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ABSTRACT Orf virus, a member of the poxvirus family,
produces a pustular dermatitis in sheep, goats, and humans.
The lesions induced after infection with orf virus show exten-
sive proliferation of vascular endothelial cells, dilation of
blood vessels and dermal swelling. An explanation for the
nature of these lesions may lie in the discovery that orf virus
encodes an apparent homolog of the mammalian vascular
endothelial growth factor (VEGF) family of molecules. These
molecules mediate endothelial cell proliferation, vascular
permeability, angiogenesis, and lymphangiogenesis via the
endothelial cell receptors VEGFR-1 (FIt1), VEGFR-2 (KDR/
Flk1), and VEGFR-3 (FlIt4). The VEGF-like protein of orf
virus strain NZ2 (ORFV2-VEGF) is most closely related in
primary structure to VEGF. In this study we examined the
biological activities and receptor specificity of the ORFV2-
VEGF protein. ORFV2-VEGF was found to be a disulfide-
linked homodimer with a subunit of ~25 kDa. ORFV2-VEGF
showed mitogenic activity on bovine aortic and human micro-
vascular endothelial cells and induced vascular permeability.
ORFV2-VEGF was found to bind and induce autophosphor-
ylation of VEGFR-2 and was unable to bind or activate
VEGFR-1 and VEGFR-3, but bound the newly identified
VEGF45 receptor neuropilin-1. These results indicate that,
from a functional viewpoint, ORFV2-VEGF is indeed a mem-
ber of the VEGF family of molecules, but is unique, however,
in that it utilizes only VEGFR-2 and neuropilin-1.

Vascular endothelial growth factor (VEGF) is a homodimeric
glycoprotein that has mitogenic activity specific for endothelial
cells (1, 2) and the ability to induce vascular permeability (3).
VEGF has important regulatory functions in the formation of
new blood vessels during embryonic vasculogenesis and in
angiogenesis during adult life (reviewed in ref. 4). The signif-
icance of the role played by VEGF has been demonstrated in
studies showing that inactivation of a single VEGF allele
results in embryonic lethality because of failed development of
the vasculature (5, 6). VEGF is also an important mediator of
angiogenesis in a number of pathological conditions including
tumor formation. Furthermore, numerous inhibitors of the
VEGF/VEGF receptor system have been shown to prevent
tumor growth via an antiangiogenic mechanism (7, 8).
Alternative mRNA splicing of a single VEGF gene gives rise
to five isoforms of VEGF (2, 9-11). In addition, several
proteins related in primary structure to VEGF have been
reported. The VEGF family now includes placenta growth
factor (PIGF)(12), VEGF-B (13), VEGF-C (14), and VEGF-D
(15), each of which shows between 30% and 45% amino acid
sequence identity with VEGF. The VEGF family members
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share a VEGF homology domain that contains the six cysteine
residues that form the cystine knot motif. Functional charac-
teristics of the VEGF family include varying degrees of
mitogenicity for endothelial cells, induction of vascular per-
meability, and angiogenic and lymphangiogenic properties
(16-18).

The VEGF family members are ligands for a set of mam-
malian tyrosine kinase receptors (VEGF receptors, VEG-
FRs). VEGF binds and activates both VEGFR-1 (Flt1)(19)
and VEGFR-2 (Flkl or KDR)(20), whereas PIGF and
VEGF-B bind only VEGFR-1 (21, 22). VEGF-C and VEGF-D
bind VEGFR-2 in addition to VEGFR-3 (Flt4) (14, 15). At
least VEGF and PIGF-2 also appear to interact with a neuronal
cell-guidance receptor, neuropilin-1(NP-1) (23, 24). Gene
targeting studies have demonstrated the absolute requirement
of VEGFR-1, VEGFR-2, and VEGFR-3 for embryonic de-
velopment (25-27). These studies show that VEGFR-1 plays a
role in vascular endothelial tube formation, VEGFR-2 is
important for endothelial/hematopoietic cell differentiation
and mitogenesis, and VEGFR-3 is involved in regulation of
vascular remodeling and the formation of large vessels (re-
viewed in refs. 16 and 17).

