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Summary. A panel of 27 mouse monoclonal antibodies (Mabs) was raised against
orf virus. Sixteen of these Mabs reacted with a protein with a molecular mass of
65 kDa, 8 reacted with a protein with a molecular mass of 39 kDa and three remain
uncharacterised. Reactivity of the Mabs with a library of recombinant vaccinia
viruses expressing various regions of the NZ-2 orf virus genome identified the
approximate positions of the genes encoding these 2 immunodominant orf virus
proteins. The gene encoding the 39 kDa protein was identified and sequenced.
The protein was detected in an envelope fraction of orf virus and was shown to be
homologous to the envelope protein encoded by the H3L gene of vaccinia virus.
The 65 kDa protein has not been fully characterised, but the gene encoding it
has been localised to a 10 kbp region of the orf virus genome. The Mabs were
used to discriminate 4 parapoxviruses derived from sheep, 2 from cattle and 1
each from a seal and squirrel. Eighteen Mabs reacted with all 4 sheep viruses,
19 Mabs reacted with both cattle viruses, 6 recognised seal parapoxvirus and 2
recognised the squirrel parapoxvirus. Only one of the 27 Mabs reacted with all 8
parapoxviruses suggesting it recognises a conserved epitope within the genus.

*The Genbank accession number of the sequence reported in this paper is AF097215.
**Present address: Department of Microbiology, College of Veterinary Medicine &
Animal Resources, King Faisal University, Saudi Arabia.
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Introduction

Contagious pustular dermatitis is an eruptive skin disease in sheep and goats that
is readily transmitted to humans [16]. It is caused by orf virus, the type species
of the parapoxvirus genus in the famiPpxviridag[7]. The lesions of the malady
mainly appear around the mouth and nostrils of the affected animals. However,
occurrence of the lesions in other sites, such as the foot, udder and tail have also
been reported [14, 23].

Mechanisms of immunity to orf virus are not well understood and no protective
antigens have been recognised. Nonetheless, in convalescent sera from infected
sheep a number of immunogenic proteins have been visualised by western blot-
ting. McKeever et al. [15] studied the antibody response of 21 sheep to orf virus
infection. From the whole group, up to 16 orf viral proteins were recognised with
considerable variation in the specific antigens recognised by individual sheep.
Four proteins were recognised by most of the sheep but only one protein (40 kDa)
was clearly recognised by all sera. In another study antibody to five orf virus pro-
teins in convalescent serum from naturally infected sheep was demonstrated [3].

There has been only limited use of monoclonal antibodies (Mabs) to identify
and characterise orfvirus proteins. Lard etal. [11] produced Mabs against orf virus
and showed that two of them recognised distinct proteins of molecular masses
of 38—40 kDa and 40-43 kDa. Interestingly, the Mab recognising the 40-43 kDa
protein of orf virus was found to react against 45-48 kDa proteins present in 2
other parapoxviruses, pseudocowpox virus and bovine papular stomatitis virus.
More recently two polypeptides (molecular masses 39 and 22 kDa) of the highly
passaged orf virus strain D1701, have been identified using Mabs [5]. In only one
instance has the gene encoding an orf virus antigen recognised by polyclonal or
monoclonal antibodies been identified [28].

In this paper we describe the preparation of a panel of Mabs directed against
orfvirus. We have used the Mabs to identify immunogenic orf virus proteins and in
the case of animmunodominant 39 kDa antigen, characterise the gene encodingiit.
The Mabs were also able to distinguish parapoxvirusus derived from four species.

Materials and methods
Cells

Parapoxviruses were grown in semicontinuous lines of fetal lamb muscle (FLM) or primary
bovine testis (BT) cells. Vaccinia viruses were grown in either a human thymidine kinase
deficient cell line, TK143B or in CV-1 cells. FLM cells, BT cells, TK143B cells, and CV-1
cells were grown in ‘199’ medium, supplemented Eagles minimal essential medium (MEM),
Eagles modified autoclavable MEM and Eagles MEM, respectively. Media were supple-
mented with 10% fetal bovine serum.

Viruses
Orf-11

Isolated originally from a case of contagious pustular dermatitis in a sheep in Scotland. The
virus has been passaged 22 times on sheep thyroid cells, 5 times on FLM cells, twice on fetal
lamb skin (FL-Skin) and twice on FLM cells.
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NZ-2

Isolated in bovine testis cells from a case of contagious pustular dermatitis in a sheep in
New Zealand [24].

D-1701

A German orf virus strain, passaged in lamb kidney cells 135 times, bovine lung (BL) cells
38 times, MA104 cells fifty times and FLM twice [5].

Scabby mouth

An Australian orf virus isolate kindly provided by CSL laboratories and passaged twice on
FLM cells [22].

