection
could be obscured hy the 4° virus preattachment {Her-
old et al., 1991; Highlander et a/., 1988; Huang and
Wagner, 1964).

To evaluate the influence of attachment on entry,
virug attachment through penetration was examined at
either 37° or 4° after exposure of the cells to one of
three conditions (Fig. 4). These were wash with PBS to
remove unattached virus, wash with PBS containing
500 pg/ml of heparin to remove virus not stably at-
tached 1o cells, or extracellular inactivation by low pH
citrate buffer to identify virus that had penetrated suc-
cessfully through the cell membrane. When entry
events are isolated and assessed by plague formation
in parallel on HEp-2 and Vero cells, kinetics of HSV-1{F)
entry showed that infectious virus enters in at least
three phases that can be discerned by different wash
conditions (Fig. 4}. These phases are evident when the
number of infectious particles that are resistant to a
given condition at a given time is determined. More-
over, efficiency of entry and the time virus spend in
transition through these phases are influenced by tem-
perature and cell type and can provide an explanation
for cell-specific observations. Table 2 shows the time
required for 50% of the infectious virus population to
reach each phase.

Kinetics of entry that include virus attachment ex-
plain the influence of temperature and cell-specific dif-
ferences observed in HSV-1{F) plaquing efficiency,
penetration rate, and possibly heparin sensitivity (Table
1, Figs. 2 and 3). With plaquing efficiency, for example,
at either temperature and regardless of wash condition
(PBS wash, open squares; heparin wash, open circles;
or citrate inactivation, solid triangles at 37° only), al-
most twice as many virions attached to Vero cells in 20
min {Figs. 4B and 4D) than attached to HEp-2 cells
(Figs. 4A and 4C). During the 90-min incubation in a
standard plaque assay, greater numbers of virions
likely attach to Vero cells than to HEp-2 cells. Over a
set time, more of these virions eventually enter Vero
cells to form plaques (Table 1). Kinetics of entry 1¢ in-
clude attachment also agree with observed effects of
temperature. For example, the transition from PBS(R)
but Hep(S) (open squares) to virus that was both PBS(R)
and Hep(R) {open circles) differs on HEp-2 and Vero
cells and occurs at both 37° and 4° (Fig. 4). However,
transiticn from Hep{R) virus to virus protected from ex-
tracellular inactivation, Cit(R} (solid triangles), occurs
only at 37°, possibly because events leading to or dur-
ing penetration are inhibited at 4°.

Cell-specific penetration rates of preattached HSV-
1({F} {Fig. 1B) also are consistent with, and can be ex-
plained by, the three discernible, interdependent
phases of entry (Fig. 4, Table 2). On HEp-? cells, HSV-
1(F) spends twice as long {32% of total time) in transi-
tion from PBS(R) to Hep(R) than it does in transiticn
from Hep(R) to Cit(R) (14% of total time). Surprisingly,
this trend is reversed on Vero cells {Fig. 4B and Table
2), where transition from PBS(R} tc Hep(R) occurs
quickly (11% of total time) relative to the longer time
required {32% of total time) for transition from Hep{R) to
Cit(R). Consistent with measure of the classical rate of
penetration (Fig. 1B}, preattached Hep(R) virus take rel-
atively longer to penetrate into Vero cells than HEp-2
cells {Tabte 2, Fig. 4). However, because more virigns
reach the Hep(R) phase in less time on Vero cells {Ta-
ble 2, Fig. 4), more plaques are formed. Therefore, the
slower penetration rate on Vero ceils does not result in
decreased plaquing efficiency (Table 1).