We have identified VEGF-like proteins encoded by two
isolates of orf virus, NZ2 and NZ7 (28). Both proteins show
significant amino acid sequence similarity to VEGF. In recent
years there have been numerous reports of viral virulence
factors that appear to be derived from captured host genes (for
reviews see refs. 29-31), but orf virus is the only virus reported
to encode a VEGF-like protein. Orf virus is the type species
of the parapoxvirus genus (32). It causes a highly contagious
pustular dermatitis in sheep and goats and is readily transmit-
table to humans. The dermal lesions are remarkable for the
extensive vascular proliferation and dilation seen in histolog-
ical sections (33, 34). Generally, orf virus infections resolve in
a few weeks, but severe infections that fail to resolve without
surgical intervention are seen in immune-impaired individuals
(35, 36). The large proliferative lesions seen in these cases have
a tumor-like appearance. Expression of an orf virus gene able
to stimulate angiogenesis may provide an explanation for these
histological observations. We report here that the purified
VEGF-like gene product from orf virus strain NZ2 is mito-
genic for endothelial cells and induces vascular permeability.
We also show that it binds to VEGFR2 and NP-1, inducing
tyrosine kinase phosphorylation of VEGFR-2, but does not
bind to VEGFR-1 or VEGFR-3. This receptor-binding spec-
ificity is unique among the VEGF family of growth factors.
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MATERIALS AND METHODS

Expression of ORFV2-VEGF in COS Cells and Purification
by Affinity Chromatography. A DNA fragment containing
nucleotides 4-401 of the VEGF-like gene of orf virus strain
NZ2, was prepared by PCR using pVUS89 as a template (28).
This fragment was inserted into the pEFBOS-I-Flag expres-
sion vector (obtained from Clare MacFarlane, Walter and
Eliza Hall Institute, Melbourne), immediately upstream from
the DNA sequence encoding the Flag octapeptide (IBI1/
Kodak). Protein synthesis would, therefore, give rise to a
secreted orf virus VEGF-like polypeptide that was tagged with
the Flag octapeptide at its C terminus. This protein was
designated ORFV2-VEGF. Flag-tagged proteins were ex-
pressed transiently in COS cells by using the DEAE-dextran
method (37). After 3 days of incubation, a portion of the
transfected COS cells were metabolically labeled as described
(38). The remaining culture was incubated for a total of 7 days.
Conditioned cell culture medium was collected and clarified by
centrifugation before Flag-tagged proteins were recovered by
affinity chromatography by using M2-gel (anti-Flag; IBI1/
Kodak).

SDS/PAGE and Immunoblotting. Purified proteins or
washed immunoprecipitates were combined with SDS/PAGE
sample buffer either with or without 2% 2-mercaptoethanol,
boiled, and resolved by SDS/PAGE (39). When required,
proteins were transferred to nitrocellulose and blotted with M2
antibody as described (15).

Bioassay to Monitor Binding to the Extracellular Domain of
VEGFR-2. A bioassay was performed by using Ba/F3 cells,
which express a chimeric receptor containing the extracellular
domain of the mouse VEGFR-2 and the transmembrane and
cytoplasmic domains of the mouse erythropoietin receptor
(EpoR) (15). The cells were maintained in DMEM containing
10% FBS, 50 mM L-glutamine, 50 pwg/ml gentamicin, and 10%
WEHI-3D-conditioned medium as a source of interleukin-3
(IL-3). Cells expressing the VEGFR-2-EpoR chimeric recep-
tor were washed three times in PBS and once in complete
medium lacking IL-3. Cells (10%) were distributed into 96-well
microtiter plates containing dilutions of the test reagent or
medium alone. Cells were incubated for 48 h at 37°C in a
humidified atmosphere of 10% CO,. Cell proliferation was
quantitated by the addition of 1 uCi (1 Ci = 37 GBq) of
[*H]thymidine (Amersham Pharmacia) for 4 h before harvest-
ing. Incorporated [*H]thymidine was determined by using a
cell harvester (Tomtec, Orange, CT) and B counting.