V660

A German isolate of bovine papular stomatitis virus kindly provided by Dr. M. Buttner,
Federal Virus Laboratory, Tubingen which had been passaged on BL cells eight times and
twice in FLM cells [13].

BO74

A German isolate of pseudocowpox virus, kindly provided by Dr. M. Buttner which had been
adapted to cell culture and passaged three times on BL and five times on FLM.

Seal parapox

Isolated from a seal in Scotland the virus had been passaged four times on FL-Skin, once on
foetal lamb cornea and once on FLM [20].

Squirrel parapox

Isolated from a red squirreBgiurus vulgariy in England using red squirrel kidney cells,
followed by 15 passages on FLM cells [26]. The virus was kindly provided by Dr. Steven
Edwards, MAFF Central Veterinary Laboratory, Weybridge, UK.

Vaccinia virus
The origin of strain Lister (Elstree) has been described [25]

Mab production

Scab-derived orf virus (MRI reference strain) was used for one fusion. This virus was a
Scaottish field isolate which had been passaged on sheep. Virus for mouse immunisation was
purified from scabs, using a published method [15]. For the second fusion clarified, frozen
and thawed cell lysates of orf-11-infected FLM cells were used.

For the first inoculation equal volumes of either scab-derived or cell lysate orf virus
antigen and Freund’s complete adjuvant were homogenised into a stable emulsion. Balb/c
mice received 10@l of vaccine subcutaneously in two sites. Three weeks later, the same
antigen was mixed with Freund’s incomplete adjuvant and a similar does given as before.
Ten weeks after the second vaccination the mice were immunised intravenously with anti-
gen only in the tail vein (10Qul/mouse). Three days after the final immunisation mice
were euthanised, blood was collected for serology and the spleens harvested. Fusion of
spleen cells with myeloma cells of line NSO/1 derived from NS1/1 Ag 4.1 was carried out
as described previously [12]. The medium in all wells containing hybridomas which had
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grown to occupy at least half the floor of wells were screened by immunofluorescent test
(IFT) (fusion 1) or by enzyme linked immunosorbent assay (ELISA) (fusion 2). Positive
hybridoma cells were subjected to limiting dilution 3 times before amplification of stocks.
A group of five pristane treated mice was used for ascites production for each cloned Mab.
Each mouse received&® cells in 0.2 ml of PBS by intraperitoneal injection. Ascitic fluid
was collected under terminal halothane anaesthesia, centrifugedsag) 5010 min to re-

move cell and debris and stored-a20°C. All the Mabs were isotyped using a Sigma iso-

typing kit.

Immuno assays

Immunofluorescent (IFT) tests, radio immunoprecipitations, western blotting, ELISA and
serum neutralisation tests were performed as previously described [4, 15, 19, 20, 28] except
that nitrocellulose blots were probed with horseradish peroxidase labelled anti-mouse 1gG
followed by DAB substrate and in some instances an enhanced chemiluminescence detection
system (Amersham) was used. Purified antigen was prepared as described [24]. Lysates of
virus-infected cells were prepared as described for the production of Mabs or as previously
described [28]. A hyperimmune anti-orf virus sheep serum [1847] was used as a positive
control [15]. Viral envelope fractions were prepared as described [1].

VVOV-recombinants

The library of 17 recombinant vaccinia viruses (VVOVSs) each expressing defined regions of
the NZ-2 orf virus genome has been described previously [17]. A vaccinia virus recombinant
expressing orf virus F1L was constructed as follows. A 1.8 Kpal- BanHI fragment
derived from the right end oBanmHl D was subcloned into the vaccinia virus insertion
vector, pUV1 [8]. The orf virus F1L gene was amplified from this plasmid by polymerase
chain reaction (PCR) using Pwo DNA polymerase in conjuction with primers PUVL and
I-Kpn. PUVL (CGCTAGTCACAATCACCA) corresponds to a region of pUV1 adjacent to
the point of insertion of foreign DNA. I-Kpn contained 20 nt complementary to then8

of the F1L gene (nucleotides 1028 to 1047 in Fig. 2) plus a noncomplementary tail which
formed aKpnl site when double stranded. The PCR product was digestedBaittidl and

Kpnl and cloned into pUV1. The resulting plasmid was used to generate the recombinant,
VVOV436, via homologous recombination at the thymidine kinase locus of the Lister strain
of vaccinia virus. In this construct the F1L gene is placed under the control of the P11
promoter and the initiating methionine is replaceda® amino acid sequence derived from
pUV1 (Met-lle-Ser-Cys-Arg-Ser-Thr-Leu-Glu).

DNA sequencing

DNA sequences were determined from plasmid templates using fluorescent dye-labelled
dideoxynucleotides and Taqg polymerase in a thermocycler. Reaction products were anal-
ysed using an Applied Biosystems 373A sequencing system according to the manufacturer’s
instructions.

