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It has been suggested that the epidermal growth factor receptor (EGFR) is a receptor for vaccinia virus.
Other reports, although not specifically addressing this question, did not support such a role for the EGFR.
We addressed this issue by using wild-type virus and a virus growth factor deletion mutant, as well as sets of
cells that do not express EGFR or have been transfected with the human gene for EGFR. The expression of
virus growth factor by vaccinia virus or ofEGFR by the target cells influenced neither virus adsorption to cells
nor penetration. These results indicate that the EGFR is not a receptor for vaccinia virus.

Specific cell surface receptors are required for efficient entry
of viruses into cells, and the presence of such receptors is a

major factor in virus tropism. Vaccinia virus encodes a protein
termed virus growth factor (VGF) with structural and func-
tional homology to epidermal growth factor (EGF) and trans-
forming growth factor alpha (1, 13, 17, 18). On the basis of the
hypothesis that such a virally encoded protein could be incor-
porated into the virus envelope and target the virus to the EGF
receptor (EGFR), it was suggested that the EGFR could be a

receptor for vaccinia virus (7). Support for such a role was

obtained from blocking studies using purified EGF, a panel of
synthetic peptides with homology to EGF, and monoclonal
anti-EGFR antibodies that competitively inhibit binding of
EGF to its receptor (7, 14). These reagents specifically reduced
vaccinia virus plaque formation. Because inhibition was maxi-
mally 60%, the existence of a second vaccinia virus receptor
was postulated (7).
The EGFR seems to be an attractive candidate as a receptor

for vaccinia virus, since it could explain (i) the typical clinical
manifestations as an expression of the prominent epithelial cell
tropism by members of the poxvirus family and (ii) the broad
host cell range in tissue cultures, as the EGFR is ubiquitously
expressed on cells other than lymphoid cells, which are mostly
resistant to vaccinia virus infection (11).
Although not addressing this issue specifically, other reports

have questioned the requirement of the EGFR for efficient
infection with vaccinia virus (3, 4). The goal of the present
investigation was to resolve this dispute by a series of experi-
ments using (i) a control virus and a mutant virus in which the
VGF gene has been deleted and (ii) pairs of fibroblast and
lymphoid cells that do not express the EGFR or have been
transfected with the human EGFR gene, respectively.

Cells. 2.2 is an NIH 3T3 cell clone that does not express the
EGFR, and HER 2.2 is a subclone of 2.2 which has been stably
transfected with the human EGFR (10). These cells were

propagated in Dulbecco modified Eagle medium (DMEM)
supplemented with glutamine, antibiotics, and 10% fetal calf
serum. EP170.7 cells were obtained after transfection of
nontumorigenic hematopoietic cell line 32D with the human
EGFR (16). Both cell lines were grown in RPMI supplemented
with glutamine, antibiotics, 15% fetal calf serum, and 5%
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interleukin 3-containing supernatant from WEHI-3 cells
(ATCC TIB68).

Virus. For experiments, the following virus strains were

used: IHD-J, WR, and its deletion mutant VSC20, which has
both copies of the VGF gene replaced with a lacZ-containing
cassette (3). To prepare purified virus, HeLa cells (ATCC
CCL2) were infected and virus was prepared in accordance
with standard procedures (6). Enveloped extracellular virus
(EEV) was obtained by harvesting the supernatant of RK13
cells (ATCC CCL37) 24 h after infection with vaccinia virus at
a multiplicity of infection of 3. To prepare biotinylated virus,
WR virus was purified by being banded twice on a glucose
gradient and then biotinylated with NHS-LC-biotin (Pierce,
Rockford, Ill.) (12). The specificity of biotinylated vaccinia
virus binding to cells was verified by binding studies in the
presence of an excess of unlabelled virus. Unlabelled virus
reduced specific cell binding of biotinylated virus to less than
8% in a dose-dependent fashion (data not shown).
EGF and vaccinia virus binding studies. To analyze EGFR