Binding Assays with Soluble VEGFR Extracellular Do-
mains. 293 Epstein-Barr virus-encoded nuclear antigen
(EBNA) cells were transfected with plasmids encoding the
soluble receptor-Ig fusion proteins VEGFR-1-Ig (E. Korpel-
ainen, Haartman Institute, Helsinki), VEGFR-2-Ig (Y. Gunji,
Haartman Institute, Helsinki), VEGFR-3-Ig (K. Pajusola,
Biotechnology Institute, Helsinki) (15) and NP-1-Ig. All Ig
fusion proteins are human VEGFRs. Cells were incubated for
24 h after transfection, washed with DMEM containing 0.2%
BSA, and serum starved for 24 h. The fusion proteins were
then precipitated from the clarified, conditioned medium by
using protein A-Sepharose beads. Beads were then combined
with 100 ul of 10X binding buffer (5% BSA, 0.2% Tween 20,
and 10 pg/ml heparin) and 900 ul of conditioned medium
from 293EBNA cells that had been transfected with expression
plasmids encoding ORFV2-VEGF, VEGF, VEGF-DANAC
(mutant that contains the VEGF homology domain of
VEGF-D) (15), VEGF-C156S (40), or a vector control, and
biosynthetically labeled with [3>S]Cys/Met for 4-16 h. After
2.5 h at room temperature, the Sepharose beads were washed
three times with binding buffer at 4°C, once with PBS and
boiled in SDS/PAGE sample buffer before resolving the
proteins by SDS/PAGE under reducing conditions. Radiola-

Proc. Natl. Acad. Sci. USA 96 (1999)

beled proteins were detected by using a PhosphorImager
analyzer (Molecular Dynamics).

Ligand-Stimulated Receptor Autophosphorylation.
ORFV2-VEGF, VEGF45, and VEGF-CANAC were diluted
in DMEM containing 0.2% BSA and used to stimulate porcine
aortic endothelial cells (PAE) expressing VEGFR-2 or NIH/
VEGFR-3. Stimulation of cells and analysis of phosphorylated
receptors were carried out as described (14).

Mitogenesis Assays with Endothelial Cells. Mitogenic as-
says were carried out with bovine aortic endothelial cells
(BAEs) and human microvascular endothelial cells (HM-
VEC). In brief, cells grown in RPMI 1640 medium plus
10%FBS and supplements or Epstein-Barr medium (EBM)2,
5% FBS plus growth supplements, respectively, were removed
with trypsin, washed, and distributed at 103 cells per well in a
96-well plate or 5 X 103 cells per 24-well plate. Cells were
allowed to adhere for 6-16 h at 37°C before samples of growth
factor, diluted in medium with reduced serum and without
growth supplements, were added. After 72 h of growth at 37°C,
cell proliferation was quantitated by using either the substrate
(3-(4,5)-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT), or counting.

Miles Assay for Vascular Permeability. The Miles vascular
permeability assay was performed using anesthetized Guinea
pigs as described (41). Animals were given an intracardiac
injection of 500 ul of 0.5% Evans blue dye in PBS to introduce
the dye into the bloodstream. Test samples (100-150 ul) were
injected intradermally into a shaved area on the back of each
animal. After 30 min, animals were sacrificed and an area of
skin excised. For quantification of extravasated dye, samples of
skin were incubated for 3-4 days in formamide at room
temperature. The amount of dye extracted was determined by
using OD 620 nm.

RESULTS

Alignment of ORFV2-VEGF and VEGF Family Members.
Alignment of the predicted amino acid sequence of ORFV2-
VEGF with members of the VEGF family demonstrates that
ORFV2-VEGEF has a high degree of sequence homology with
the VEGF homology domain (VHD) of this family of proteins
(Fig. 1). ORFV2-VEGF contains all six cysteine residues of the
cystine-knot motif that are absolutely conserved among family
members. ORFV2-VEGF does not contain the extended
N-and C-terminal regions seen in VEGF-C and VEGF-D.
Overall, ORFV2-VEGF is 43.3%, 34.3%, 25.4%, 26.9%, and
33.6% identical to human VEGFs,s, VEGF-B, VEGF-C,
VEGF-D, and PIGF, respectively. This sequence similarity of
ORFV2-VEGEF to the mammalian VEGFs raises the question
of whether the structural relatedness extends to receptor
binding and biological function.