Results

Production and characterisation of Mabs

From the first fusion using virus purified from orf scab, up to 25-secreting hybrido-
mas were detected by immunofluorescenttest (IFT) of which 10 were successfully
cloned and shown to react by western blotting with a 39 kDa protein. Two were
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Table 1. Characterisation of 27 monoclonal antibodies

Mab number Isotype OD ELISA Western RIPA VVOV
values blot

1C7 Gl 0.35 — 65 kDa 285, 286

1D9 A 0.14 - - -

1G5 Gl 0.29 - 65 kDa 285, 286

2B4 G1 0.45 - 65 kDa 285, 286

2B5 Gl 0.27 - - 285, 286

2B6 M 0.59 - 65 kDa 285, 286

2E5 (Orf-11) G2a 0.38 - - —

2E5 (MRI)* G1 1.79 39 kDa 39 kDa 245, 247, 436

3C7 G2a 0.50 - 65 kDa 285, 286

3F5 A 0.21 65 kDa - 285, 286

5B5 G2b 0.49 - 65 kDa 285, 286

5C3 Gl 0.60 - 39 kDa -

6C8 G2b 0.30 - 65 kDa 285, 286

6E2 G2b 0.61 - 65 kDa 285, 286

6E8 G2a 1.99 39 kDa 39 kDa 245, 247

6EL1T* G2a 0.35 39 kDa 50 kDa -

7C9 Gl 0.68 65 kDa - 285, 286

8B6 G1 0.70 - 65 kDa 285, 286

8D7 G2b 1.23 39 kDa 39 kDa 245, 247, 436

8G5 G1 0.57 - 65 kDa 285, 286

9C3 G2b 1.40 - 39 kDa -

10E6 G3 1.02 39 kDa 39 kDa 245, 247, 436

11B6 Gl 0.47 - 65 kDa 285, 286

11D7 A 0.39 65 kDa - 285, 286

11E4 G1 0.38 - 65 kDa 285, 286

13C10 G1 1.31 - 39 kDa -

13E4 Gl 0.52 - 65 kDa 285, 286

The optical density value recorded by ELISA and size of the antigen recognised by
each Mab by western blotting or radioimmune precipitatiBfPg) with a lysate of orf
virus-infected cells are indicated. A dash indicates that no specific antigen was detected by
the particular technigue. The vaccinia virus recombinavit&3\) recognised by each Mab
in immunofluoresence testing is indicated. A dash indicates that none of the vaccinia virus
recombinants were detected. Two Mabs derived following immunisation with purified orf
virus are marked with an asterisk

selected for further study. From the second fusion using lysate of orf-11 infected
cells 293 hybridomas were screened and 41 were shown to be secreting orf virus
antibody as detected by ELISA. Twenty-five were cloned and used to produce
ascitic fluids.

Isotyping of the 27 Mabs showed that 13 were 1gG1, 4 were IgG2a, 5 were
IgG2b, one was IgG3 (10E6), one was IgM and 3 (1D9, 3F5, 11D7) were IgA
class immunoglobulin (Table 1). There was no correlation between the strength of
OD value in the ELISA and the class of isotype of the Mab. None of the 27 Mabs
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Fig. 1. Western blot of Mabs and hyperimmune serum reacted with a lysate of orf virus-

infected cells prepared from freeze-thawed FLM cells four days after infection with Orf-11

virus at an moi of 0.11 Molecular weight marker, Mab 2E5 (MRI);3 3F5;4 6E8;5 6E11;

6 7C9;7 8D7; 8 negative Mab (VPM20)9 10E6;1011D7;11 1847 hyperimmune anti-orf
virus serum

showed any neutralising activity against orf-11 virus. The serum neutralising titre
of the sheep hyperimmune serum was 1/16.

In western blot studies using purified orf virus, 5 Mabs recognised a protein
of 39 kDa (Table 1). When the Mabs were tested against a lysate of orf virus-
infected cells the same 5 Mabs again detected a 39 kDa protein. In addition 3
Mabs detected a protein of 65 kDa (Fig. 1). The other 19 Mabs did not react by
western blotting.

Radio immunoprecipitation (RIPA) with 21 Mabs produced bands. Four of
the 5 Mabs reacting with a 39 kDa protein by western blotting were found to
detect protein of the same molecular mass in RIPA and the fifth Mab reacted
with a 50 kDa protein. The 3 Mabs which had been shown to bind to the 65 kDa
protein in western blotting did not produce a result using RIPA. In total, 13 of the
21 Mabs reacting in RIPA were against 65 kDa, 7 against 39 kDa and one against
the 50 kDa protein (Table 1).