expression, adherent cells were first detached from culture
flasks by incubation with phosphate-buffered saline containing
10 mM EDTA. All cells were resuspended to yield single-cell
suspensions, washed once with RPMI, and diluted in RPMI-
0.02% (wt/vol) NaN3 and 1% bovine serum albumin. Cells (5
x 105) were incubated first with EGF-biotin (Molecular
Probes, Eugene, Oreg.) and subsequently stained with strepta-
vidin-PE (Southern Associates Inc., Birmingham, Ala.). Simi-
larly, cells were incubated with biotinylated vaccinia virus
strainWR to detect virus binding to cells. Analysis was done on

a FACscan (Becton Dickinson, San Jose, Calif.).
Plaque assay. For plaque assays, cells were plated in 24-well

plates and incubated until they reached confluence. Before
addition of virus, cells were incubated at 37°C with serum-free
DMEM for 1 to 2 h. Virus was diluted in 25 mM N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-buffered
DMEM to give about 100 PFU per well and added to wells in
a volume of 0.25 ml. Two hours after infection or the final time
point in kinetic experiments, 1 ml ofDMEM with 3% fetal calf
serum was added per well. Plaques were developed 2 days later
by adding 0.5 ml of staining solution (0.3% crystal violet, 10%
formalin, 5% ethanol). PFU of four or six wells are given as the
mean ± the standard error (SE).

Vaccinia virus purified from infected cells contains distinct
phenotypes, described according to morphology and localiza-
tion as intracellular naked virions (INV) and EEV (2). Al-
though both INV and EEV viruses can infect cells efficiently

8409

Vol. 68, No.12



8410 NOTES

EL
aL)

z
-4

VW VSC20 IHD-J

FIG. 1. Plaque formation on 2.2 and HER 2.2 cells by WR, VSC20,
and IHD-J. Threefold dilutions of virus were added to 2.2 (open bars)
and HER 2.2 (closed bars) cells as indicated, and plaque formation was
analyzed 2 days later. PFU of quadruplicates are given as means ±
standard errors. The numbers were standardized for individual cells,
with the number of plaques obtained for each virus on 2.2 cells
corresponding to 100%.

(15), it is not known if they use identical receptors. To exclude
the possibility that the previous observations made by blocking
the EGFR apply only to one particular form of vaccinia virus,
initial experiments were performed with preparations of INV
and EEV viruses. These experiments did not reveal any
differences in plaque formation on fibroblast cells that do or do
not express the EGFR, making it unlikely that the partial
inhibition found previously in blocking experiments can be
explained by selective blockage of only one phenotype of
vaccinia virus (data not shown). EEV (containing <10% INV)
was used for subsequent experiments, except for virus-binding
studies with biotinylated virus.

Plaque formation, VGF, and EGFR. The gene for VGF
encodes hydrophobic amino acids at the amino terminus,
which may serve as a signal sequence, and a hydrophobic
region at the carboxyl terminus representing a putative trans-
membrane region (1, 17). While VGF is readily detectable in
the supernatant of vaccinia virus-infected cells (17, 18), the
pathway of secretion and the possible expression of VGF in a
membrane-bound form that might be incorporated into the
virus envelope have not been investigated. By using the strain
WR virus and its VGF deletion mutant VSC20, we could test
if the expression of VGF affects plaque formation. The influ-
ence of the EGFR on plaque formation was analyzed by
performing assays in parallel on EGFR-negative 2.2 cells and
on transfected, EGFR-expressing HER 2.2 cells. Cells were
infected with threefold virus dilutions, and plaques developed
after 2 days (Fig. 1). Compared with that on 2.2 cells, plaque
formation by both viruses, as well as virus strain IHD-J, was
always lower on the EGFR-expressing cell line. While the
difference varied between experiments (n = 6), apparently
depending on the cell density (data not shown), it was always
the same for all three viruses. Plaque formation by WR on
HER 2.2 cells compared to the other combinations of virus and
cells was never increased. Plaque size depended on the virus
and the cell line used. VGF deletion mutant VSC20 induced
big plaques on 2.2 and HER 2.2 cells, and wild-type WR
induced big plaques on 2.2 and small plaques on HER 2.2 cells.
This was due to the growth-promoting effect of VGF on HER
2.2 and proves the functionality of the EGFR for the HER 2.2
cell line. Interestingly, titration of progeny virus at various time
points after infection of 2.2 or HER 2.2 cells did not reveal a
difference in replication rate between the two viruses (data not
shown). These experiments revealed that the number of PFU
after infection does not correlate with viral VGF or host
EGFR expression.
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FIG. 2. Vaccinia virus binding to cells and expression of the EGFR.
The presence of EGFR on cells was analyzed by incubating cells as
indicated with biotinylated EGF and subsequently with streptavi-
din-PE for analysis with a FACscan (upper row). Vaccinia virus
binding to cells was similarly analyzed by using biotinylated vaccinia
virus (lower row). Control staining was obtained by incubation with
streptavidin-PE alone. Curves for specific staining (closed curves) and
control staining (open curves) are overlaid for each panel.