Expression and Purification of ORFV2-VEGF. To deter-
mine the function of ORFV2-VEGF, the coding region of the
VEGF-like gene was cloned into a eukaryotic expression
vector such that the expressed product would have the Flag
octapeptide at the C terminus. This protein (ORFV2-VEGF)
was transiently expressed in COS cells and biosynthetically
labeled with [*>S]Cys/Met. The labeled Flag fusion protein in
the conditioned cell culture medium was precipitated with
mAb M2 (anti-Flag gel) and analyzed by using SDS/PAGE
(Fig. 2a). Under nonreducing conditions, a band of ~44-48
kDa was observed, whereas under reducing conditions two
faster-migrating bands of ~23-26 kDa were seen (Fig. 2a). The
bands detected are consistent with ORFV2-VEGF being a
disulfide-linked homodimer with a monomeric molecular mass
of =25 kDa. This is larger than the predicted size of 13,456 Da
for ORFV2-VEGEF and suggests modification by glycosylation.
Examination of the ORFV2-VEGF sequence reveals one
potential N-linked glycosylation site (Asn85-Th87) and two
potential O-linked glycosylation sites (Thr121-Thr125). N-
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Fi6. 1. Comparison of ORFV2-VEGF with other members of the
VEGEF family of growth factors. The deduced amino acid sequence of
ORFV2-VEGF was aligned with the sequences of VEGFi2; (10),
VEGFiss (49), PIGF (12), VEGF-Bi67 (13), and truncated sequences
of VEGF-C (50) and VEGF-D (15). The residues that show identity
with ORFV2-VEGF are boxed. The conserved cysteine residues of the
cystine knot motif are indicated with an asterisk. The signal sequence,
as determined by N-terminal sequencing, is indicated by the line above
the sequence. The potential sites of N-and O-linked glycosylation are
indicated by a bracket and dashed line, respectively. The VEGF
homology domain is indicated by arrows.

glycanase treatment reduced the size of the ORFV2-VEGF
monomer by ~5 kDa (data not shown). The remaining size
difference, we believe, is caused by O-linked glycosylation, the
consensus sequences for which are present in the threonine/
proline-rich C terminus of ORFV2-VEGF.

Unlabeled ORFV2-VEGF was enriched from the condi-
tioned medium of transfected COS cells by affinity chomatog-
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F1G. 2. Analysis and purification of expressed ORFV2-VEGF
polypeptides. An ORFV2-VEGF-Flag was expressed in COS cells by
transient transfection. (4) Cells were biosynthetically labeled with
[*°S]Cys/Met for 4 h. Conditioned medium from these cells was
immunoprecipitated with either M2-gel or control beads, and the
washed beads were eluted with SDS/PAGE sample buffer under
reducing (2% 2-mercaptoethanol) or nonreducing conditions. The
single arrow indicates the nonreduced form of ORFV2-VEGF, and the
double arrows indicate the two species of the reduced form. (B)
Conditioned medium from COS cells transfected with ORFV2-VEGF
DNA was purified on M2-gel and eluted with free Flag peptide. The
fractions (1, void; 2, 3, and 4, purified protein) eluted from the M2-gel
were collected, combined with 2X SDS/PAGE sample buffer (reduc-
ing), boiled, and resolved by using SDS/PAGE (4-20% gradient).
Proteins were identified by using silver staining. Molecular weight
markers are indicated. Purified proteins are indicated by arrows.
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raphy with M2 resin followed by elution with Flag peptide.
Analysis of this material by SDS/PAGE and silver staining
(Fig. 2b) or Western blotting with anti-Flag mAbs (data not
shown) demonstrated species of the same molecular mass as
seen following biosynthetic labeling. N-terminal sequencing of
the secreted purified protein demonstrated a single sequence
identical to the deduced amino acid sequence from residue 21
to 43 (28) and confirmed the prediction that ORFV2-VEGF
is a protein with a signal sequence of 20 aa.