Mab reactivity with a VVOV-recombinant library

Analysis of the reactivity of the Mabs with the 17 VVOV-recombinants by IFT,
showed that 17 Mabs reacted with VVOV285 and VVOV286. These 2 viruses
contain the same fragment of orf virus DNA recombined into the vaccinia virus
genome in opposite orientations. Four Mabs reacted with the 2 over-lapping re-
combinants VVOV245 and VVOV247 and 6 did not react with any of the recom-
binants. The IFT profile of the recombinants indicated that the Mabs recognised at
least 2 different orf virus proteins. None of the Mabs reacted with a vaccinia virus
control recombinant containing tifiegalactosidase gene but no orf virus DNA.
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Identification of the gene encoding a 39 kDa immunodominant orf virus protein

Analysis of the orf virus inserts carried by VVOV recombinants 245 and 247
was undertaken so as to identify the gene encoding the 39 kDa orf virus protein
recognised by 4 of the Mabs. These two recombinants carry orf virus DNA frag-
ments of 18.1 and 12.5 kbp, respectively. The locations of these two fragments
on the orf virus genome have been determined and shown to overlap by 10.1 kbp
[17]. This region of overlap includes three genes, F2L, F3R and F4R which are
homologues of vaccinia virus genes H4L, H5R and H6R, respectively [9]. The
gene immediately to the left of vaccinia virus H4L is termed H3L and has been
shown to encode a dominant antigen of 35 kDa. This raised the possibility that
an orf virus homologue of vaccinia virus H3L may encode the orf virus antigen
produced by recombinants VVOV245 and 247.

The sequence of 1 153 bp of DNA adjacent to thex@l of F2L was determined
and is shown in Fig. 2. The sequence of both strands were determined with a
redundancy of 4.4. Analysis of the sequence revealed an open reading frame
(F1L) of 1,002 bp with the potential to encode a protein with a molecular mass
of 36.7 kDa. Comparisons with protein sequence databases revealed significant
similarities between orf virus F1L and vaccinia virus H3L. The aligned amino

A I K E L Y M I N F N N * [F2L]
F1L> M D P P E I T G Y I I G V A E G R G T K
1 GCCATAAAAGAGTTGTATATGATTAATTTTAATAACTAAATGGATCCACCCGAAATCACGGGCTACATAATCGGGGTTGCCGAAGGCCGCGGGACCAAG

20 E V F P TL P YLV GLADUDU®PUZPIXKZPQPAUZPA AUPSPAUZPAUPA AP
100 GAGGTGTTCCCCACGCTGCCGTACCTGGTGGGCCTCGCCGACGACCCGCCCAAGCCTCAACCCGCGCCTGCTCCCTCTCCTGCCCCAGCCCCCGCACCG

5 A P A P A P K P S P P A P HUP XK GIDHUV L KAV EWIK KDV D S KD
199 GCCCCCGCGCCGGCACCCAAGCCATCTCCTCCCGCGCCGCACCCCAAGGGCGACCACGTGCTCAAGGCGGTGGAATGGAAAGACGTGGACTCCARAGAC

87 Y P H F F T DM C K s T C P KEMOQIRIRAAHHUHILNTILWE S I s A
298 TACCCGCACTTCTTCACGGACATGTGCAAGTCCACGTGTCCGAAGGAGATGCAGCGCCGCGCAGCGCACCACCTCAACCTCTGGGAGAGCATATCGGCC

120 G T v P T K ¥ $s DD DF I L VVDINUEMTT FIRI K®PEMMVK?P L I E
397 GGCACTGTCCCCACCAAGTACTCCGACGATGACTTCATCCTGGTGGTCGACAACGAAATGACCTTCCGAAAGCCCGAGATGGTGAAGCCGCTCATCGAG

153 A M K A NG W Y MT QUL K ETYMTGATLA ATNUV P G TG D P E L
496 GCGATGAAGGCGAACGGTTGGTACATGACGCAGCTCAAGGAGACCTACATGACCGGGGCGCTGGCCACCAACGTCCCCGGAACCGGGGACCCCGAGCTC

186 M V Y P G G Y D V s L D A Y I I s V GG MIKI KLY D ATI I KEG G
595 ATGGTCTACCCCGGGGGGTACGACGTCTCGTTAGACGCCTACATCATCAGCGTCGGCGGCATGAAGAAGCTCTACGACGCGATCATCAAGGAGGGAGGG

219 L R S 6 L L T EV F TLEZ XK RUL S L ARV VL S G AZEOQV VY P E
694 CTGCGCAGCGGCCTGCTCACCGAGGTGTTCACGCTGGAGAAGCGGCTCTCTCTGGCGCGCGTGGTGCTCTCCGGTGCCGAGCAGGTGGTCTACCCCGAG