Heparin sensitivity on HEp-2 and Vero cells (Figs. 2
and 3) also correlates with kinetics of attachment at
37° (Fig. 4). Virions attach quickly {50% in less than 10
min) in both PBS(R) and Hep{R) manners to Vero cells
{(Fig. 4B and Table 2), perhaps propelling the entry pro-
cess past the heparan sulfate binding phase of virus—
cell interaction that is subject to heparin competition.
Thus, for Vero cells, more virions may be resistant 1o
heparin since the second phase of attachment, or pen-
etration, begins sooner on Vero cells. The longer time
to reach Hep(R) on HEp-2 cells {27 min) (Fig. 4A, Table
2) indicates that virus may be more susceptible to the
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FiG. 4. Rates of attachment and penetration of HSV-1{F} on HEp-2 or Vero cells at 37° or 4°. Triplicate sets of HEp-2 or Vero monolayers were
inoculated with approximately 400 PFU {calculated from HSV-1 titer on HEp-2 cells) at either 377 (A and B} or at 4° {C and D). At selected time
points beginning immediately after inoculation, one set of monclayers was washed and treated with PBS {cpen squares), PBS containing 500
ug/mt heparin (open circles), or low pH citrate buffer {solid triangles) as described in the legend 1o Fig. 1 and then overlaid with either DME or 199
containing 0.5% methylcellulose. HEp-2 and Vero monolayers were fixed and plaques immunostained at 48-72 hr. The results are presented as
the average number of PFU, from duplicate experiments, that survived each wash condition. Error bars indicate standard deviations. For some

points, error bars are smaller than the plot symbol,

competitive effects of heparin on HEp-2 cells during
the time required for attachment to HS.

Kinetics of HSV-1{F) entry show that progress from
attachmeni through penetration differs between HEp-2
and Vero cells and correlates with plaquing efficiency
{Table 1}, rates of penetration (Fig. 1), and sensitivity to
heparin during infection {Figs. 2 and 3). All three param-
eters of HSV-1 entry show cell-specific differences that
likely are influenced by an initial PBS(R) attachment and
a subseguent Hep(R) stable attachment and seem to
depend on the context of cell surface components
characteristic of each cell line.

Biochemical characterization of heparan sulfate on
HEp-2 and Vero cells

HS is one clearly identified cell surface component
involved in HSV attachment that can vary on different
cell lines (Shieh et af, 1992; WuDunn and Spear,
1989). To determine if variation in HS accounted for
cell-specific kinetics and efficiency of entry, we bio-
chemically characterized the amounts and average

length of HS chains from total cellular HSPG of HEp-2
and Vero cells. The mature HS chains of HEp-2 cells
averaged 105 kDa in size and those of Vero averaged
58 kDa. The absolute amount of mature radiolabeted
HS was about twofold greater on Vero cells (Table 3).
These differences could influence virus interactions.

HSV-1 does not bind well 10 undersulfated HS {Lycke
et al., 1991). Poor affinity of virus for less-sulfated HS
could slow attachment and entry into a given cell line.
To assess the influence of HS sulfation on HSV-1 at-
tachment and entry, we determined the level of HS
sulfation on HEp-2 and Vera cells. HS chain structure
alternates between unmodified and heavily sulfated re-
gions that are separated by blocks of varying sulfation.
This pattern results from varying efficiencies of modify-
ing enzymes and availability of substrates. We ana-
lyzed the amount of N-sulfation on HS fragments as a
general index of total sulfation. Nitrcus acid digests
showed that HEp-2 HS contained 16% more N-gulfate
groups than Vero cell HS (Table 3).

Free extracellular HSPG unique to each cell ling
might compete with cell surface HSPG for virus in a
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TABLE 2

TiME oF HSV-1 TRANSIT THROUGH STAGES OF ENTRY

Cell line Pararmeter FBS(R) HEP(R) CIT(R)
HEp-2 Time (min)® 17.0 27.0 31.5
% Total time® 54% 86% 100%

% Time in transit® 32% 1409
Vero Time (min} 8.0 9.5 14.0
% Total time b7% 68% 100%

% Time in transit 119 32%

2 Time in minutes required for 50% of total PFU {200 PFU) to he-
come resistant to PBS, heparin, or citrate wash at 37° (Fig. 4).

& Percentage of time required for 200 PFU to become resistant to
the indicated wash condition, compared to the total time required for
200 PFU to achieve complete protection from extracellular inactiva-
tion.