EGFR expression and vaccinia virus binding. Plaque for-
mation is the result of repeated cycles of infection and is only
an indirect measure of virus binding to cells. The use of
biotinylated virus allows direct analysis of virus binding to cells
and, in conjunction with biotinylated EGF, enabled us to
correlate expression of the EGFR with binding of vaccinia
virus. Cells were stained in parallel with biotinylated EGF and
vaccinia virus and analyzed with a FACscan (Fig. 2). Of the
first pair of cells, no EGF binding could be detected on 2.2
cells, while the EGFR of the transfected subclone HER 2.2
bound its ligand, confirming expression and proper ligand-
binding capacity. Nevertheless, both cells adsorbed vaccinia
virus equally well. Thus, the presence of the EGFR is not
required for efficient virus binding. Of the second pair of cells
analyzed, 32D cells did not bind EGF, while its EGFR-
transfected subclone EP170.7 did. Nevertheless, when vaccinia
virus adsorption was analyzed, very little virus bound to these
cells and especially the presence of EGFR never increased
adsorption. Not surprisingly, these cell lines are not permissive
for vaccinia virus replication. As adsorption was completely
absent in two of five experiments, we consider the weak
binding of virus as being unspecific or, alternatively, due to low
expression of a vaccinia virus receptor. Since our biotinylated
virus preparation contains EEV and INV viruses in nearly
equal amounts and we assume that biotinylation is similar for
both viruses, we can also exclude the possibility that only one
virus phenotype binds to the EGFR. This implies that the
EGFR does not bind vaccinia virus or, alternatively, is not
sufficient for virus binding to cells. Together, results from these
binding studies strongly indicate that the EGFR is not a
receptor for vaccinia virus.

Adsorption of virus. Although PFU after infection with
IHD-J are similar on 2.2 and HER 2.2 cells, adsorption is a
kinetic event, and accelerated adsorption, when measured in
PFU, may not be apparent in an endpoint assay, such as a
plaque-forming assay done at a single time point. Thus, the
rates of adsorption on 2.2 and HER 2.2 cells were compared to
investigate the possibility that the presence of the EGFR,
acting as a cofactor with a low affinity to vaccinia virus or by
affecting the affinity of the vaccinia virus receptor, accelerates
irreversible binding. Such a model for adsorption has been
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FIG. 3. Adsorption of IHD-J to 2.2 and HER 2.2 cells. Monolayers
of cells were infected at 370C with IHD-J for the periods indicated
before being washed twice. Plaques were visualized 2 days later. The
symbol x signifies that wells were not washed. Mean numbers of PFU
± standard errors were normalized, with the number of PFU in wells
not washed corresponding to 100%.

suggested for other viruses (8, 9). Virus in 0.25 ml of DMEM
was added to 2.2 and HER 2.2 cell monolayers, and plates were
incubated at 37°C. After the periods indicated, wells were
washed twice with DMEM and fresh medium was added. For
both cell types, the number of plaques increased with time at
the same rate (Fig. 3), showing that there is no difference
between 2.2 and HER 2.2 cells in the kinetics of irreversible
virus adsorption. Similarly, virus adsorption at room tempera-
ture was slower but occurred at the same rate for both cell lines
(data not shown). Thus, these results exclude an accessory role
of the EGFR in vaccinia virus binding to cells.