252 Yy Yy I ¢ V. X T R L s GA P S L W S L L ATWILAIRFWUPGA I Y F
793 TACTACATACAGGTGAAGACGCGGCTCAGCGGCGCGCCCTCCCTGTGGTCGCTGCTCGCCACGTGGCTGGCGCGCTTCTGGCCCGGCGCCATCTACTTC

285 L. T T P L F S FMGULVF DVDVVDTIVFTIULAY L L VL VL L L P
892 CTCACCACGCCGCTCTTCTCCTTCATGGGGCTCTTCGACGTGGACGTGGTCGACATCTTCATCCTGGCGTACCTGCTGGTGCTCGTGCTGCTGCTGCCG

3 N S R L L W F I A G UL L VT ATI V *
991 AACTCGCGGCTGCTGTGGTTCATCGCCGGGCTGCTGGTCACGGCCATCGTGTGATCGTTCACGTGAGCACGCCGGACGTCGCGGCGCACCAGTGGTCGT
[H2ZR-LIKE] * T L V G s T A A C W H D D

1090 CCTCGAAGTAGCCGCTGTAGCCCACCAGCCCCATCATCTCTGACCCGCATGTGATGACGTTGTT
E F Y G S Y GGV L GMMESGOCTTI VNN

Fig. 2. Nucleotide and inferred amino acid sequence of the orf virus F1L gene. The inferred
amino acid sequences of portions of the adjacent genes are also indicated
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acid sequences are 28.4% identical overall but between residues 188 to 300 this
figure rises to 42.9% identity and to 62.5% between residues 319 to 334. The F1L
protein is ten amino acids larger than its vaccinia virus homologue, H3L.

Further comparisons of the two protein sequences revealed evidence of struc-
tural and possibly functional similarities. For example, hydrophilicity plots (Fig. 3)
revealed that the amino-terminal halves of each protein contain regularly spaced
hydophilic domains and the C-terminal region of each protein consists of a
strongly hydrophobic region which the SAPS program identifies as a high scoring
transmembrane domain [2]. Both proteins include only two cysteines with the
location and spacing of these residues being strongly conserved. Analysis with
the program SignalP [21] did not detect a signal peptide in either protein. An
unusual proline-alanine repeating motif exists near the amino terminus of the
F1L amino acid sequence (amino acids 35-68, Fig. 2). In this region, 55% of the
amino acids are prolines and 50% of these are followed by alanine. This motif is
not in the vaccinia virus homologue.

At the DNA level the sequence of the two genes are only 34% identical. This
is a reflection of the differing G/C contents of the two genes (F1L 65.1%, H3L
34.6%) which is in keeping with the differing G/C content of the two viruses (orf
virus 63%, vaccinia virus 34.4%). Similarity was also seen to the 84L gene of
molluscum contagiosum virus (Fig. 3) and to the I3L gene of variola virus (data
not shown).

| I I I ] ] I T I I I I | [
25 50 75 100 125 150 175 200 225 250 275 300 325

MCV84L

Fig. 3. Structural comparison of F1L and related proteins. Hydrophilicity profiles of the
predicted proteins of orf virus F1L (OVF1L), vaccinia virus H3L (VVH3L) and molluscum
contagiosum virus 84L (MCV84L) are aligned at the C-termini
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The codon for the initiating methionine of F1L lies within a TAAAT(G) motif.
This, in conjunction with the A/T-rich nature of the 30 bp immediatélpfhe
initiating codon suggests that F1L is transcribed late in infection.

Within 4 bp 3 of F1L there is evidence of an adjacent gene. Figure 2 reveals
102 bp of an open reading frame that is orientated in the opposite directionto F1L.
Comparisons with sequence databases revealed a significant similarity between
this open reading frame and the vaccinia virus H2R protein (60% amino acid
identity over 34 amino acids). It is likely that this H2R homologue represents
the terminal region of the right most gene initiated in BaarHI D. The relative
orientations of this gene and F1L, and the spacing between them is similar to
those of vaccinia virus H3L and H2R.

A vaccinia virus recombinant (VVOV436) was constructed in order to anal-
yse the antigenicity of the F1L protein. In this recombinant the F1L open reading
frame is under the control of the strong vaccinia virus late promoter, P11, and
carries an 8 amino acid, N-terminal fusion which increases the predicted molec-
ular mass from 36 728 Da to 37 419 Da.