¢ Compared 1o total time before penetration, percentage of time
200 PFU spent in transit from resistance to one wash condition to
resistance to the next wash condition,

manner similar to heparin competition. To address this
possibility, HSPG was extracted and analyzed from me-
dium in which HEp-2 or Vero cells had grown for 24 hr,
HEp-2 cells shed approximately twice as much HSPG
intc the medium than did Vero cells {data not shown).
However, extracellular HSPG did not obviously ac-
count for differences observed between the cells in
infectivity, the rates of penetration, or heparin sensitiv-
ity. Extensive washing of cells before infection to re-
move extracellular HSPG or addition of medium from
one monolayer of cultured cells to the other had littie
effect on the overall infectivity (data not shown).

Differences in total amounts (more on Vera), in
length of chains {shorter on Vero), or in levels of sulfa-
tion {lower on Vero) might influence virus interactions
with HS. One of many hypotheses is that HSV can
more easily attach to and detach from Vero HS, while
these events take more time with HEp-2 HS that is
longer and more highly sulfated. However, treating
HEp-2 and Vero cells with sodium chlorate, which de-
creases HS sulfation, does not eliminate cell-specific
heparin sensitivity (McClain et af., 1994). This suggests
that other cell surface factors such as core proteins or
the presence or type of some other non-heparan sul-
fate cell component{s) may influence cell-specific HSV
attachment and entry. HS chains are attached to caore
proteins, which have not yet been examined and likely
differ on HEp-2 and Vero cells.

DISCUSSION

Kinetics and efficiency of H3V-1 entry into two highly
susceptible cell lines demonstrate the influence of tem-
perature, viral and cell-specific components, and dura-
tion of incubation time on the cascade of virus—cell
interactions during entry. We used kinetica of attach-

ment threugh penetration to examine the influence of
these variables on distinct stages of virus entry (Figs. 1
and 4; Table 2).

Kinetics of penetration vary among wild-type strains

Common HSV-1 wild-type laboratory straing vary in
penetration rates and sensitivity to heparin (Figs. 1, 2,
and 3). Because strain F appears to be stable and inter-
mediate in plague phenotypes, rates of penetration,
and pathogenesis, we performed entry studies with
HSV-1(F} as the standard wild-type virus. Recent stud-
ies with human immunodeficiency virus (Palca, 1992;
Schuitemaker et al, 19892) and variations in HSV
strains reported here (Figs. 1C and 3) and in the litera-
ture (Dix et af., 1983; Gordon et af., 1990; Shieh et a/.,
1992) suggest that the choice of virus strains should
be carefully considered and that general conclusions
should be confirmed with more than one viral strain or
cell line, or specitfically interpreted. This may be particu-
larly important when comparing results of studies from
different laboratories on viral entry, pathogenesis, and
latency. Penetration rates are affected by a number of
factors including natural and accumulated variations in
viral components among commaon wild-type laboratory
strains which may be numerous and are difficult to
trace {Campadelli-Fiume et af.,, 1988; Lasky and Dow-
benko, 1984; McGeoch et al., 1985; Watson et af,
1982).

Cellular context is a major influence on kinetics and
efficiency of entry

Cell-specific differences for the same virus strain
were found in rate of penetration, plaquing efficiency,
heparin sensitivity, and infectivity (Figs. 1-3; Table 1),
A mutant of 17 syn+ {17 hep syn) that was selected for
heparin resistance (Goodman and Engel, 1991) also
shows cell-specific heparin sensitivity. Infectivity in the
presence of heparin differed more than 30-fold when
the same inoculum was plated on Vero, rabbit skin, or
HEp-2 celis {(McClain and Fuller, unpublished). Clearly,

TABLE 3

BIOCHEMICAL ANALYSIS OF HEPARAN SULFATE PROTEQGLYCANS

Cell line
Parameter HEp-2 Vero
Total HSPG (cpm)® 4.48 > 10 9.40 x 104
HSPG/total PG (%) 24.0 25.0
Chain size (kDa) 105.0 58.0
AN-sulfation {%) 48.7 329

# Total cpm of *H]glucosamine, which labels all HS disaccharides
regardless of sulfation, in HSPG pools isolated by ion-exchange chro-
matography of chondroitinase-treated cell extracts.
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Fig. 6. Schematic of H3V-1 neutral pH entry of HSV-1. Schematic diagram (updated from Fuller and Lee, 19932) of muitiple attachments during
HSV-1 interactions with cells for infectious entry is shown. The proposed stages of entry are ordered by viral susceptibility to PBS, heparin, and
citrate washes. The proposed receptors for each stage are HS for PBS(R) and an unidentified cell surface molecule for Hep(R). The diagram is
based on specific information for HSV-1 in this report and available in the field. Similar multiple attachments during eniry were proposed for PRV