ORFV2-VEGF Is a Ligand for VEGFR-2. ORFV2-VEGF
was tested in a bioassay, which detects ligands for VEGFR-2
(Fig. 3). The bioassay made use of Ba/F3 cells, into which we
had introduced a chimeric receptor consisting of the extracel-
lular domain of mouse VEGFR-2 and the transmembrane and
cytoplasmic domains of the EpoR (15). Activation of the
chimeric receptor rescues the cells from their dependence on
IL-3 and causes the cells to proliferate in the absence of IL-3.
VEGF, VEGF-CANAC (the VEGF homology domain of
VEGF-C), and VEGF-DANAC (the VEGF homology domain
of VEGF-D), which are all ligands for VEGFR-2, stimulate
growth of this cell line in a specific and dose-dependent fashion
(ref. 15; S.A.S, M. Achen, and K.A., unpublished data).
Purified ORFV2-VEGF was able to induce detectable DNA
synthesis in the bioassay cell line at a concentration of 25
ng/ml. By comparison VEGF, was able to induce DNA
synthesis in the bioassay cell line from a concentration of 5
ng/ml. Overall, ORFV2-VEGF was about four-fold less potent
in the bioassay compared with mouse VEGF. These results
clearly demonstrate that ORFV2-VEGF can bind to and
cross-link the extracellular domain of VEGFR-2 and induce a
proliferative response.

ORFV2-VEGF Binds to the Soluble VEGFR-2 and NP-1
Extracellular Domains. To further assess the interactions
between ORFV2-VEGF and the VEGFRs, ORFV2-VEGF
was tested for its capacity to bind to soluble Ig fusion proteins
containing the extracellular domains of human VEGFR-1,
VEGFR-2, and VEGFR-3. The fusion proteins, designated
VEGFR-1-Ig, VEGFR-2-Ig, and VEGFR-3-Ig, were tran-
siently expressed in 293 EBNA cells, precipitated from con-
ditioned medium by using protein A-Sepharose, and incubated
with metabolically labeled VEGF, VEGF-DANAC, and
ORFV2-VEGF. Labeled proteins that were bound to the Ig
fusion proteins were analyzed by using SDS/PAGE (Fig. 4a).
Polypeptides corresponding to the size of ORFV2-VEGF were
precipitated by VEGFR-2-Ig from the medium of cells ex-
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Fi16.3. ORFV2-VEGF binds VEGFR-2 and activates a VEGFR-2
specific bioassay. Purified ORFV2-VEGF was tested for its ability to
induce proliferation of Ba/F3 cells expressing a chimeric VEGFR-2.
Bioassay cells were washed free of IL-3 and resuspended in dilutions
of the ORFV2-VEGTF, purified mouse VEGF ¢4, or medium alone for
48 h at 37°C in a humidified atmosphere of 10% CO,. DNA synthesis
was quantitated by [*H]thymidine incorporation and B counting.
Values are expressed as mean *= SD and are representative of four
experiments.
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Fic. 4. VEGFR binding specificity of ORFV2-VEGF. Soluble
fusion proteins consisting of the extracellular domain of VEGFRs and
the Fc portion of human IgG1 were used to assess the receptor-binding
specificity of ORFV2-VEGF. Biosynthetically labeled conditioned
medium derived from 293EBNA cells transfected with ORFV2-
VEGF, mouse VEGF 64, human VEGF¢5, human VEGF-DANAC,
human VEGF-C156S, or vector alone were immunoprecipitated with
VEGFR-1-Ig, VEGFR-2-Ig, VEGFR3-Ig, or NP-1 fusion proteins
bound to protein A. Labeled growth factors immunoprecipitated with
VEGFR-1-Ig, VEGFR-2-Ig, VEGFR3-Ig fusion proteins and M2-gel
(anti-Flag) (4) or NP-1-Ig and VEGFR-1-Ig (B) were eluted from
washed beads with SDS/PAGE sample buffer and resolved by using
SDS/PAGE (15%). Note that only the ORFV2-VEGF and VEGF-
DANAC are Flag-tagged. Dried gels were visualized by using Phos-
phorImager analysis. The fusion protein used for each precipitation is
listed above each panel.