Expression of an orf virus-specific protein by VVOV436 was tested initially
by IFT. Three of the 4 Mabs which had recognised VVOV245 and 247 also recog-
nised VVOV436 while this single gene recombinant was not recognised by any
of those Mabs which recognised a 39 kDa orf virus protein but did not recognise
VVOV245 or 247 (Table 1). These results were confirmed by western blotting us-
ing anti-orf virus hyperimmune sheep serum (Fig. 4A) and Mab 8D7 (Fig. 4B). It
can be seenthatan antigen of 39 kDa is detected in lysates of cells infected with orf
virus and with recombinants VVOV245 and 247. VVOV436 expresses an antigen
of slightly higher molecular weight as a result of the N-terminal fusion generated
during its construction. No such antigens were detected in mock-infected lysates

ik sy - -

Fig. 4. Western blot analyses of the 39 kDa polypeptide encoded by orf virus gene F1L.
Cell lysates were harvested from BT cells infected at an moi of thr8ehgVVOV) or 18
h (OV) post-infection. Lysates were resolved on a 10% SDS-polyacrylamide gel, reacted
with A polyclonal hyper-immune anti-orf virus sheep serunBoC monoclonal antibody
8D7 and detected by ECL reageft.B Lanes contained lysates derived from uninfected BT
cells A1, BJ and cells infected with VVOVBGalA2, B3, VVOV245 (A3, B4, VVOV247
(A4, BH, VVOV436 (A5, B7), VVOV380 (A7, B and NZ2 strain of orf virusA6, B§. B2
contained no sample. VVOV380 is identical to VVOV436 except that it contains an additional
800 bp of orf virus DNA 3of the F1L gene. Horizontal bars mark the location of molecular
weight markers of 66, 46 and 30 kD@.Gradient-purified NZ2 strain of orf viru$3Q) was
treated with NP-40 and 2-mercaptoethanol and separated into an insoluble frardod &
soluble envelope fractior8). Arrow shows location of 39 kDa protein
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Table 2. Reactivity of Mabs with different parapoxviruses

Mab Antigen Orf- D1701 NZ2 Scabby B074 V660 Seal Squirrel
specificity 11 mouth PPV PPV

1C7 65 + + + + + + + +
1D9 — + - + - + + - -
1G5 65 + + + + + + - -
2B4 65 + + + + + + - -
2B5 — + + + - + + — -
2B6 65 + + + - + + - -
2E5 (Orf-11) - + + + + + - - -
2E5 (MRI) 39 + + + + + - - -
3C7 65 + + + - + - - -
3F5 65 + + + + + + - -
5B5 65 + + + + + + — -
5C3 39 + + - - - - - -
6C8 65 + + + + + + - -
6E2 65 + + + - + + - -
6E8 39 + + + + + - -
6E11 39/50 + + + + + + — +
7C9 65 + + + - + + + -
8B6 65 + + + + + + - -
8D7 39 + + + + + + + -
8G5 65 + + + + + + + -
9C3 39 + + + - - + — -
10E6 39 + + + + + + + -
11B6 65 + + + + - + + -
11D7 65 + + + + + + - -
11E4 65 + + + - + - -
13C10 39 + + + + - - - -
13E4 65 + + + + + - - -
Total 27 26 26 18 23 19 6 2

The reactivity of each Mab with isolates of various parapoxviruses (PPV) was determined by
IFT. Significant reactivity is indicated by a plus-Y and the absence of reactivity by a dash.
The molecular mass (kDa) of the orf virus antigen detected in western blotting or RIPA is
indicated

or from the control recombinant, VVBGal, which contains no orf virus DNA.
These data confirmed that the 39 kDa antigen recognised by some of the Mabs
and expressed by VVOV245 and 247 is encoded by gene F1L. In recombinant
VVOV436 the F1L geneis transcribed from a highly expressed vaccinia virus late
promoter (P11), whereas in recombinants VVOV245 and 247 the gene is under
the control of its natural orf virus promoter (PF1). The relative amounts of antigen
detected are consistent with the expectation, based on sequence comparisons, that
P11 would be a more active late promoter than PF1 [6].
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Table 3. Serum antibody responses in 8 lambs experimentally infected with orf virus strain NZ2

Serum Antigen
ov VVOV436 VVOV285 VVOV86 PCR4 VVBGal

1 2200+ 1530+ 600+ 120- 800+ 70
2 2150+ 1900+ 900+ 200— 550+ 80
3 2300+ 1800+ 200— 110— 1300+ 80
4 570+ 400+ 180— 200— 410+ 60
5 1900+ 1400+ 800+ 180— 1400+ 70
6 480+ 290+ 130— 110— 120— 50
7 1200+ 900+ 500+ 170— 280— 70
8 1500+ 1300+ 1200+ 120— 400+ 70
1847 2900+ 2200+ 2000+ 400— 1900+ 170
SPF <100 <100 <100 <100 <100 <100