Penetration of virus. After adsorption, the vaccinia virus
envelope fuses with the cell membrane and the virus core is
released into the cytoplasm. Cell structures other than the
virus receptor can be involved in virus penetration (19). To
analyze such a role for the EGFR, penetration studies were
performed by using resistance to antiserum after adsorption to
cells as an indicator (15). Although not directly measuring
virus penetration, such an assay may be biologically more
relevant, as virus neutralization can still occur after adsorption
to cells but then diminishes with time. Since cell monolayers
detached when kept at 4°C, virus adsorption to 2.2 and HER
2.2 cells was done at room temperature. After 5 h, wells were
washed twice with DMEM and fresh DMEM was added. At
the times indicated before or after transfer of plates to 37°C, a
rabbit antiserum to vaccinia virus, diluted in DMEM-1%
bovine serum albumin, was added to wells. The final antiserum
dilution was 1/150. Two hours after the last time point, 1 ml of
DMEM with 3% fetal calf serum was added per well and
plaques were visualized 2 days later. These penetration studies
(i) show that after 5 h of adsorption at room temperature, the
percentage of virus resistant to neutralization is the same for
both cell lines (Fig. 4) and (ii) indicate that the presence of the
EGFR does not alter the rate by which adsorbed virus becomes
resistant to neutralization. Similar results with slower kinetics
were obtained when penetration proceeded at room tempera-
ture (data not shown). Thus, the presence of the EGFR does
not alter virus penetration.
Although the EEV form of vaccinia virus seems to be the

biologically relevant form in vivo, additional experiments were
performed with a preparation of INV that contains 10% or less
EEV. Results from two experiments each measuring adsorp-
tion to or penetration of 2.2 and HER 2.2 cells revealed no
kinetic differences between the two cell lines (data not shown).
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FIG. 4. Penetration of vaccinia virus into 2.2 and HER 2.2 cells.

Penetration or resistance to antiserum neutralization was measured by
adding vaccinia virus-specific antiserum (AS) at the times indicated to
cells previously adsorbed with IHD-J. Plates were shifted from room
temperature to 37°C at time zero. The symbol X signifies that no
antiserum was added to wells. Mean numbers of PFU ± standard
errors were normalized, with 100% corresponding to the PFU for each
cell line when no antiserum was added. Co AS represents values
obtained when preimmune rabbit serum was added to wells instead of
vaccinia virus-specific antiserum at -20 min.

Thus, EGFR expression by target cells does not influence
adsorption or penetration of either phenotypic form of vac-
cinia virus.
The conclusions drawn from our results contradict those

obtained from blocking studies (7, 14). Our own experiments,
including some blocking studies (data not shown), suggest that
a plaque assay may not always be a reliable test for analysis of
virus binding to its receptor. The readout of such a test
depends on several steps of the infectious cycle of a virus, and
there can be variation of plaque formation depending on other
critical experimental conditions. For example, we found that
vaccinia virus plaque formation, especially on L929 cells and
A431 cells, previously used for receptor studies (7, 14), was
dependent on cell density and probably other factors (data not
shown). Consideration should also be given to the fact that
manipulation of biologically active proteins, such as receptors
for growth hormones, may have secondary effects on cells and
plaque formation, respectively. In addition, in plaque assays,
virus receptor occupation is far from saturating, even at a high
virus particle to infectious unit ratio, which is 1:100 for vaccinia
virus but can be up to 1:1,000 for some animal viruses (5).
Thus, for effective blocking, probably >99% of receptors have
to be occupied and careful kinetic studies of virus adsorption
may be required. As a consequence, if a cell expresses different
virus receptors, competitive occupation of one receptor will
not result in markedly reduced PFU, unless the second recep-
tor is available in much smaller numbers or is less efficient in
allowing a productive infection. Thus, for analysis of virus-
receptor interactions, one has to consider the inherent limita-
tions of a plaque assay.

In summary, our experiments give clear evidence that the
EGFR is not a vaccinia virus receptor and has no role in
vaccinia virus adsorption or penetration. This is true for the
EEV and INV forms of vaccinia virus. Thus, the identification
of a receptor for poxviruses awaits further investigations.
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