pressing ORFV2-VEGF. In contrast, VEGFR-1-Ig or
VEGFR-3-Ig precipitated no proteins from this medium. As
expected, a polypeptide of ~24 kDa was precipitated by
VEGFR-1-Ig and VEGFR-2-Ig from the medium of cells
expressing mouse VEGF;s but was not precipitated by
VEGFR-3-Ig. Also, as expected, a polypeptide of ~22 kDa was
precipitated by VEGFR-2-Ig and VEGFR-3-Ig from the me-
dium of cells expressing VEGF-DANAC but was not precip-
itated by VEGFR-1-Ig. No labeled polypeptides were precip-
itated by the three fusion proteins from the medium of cells
transfected with the expression vector lacking sequences en-
coding VEGFs. ORFV2-VEGF also was tested for its ability
to bind the NP-1receptor, a recently reported ligand for VEGF
(23) (Fig. 4b). The NP-1-Ig fusion protein was able to precip-
itate both VEGF65 and ORFV2-VEGF. Inclusion of 2 ug of
unlabeled VEGF 45 was able to abolish ORFV2-VEGF bind-
ing to NP-1, indicating that these factors have an overlapping
site in the receptor (data not shown). Taken together, these
data indicate that the ORFV2-VEGF can bind to VEGFR-2
and NP-1 but not to VEGFR-1 or VEGFR-3.
ORFV2-VEGF Activates VEGFR-2. The ability of ORFV2-
VEGF to induce tyrosine phosphorylation of human
VEGFR-2 and human VEGFR-3 was examined. For this pur-
pose, ORFV2-VEGF was used to stimulate either PAE cells
expressing VEGFR-2 or NIH 3T3 cells expressing VEGFR-3.
After stimulation, cells were lysed, and VEGFR-2 or
VEGFR-3 were immunoprecipitated and analyzed by Western
blot analysis with phosphotyrosine-specific mAbs. ORFV2-
VEGF stimulated tyrosine kinase phosphorylation of
VEGFR-2 but not of VEGFR-3 (Fig. 5). As expected, the
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Fi1G. 5. Autophosphorylation of VEGFRs after stimulation by
recombinant ORFV 2-VEGF. PAE cells expressing VEGFR-2 or NIH
3T3 cells expressing VEGFR-3 were made quiescent by starvation
overnight in growth medium containing 0.2% BSA. The cells were
stimulated with either ORFV 2-VEGF (100 ng/ml), VEGFjss (50
ng/ml), VEGF-CANAC (100 ng/ml), or mock medium, lysed, and
immunoprecipitated by using receptor-specific antibodies. The immu-
noprecipitates were analyzed by using phosphotyrosine immunoblot-
ting. The apparent molecular weights of the tyrosyl phosphorylated
VEGFR-2 and VEGFR-3 polypeptides are shown.

positive control proteins VEGF;45s and VEGF-CANAC were
able to induce phosphorylation of VEGFR2 and VEGFR3,
respectively (14, 15). These data demonstrate that ORFV2-
VEGF can specifically induce the phosphorylation of
VEGFR-2.

ORFV2-VEGF Is Mitogenic for Endothelial Cells. Members
of the VEGF family of proteins show variable degrees of
mitogenicity for endothelial cells. The mitogenic capacity of
ORFV2-VEGF was tested by using BAEs and HMVECs. The
cells were exposed to ORFV2-VEGF for 3 days before being
assessed for growth. ORFV2-VEGF was able to stimulate an
increase in the number of cells after 3 days compared with
medium that did not contain added growth factor for both
BAE and HMVEC (Fig. 6). Control proteins VEGF;64 and
VEGF-DANAC also stimulated the endothelial cells. ORFV2-
VEGEF was therefore capable of inducing proliferation of both
BAE and HMVEC cells with about a four-fold reduced
potency to VEGF.