(Karger and Mettenteiter, 1393} and HCMV {Compton ef &/, 1993).

cellular context, whether due to HS or other receptors,
influences the distinct phases of attachment of wild-
type virus 1o highly susceptible cells (Fig. 4). Different
types of attachment aiso have been postulated to ex-
plain observations in systems where the viral glycopro-
teins or cell surtaces are known 10 be altered ([Gruen-
heid et al.,, 1993; Herold eral., 1991; Sears et al, 1991;
Shieh et al., 1992). These results indicate influence on
entry of virus interaction with specific cell components
that vary on different cells.

Kinetics of entry agree with multiple attachments in
HSV entry

Kinetics of HSV-1 attachment and penetration pro-
vide strong evidence for a cascade of multiple virus-
cell interactions in HSV entry (Fuller and Lee, 1892)
{Fig. 5). HSV-1{F} enters into both HEp-2 and Vero cell
lines in at least three distinct phases of PBS(R) attach-
ment, Hep(R) attachment, and Cit(R) penetration (Fig.
4). These phases are consistent with HSV-1 entry by (1)
inittal attachment to cell surface HS, heparin-resistant
or (2) stable attachment to H3 or another component
and (3} fusion initiation and expansion that is triggered
by stabie attachment and culminates in virus penetra-
tton to be protected from extracellular inactivation
{Fuller and Lee, 1992; Fig. 5). Duration of each stage of
HSV-1{F) entry into HEp-2 and Vero cells is influenced
by the cell-specific context of virus receptor{s) (Fig. 4
and Table 2).

Initial attachment to HS, likely by gB and gC (Herold
etal, 1991; Kuhn et al., 1990}, allows HSV-1 to remain
associated with the cell in a manner rasistant to me-
chanical PBS washing (Fuller and Lee, 1892}, Stable
attachment follows, likely involves gD (Fuller and Lee,

1992; lLLee and Fuller, 1993), is resistant to heparin
wagh, and is proposed to be a prerequigite for virus
fusion with the plasma membrane (Fuller et af., 1994).
Stably attached virus appeared by electron microscopy
to be closely associated with the cell membrane in a
manner that could invalve binding of multiple virion
components to cell components. These couid be mul-
tivalent HS-virus interactions or interactions of gD, at
least, with a non-HS receptor (Lee and Fuller, 1993,
Johnson and Ligas, 1988). Either, or both, could result
in resistance to heparin wash (Fuller and Lee, 1892;
Fig. 4}. We cannot yet distinguish between these since
both would be resistant to heparin wash and still sensi-
tive to extracellular inactivation. Kinetics of HSV-1(F)
entry define PBS(R}-Hep(S) and PBS(R)-Hep(R} phases
of virus entry that fikely correspond to /nitial and stable
attachment (Figs. 4 and ).

Cell-specific effects of heparin {Fig. 3) and kinetics of
attachment {Fig. 4) suggest that initial attachment to
HS likely influences transitions to, and beyond, stable
attachment. A particular valency of attachment, or avid-
ity for HS, during virus binding may be required to alter
a virus particle to allow efficient stable attachment and
triggering of virion—cell fusion. Alternatively, HS bind-
ing may only enhance the probability that virus binds to
the non-HS receptor. Subsequent to the two discern-
ible phases of PBS(R) and Hep(R) attachment, HSV
penetration is completed by fusion of the virion enve-
lope with the cell membrane and release of the nuclec-
capsid (Fig. b). Events occurring during, or as a result
of, stable virus attachment are proposed to mediate
changes in glycopratein canformation and trigger virus
fusion (Fuller and Lee, 1992; Marsh and Helenius,
1989; White, 1990). Similar conformaticnal changes
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have been proposed during entry of several enveloped
viruses (Flynn et al., 1990; Sattentau and Moore, 1991;
Sturman et a/l., 1990).