Serum was taken from each animal 4 weeks after inoculation withl&@ue forming units of
orf virus. Dilution series of the sera were analysed by ELISA and antibody titres calculated as the
inverse of the dilution at which the absorbance equalled 1.0. Each response has been summarised
as positive 4) or negative £) by comparison with the values obtained with serum obtained from
a specific pathogen free lamb (SPF) or the values obtained using a control antigen consisting of
a vaccinia virus recombinant which does not include any orf virus DNA (VVBGal). A positive
response was defined as having a titre more than 4 times greater than the appropriate control.
The titers of a hyper-immune anti-orf virus sheep serum (1 847) are also included. The antigen
used were orf virus (OV) and 4 vaccinia virus recombinants carrying either single orf virus genes
(VVOV436 and PCR4) or unrelated, multigene fragments of orf virus DNA (VVOV285 and
VVOB86) which do not include either of the single genes (see text for details)

Characterisation of the 39 kDa immunodominant protein

Gradient-purified orf virus (NZ2) was treated with NP-40 and 2-mercaptoethanol,
sonicated and centrifuged to separate the insoluble core fraction from the soluble
envelope fraction. The fractions were examined by western blotting. Figure 4C
shows that Mab 8D7 recognised a 39 kDa protein in the sample of purified virus
and that this protein was retained in the soluble fraction but not in the insoluble
fraction. These results indicate that the F1L gene product is a virion protein and
that it is located within the viral envelope.

ELISA of sera from 8 lambs experimentally infected with orf virus (NZ2)
demonstrated that each animal mounted a significant antibody response to the
F1L antigen expressed by VVOV436 (Table 3). Also measured was the response
of each animal to orf virus antigens expressed by vaccinia virus recombinants
VVOV285 (containing 14.0 kbp of orf virus DNA), VVOV86 (containing 16.8 kbp
of orf virus DNA) and PCR4 which expresses a 42 kDa orf virus protein able to
stimulate both antibody and T cell responses in infected animals [28]. The orf
virus DNA fragments carried by VVOV285 and VVOV86 do not include the F1L
gene [17]. In contrast to the uniformly positive response of all animals to the
F1L antigen, a majority, but not all animals, mounted a significant response to
VVOV285 and PCR4, while none of these animals mounted a significant response
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to orf virus proteins expressed by VVOV86. Recognition of the F1L antigen by
all 8 sera was also confirmed by western blotting (not shown).

Mab reactivity with other parapoxviruses

Reactivity of the Mabs with parapoxviruses from different species by IFT and
ELISA showed that it was possible to differentiate the viruses. IFT was more
sensitive than ELISA for screening the viruses and revealed 13 distinct reaction
patterns (Table 2). Cross-reactivity of the Mabs with the 4 isolates of orf virus
demonstrated that scabbymouth contained fewer recognised epitopes than the
other 3 viruses. Of the 2 cattle isolates, BO74 (pseudocowpox virus) was recog-
nised by more Mabs than V660 (bovine papular stomatitis virus). Reactivity of
the Mabs with the seal and squirrel parapoxviruses was limited to 6 and 2, respec-
tively. Seven Mabs recognised all the sheep and cattle viruses. Three (8D7, 8G5,
10EB6) reacted with all the sheep and cattle viruses and the seal virus, four (2E5
(orf-11), 2E5 (MRI), 6E8, 13E4) recognised all the orf virus strains and B074
but not V660. Two (5C3, 13C10) reacted with orf viruses only and one Mab
(9C3) recognised orf virus strains and V660 only. The 6E11 Mab reacted with
all isolates except the seal parapoxvirus. One Mab (11B6) reacted with all the
sheep viruses, the seal parapoxvirus and V660 but not with BO74 or the squirrel
parapoxvirus. One Mab (1C7) reacted with all 8 parapoxviruses suggesting it is
recognising a conserved epitope on the 65 kDa antigen.

Discussion

When gradient purified orf virus derived from sheep scabs was used to produce
Mabs all 10 hybridomas which were cloned secreted Mabs against a 39 kDa orf
virus protein. In an attempt to produce Mabs against a wider range of orf virus
proteins a second fusion was performed using a clarified lysate of infected cells
as immunogen. The majority of Mabs produced in this way against a 65 kDa
protein, but anti-39 kDa Mabs were also produced. The relative preponderance
of Mabs against these 2 proteins would suggest they are immunodominant and
present in substantial amounts in purified virus preparations and infected cell
cultures. Two other reported attempts to produce Mabs against orf virus would
tend to support this. When Lard et al. [11] used orf-virus infected cell lysates
2 characterised Mabs were shown to react with either a 40—43 kDa protein or a
38-40 kDa protein from homologous virus. Using gradient purified cell-culture
grown orf virus or purified viral envelopes to immunise mice Czerny et al. [5]
also succeeded in raising Mabs to a 39 kDa protein.