ORFV2-VEGF Induces Vascular Permeability. Because orf
virus lesions are characterized by swelling and fluid accumu-
lation, the purified ORFV2-VEGF was tested for its ability to
induce vascular permeability in a Miles assay. Guinea pigs were
injected intradermally with aliquots of ORFV2-VEGF con-
taining from 8 to 66 ng of factor (Fig. 7a and b). In comparison
to medium, alone there was detectable and dose-dependent
permeability induced by the ORFV2-VEGF. ORFV2-VEGF
is approximately five-fold less potent as a vascular permeability
factor than mouse VEGF¢4.

DISCUSSION

The pustular dermatitis induced by orf virus infection is
characterized by dilation of blood vessels, swelling of the local
area, and marked proliferation of endothelial cells lining the
blood vessels. These features are seen in all species infected by
orf (sheep, goats, and humans), and can result in the formation
of a “tumor-like” growth or nodule caused by viral replication
in epidermal cells. The discovery that orf viruses encode
molecules with VEGF-like sequences (28) raises the important
question of whether these proteins are capable of binding to
mammalian VEGF-receptors and inducing characteristic
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F1G. 6. Mitogenic activity of purified ORFV2-VEGF on endothe-
lial cells. BAEs and HMVECs were treated with either purified
ORFV2-VEGF, mouse VEGFs4, or VEGF-DANAC diluted in me-
dium with reduced serum and without added growth factors (in the
case of HMVEC). The factors were used either neat (N) or diluted 1:2,
1:4, 1:8, 1:16, or 1:80 prior to use. The neat concentration of factor was
(VEGF164/BAE, 80 ng/ml; VEGF-DANAC/BAE 80 ng/ml;
ORFV2-VEGF/BAE, 80 ng/ml; ORFV2-VEGF/HMVEC 400 ng/
ml; and VEGF164/HMVEC, 200 ng/ml). Note that the BAE have
been tested at N, 1:8, 1:16, and 1:80 and the HMVEC cells at N, 1:2,
1:4, 1:8, and 1:16 only. After 72 h, the amount of cellular proliferation
was quantitated by using either MTT substrate or counting. Values
expressed (mean * standard errors, representative of three experi-
ments) are the cell number or proliferation above that were induced
by the assay medium alone.

VEGF-like effects such as mitogenesis of endothelial cells and
vascular permeability, features that predominate the orf virus
lesion. Our results demonstrate that ORFV2-VEGF is a
biologically active member of the VEGF family. ORFV2-
VEGF is mitogenic for endothelial cells and can induce
vascular permeability with a potency that is similar to
VEGPF ;4. We have shown that ORFV2-VEGF is able to bind
VEGFR-2 as a soluble binding domain or in the context of a
cell-surface receptor (VEGFR-2 bioassay), where it can in-
duce cross-linking of receptors to initiate downstream events
that follow activation of the chimeric molecule. ORFV2-
VEGF also is capable of specifically inducing activation by
stimulating autophosphorylation of the VEGFR2 catalytic
domain. The ability to induce receptor phosphorylation is an
important step in the signaling mechanism of a receptor
tyrosine kinase. Together, these data suggest that ORFV2-
VEGEF is capable of inducing activation of the VEGFR-2
signaling pathway analogous to VEGF stimulation. It would
therefore be expected that ORFV2-VEGF would be capable
of inducing the proliferation of endothelial cells, as VEGFR-2
appears to be a major mediator of such activity. The ability of
ORFV2-VEGF to induce vascular permeability, combined
with its restricted receptor binding specificity, implies that
VEGFR-2 is a strong candidate for mediating vascular per-
meability in the VEGFR family, as has been previously
suggested by analysis of VEGF-C mutants (40); the presence
of a novel receptor-mediating permeability cannot, however,
be formally excluded. Nevertheless, although ORFV2-VEGF
binds VEGFR-2, it does not recognize the other tyrosine
kinase receptors, VEGFR-1 and VEGFR-3. ORFV2-VEGF
does, however, bind to the recently described VEGF receptor
NP-1. This profile of receptor recognition by ORFV2-VEGF
is unique among the VEGF family. Recent structural analyses
of human VEGF identified residues thought to be important
in binding to VEGFR-1 and VEGFR-2 (42-45). In light of the
receptor-binding properties of ORFV2-VEGTF, it is intriguing
that the VEGF residues implicated as being critical in binding
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FiG. 7. Vascular permeability activity of ORFV2-VEGF in the
Miles assay. Anesthetized guinea pigs were given intracardiac injec-
tions of Evan’s Blue dye. Purified ORFV2-VEGF, mouse VEGFs4,
and appropriate controls were diluted in medium and applied (150 ul)
intradermally to shaved areas on the back of the animal. After 30 min,
the animals were sacrificed, and the skin was excised (4) and eluted
in formamide, and the absorbance reading at 620 nm (B) was recorded.
Values are expressed as mean = SD and are representative of three
experiments.