Transition of virus from Hep(R) stable attachment 1o
Cit{R) penetration is likely a highly vulnerable point of
infection since the stable structure of extracellular vi-
rion morphology must be irreversibly altered to allow
disassembly. HSV-1(F} proceeds quickly through this
transition on HEp-2 cells that originate from the native
host of HSV. The critical penetration step in virus entry
may be optimized for interactions with cell surface
components, Kinetics of infectious entry into two
highly susceptible cultured cells prompts speculation
that stable attachment of HSV-1 to trigger fusion may
be the rate-limiting step that is slow and deliberate on
some cells, i.e., human cells, to prepare for efficient
and rapid disassembly during virion-cell fusion.

hMultiple cell receptors indicated for HSV

Analysis of HSV-1 entry as a cooperative cascade of
events {this work; Fuller and Lee, 1992; |_ee and Fuller,
1993) reveals involvement of multiple cellular compo-
nents. Both HS and a second non-HS receptor{s) are
invalved in H3V-1 entry and the distinct steps of at-
tachment (Campadelli-Fiume et a/, 1988; Fuller and
Lee, 1992; Gruenheid et af, 1993; Johnson et al.,
1990; Johnson and Ligas, 1988; Johnson and Spear,
1989 Lee and Fuller, 1993; Sears et a/., 1991; Subra-
manian et al., 1994). Saturation of cells to prevent in-
fection did not saturate virus binding to HS {Lee and
Fuller, 1993} and demonstrated requirement for a lim-
ited non-HS cell surface component. We also have
found that cells which are poorly susceptible to HSV
infection contain functional HS, but seem to lack a
functional non-HS receptor (Subramanian et a/., 1993).
For these poorly susceptible cells, susceptibility to
HSV-1 infection can be increased by transfection of
virus DNA or polyethylene glycol-mediated virus fu-
sion, or can be genetically transferred by transtection
with genomic DNA from susceptible cells {Subraman-
jan et a/., 1994} Presence or quantity of a stable non-
HS attachment receptor (Fig. b), such as the receptor
for gD binding, or other receptors, is consistent with all
these findings and could be a major determinant of the
cell-specific differences in HSV-1 attachment and pen-
etration into HEp-2 and Vero cells.

Experiments are in progress to examine the fine
structure of HS and to identify the cell surface factor
that may account for some of the cell-specific virus
interactions reported here, and for cell susceptibility
and host range of HSV-1. Given its ubiquitous distribu-
tion, HS does not seem an obvious determinant of
HSV-1 tropism. Although HS may contribute to ob-
served cell-spacific differences in initial attachment
{Fig. 4), its roles in stages subsequent to initial attach-
ment (Fig. b) are unclear. Attachment to HS may con-
centrate virions on the cell surface to allow easier ac-

cess or frequency of contact with a second receptor or
may be required for changes in virus structure that facil-
itate penetration.

Multiple attachments in neutral pH virus entry

Besides HSV-1 (this study; Lee and Fuller, 1993,
Sears et af, 1981}, two other herpesviruses, PRV
{Karger and Mettenleiter, 1993} and HCMV (Compton
et al., 1993), recently have been shown to enter cels
by at least two types of attachment. These viruses can
enter cells by fusion at neutral pH with the plasma
membrane {Fuller and Spear, 1987; Wittels and Spear,
1990; Compton et al,, 1992; Lee and Fuller, 1984).
Interestingly, for all three viruses, HS and another non-
HS component are implicated. These findings suggest
that multiple sequential or simultanecus attachments
are important in the mechanism of efficient entry of
some enveloped viruses by fusion with plasma mem-
brane. Multiple attachments would allow controlled at-
tachment and penetration of a virus particle to a cell
that has the necessary components. Moreover, this
mechanism would provide flexibility in entry intc differ-
ent cell types, such as those encountered in the Iytic
and latent phases of infection by these herpesviruses
in their natural hosts. This possible mechanism of entry
by herpesviruses is explored elsewhere {Fuller and
Mettenleiter, 1894} and seems to be consistent with
neutral pH entry of a number of enveloped viruses.
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