to VEGFR-1 are partially conserved in ORFV2-VEGF,
whereas those involved in VEGFR-2 binding are not (42).
Data from experiments to determine the crystal structure of
VEGEF and the predicted residues critical for binding (Phe-17,
Ile-46, Glu-64, GIn-79, and Ile-83 for VEGFR-2; Asp-63 and
Glu-64 for VEGFR-1) also suggest that some of the major
residues required for VEGFR-1 interaction are conserved in
ORFV2-VEGF, whereas residues important for VEGF inter-
action with VEGFR-2 are poorly conserved. The mechanism
whereby ORFV2-VEGF binds to VEGFR-2 and NP-1 is
clearly of interest; the lack of conservation of key residues
suggests that the binding site for ORFV2-VEGF is different to
that of VEGF. It will be of interest to see whether blocking the
activity of ORFV2-VEGF will alter the lesion induced by orf
virus infection.

Our original report of a VEGF-like gene in orf virus was
based on sequence similarities with the isoforms of VEGF and
with PIGF (28). Since that time, additional members of the
VEGF family have been discovered. Analysis of these se-
quences shows that the highest level of sequence relatedness
with VEGF family members is with VEGF itself (43%). This
raises the possibility that ORFV2-VEGEF is derived from the
VEGEF gene and that sequence divergence has resulted in loss
of the capability to bind VEGFR-1. However, because another
orf virus gene (a homolog of IL-10), which is likely to have
been derived by capture of a host gene, shows 80% amino acid
sequence identity to its mammalian counterpart (46), it is
possible that the ORFV2-VEGF is derived from another
as-yet-unidentified mammalian VEGF family member. These
predictions are complicated by the presence of a surprisingly
variant form of the viral VEGF in another strain of orf virus.
Strain NZ7 encodes a protein that has only 23% amino acid
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identity with human VEGF and only 43% identity with
ORFV2-VEGF (28). It has recently been shown that the
VEGF-like protein from the NZ7 virus (VEGF-E) binds only
to VEGFR2 (and not VEGFR1) and can induce mitogenesis
and permeability (47). It is unclear whether the extensive
sequence difference between the two viral proteins represents
independent acquisition events from different sources or very
extensive divergence from a single progenitor.

It seems likely that the biological activities of ORFV2-
VEGEF reported here contribute to the proliferative and highly
vascularized nature of orf virus lesions. This is supported by
our analysis of a recombinant orf virus in which the gene
encoding ORFV2-VEGF has been deleted. Comparisons of
lesions resulting from infection of sheep by wild-type and
recombinant ORFV2-VEGF-deficient orf virus indicate that
in the absence of ORFV2-VEGF, skin lesions are significantly
less vascularized (unpublished data).

The identification of a viral VEGF protein that is capable of
subverting mammalian VEGF receptors to aid in its viral
infection also raises the possibility that other viruses may act
in a similar fashion. A number of recently described viruses
(Ebola, morbillivirus; ref. 48) produce lesions in which sub-
stantial changes to the integrity of blood vessels are observed.
Analysis of other viral genomes for VEGF family members
may broaden our understanding of endothelial cell activation
during viral infection and provide a greater insight into the role
of VEGF/VEGFR in pathological conditions.
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