There is only one report where Mabs have been produced against a wider
range of orf virus proteins again using infected cell lysates as inocula [27]. In
that report, hybridomas were screened by IIF and 75 Mabs were shown to react
by RIPA with 8 proteins of different molecular masses. Interestingly the major-
ity, 33, were against a 66 kDa protein and 18 were against a 41 kDa protein.
Other proteins detected had molecular masses of 40 (10 Mabs), 39 (5 Mabs), 42
(3 Mabs), 100 (2 Mabs), 21 (2 Mabs) and 14 kDa (2 Mabs).
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A library of vaccinia virus recombinants was used to provide an initial
characterisation of the Mabs. Mabs recognising the recombinants either reacted
with 2 (VVOV285, 286) that carry the same 14 kbp region of the orf virus genome,
or reacted with recombinants VVOV245 and 247 which carry orf virus genome
fragments which overlap by 10 kbp. Mabs recognising the 285 and 286 recom-
binants were shown to react with a 65 kDa protein, while those recognising the
245, 247 recombinants all reacted with a 39 kDa protein.

DNA sequencing and the construction of a further recombinant (VVOV436)
allowed the gene encoding the 39 kDa antigen to be identified. The gene was
designated F1L, and was shown to be a homologue of the vaccinia virus gene,
H3L. The H3L gene product has been shown to be an immunodominant, 35 kDa
virion membrane protein [29]. In agreement with this, the F1L gene product was
detected in the envelope fraction of purified orf virus. F1L encodes the third
major structural protein to be identified in orf virus. The other two being the
10 kDa protein homologous to vaccinia virus A27L [18] and the 42 kDa protein
homologous to vaccinia virus F13L [28].

Our observation that F1L encodes a 39 kDa antigen recognised by all sheep
sera tested suggests that F1L encodes the dominant antigen of approximately
40 kDa that has been reported in several earlier studies. For example, McKeever
etal. [15] detected antibody to a 40 kDa antigen in all post-infection sheep seraand
also recorded that this was the first viral component to be recognised by animals
undergoing primary exposure to orf virus. However, the failure of some anti-
39kDa Mabs to recognise vaccinia virus recombinants expressing orf virus F1L
was unexpected since 4 of them reacted with NZ-2 infected cells. The evidence
suggests that either the recombinant expressed F1L protein does not contain all
the natural epitopes, or that the anti-39 kDa Mabs are against more than one
protein. The latter explanation is a possibility since 4 orf virus polypeptides with
molecular weights between 38.5 and 41.5 kDa have been described [1].

The identity of the 65 kDa protein remains elusive. The fact that 16 of the
27 Mabs studied were against this protein suggests it is produced in significant
guantities in orf virus-infected cells. Failure of all the anti-65 kDa Mabs to react
with purified virus suggests that they may not be against a structural protein. All
the studies using convalescent sheep serum have, however, provided conclusive
evidence that a viral protein of this molecular mass is strongly immunogenic, and
in vitro radiolabelling studies have suggested that a 64.5 kDa protein is a major
core polypeptide [1]. The importance of the 65 kDa protein in protection against
orf virus infection remains to be established.

When the panel of Mabs was tested for its reactivity with 8 different para-
poxviruses variable binding was observed. There was no evidence that either the
39 kDa or the 65 kDa protein was more conserved than the other, which coincides
with earlier reports [5, 11].

Reactivity of the Mabs with the 4 orf viruses showed the Australian isolate
to be different from the other 3. The reactivity of this isolate was more like that
of bovine papular stomatitis virus whereas the other cattle virus, pseudocowpox
virus, was more reactive and was recognised by almost as many Mabs as 3 of the
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orf viruses and may possibly have derived from sheep. No report of cross-species
transmission of parapoxviruses between cattle and sheep has however been
reported, and DNA-DNA hybridisation has suggested that parapoxviruses from
cattle and sheep are clearly distinguishable [10]. Further work will be required to
see if this panel of Mabs can be relied on to distinguish sheep and cattle isolates
and aid in the classification of ruminant parapoxviruses. When parapoxviruses
from seal and squirrel were tested both were shown to be related to the ruminant
parapoxviruses with the red squirrel virus showing greatest divergence from orf
virus.

Acknowledgements

We thank Gary Entrican for help with hybridoma production, Tracey Fitzgerald and Ellena
Whelan for expert technical assistance and Gilles Chappuis for assistance with the literature
and helpful discussions. F. Housawi was seconded from King Faisal University, Saudi Arabia
and funded by the Saudi Arabian Cultural Bureau. P. Nettleton was recipient of a fellowship
under the OECD project on Biological Resource Management. Monoclonal antibody pro-
duction was conducted under United Kingdom Home Office Project Licence 60/01494. This
work was supported by Scottish Office Agriculture, Environment and Fisheries Department
and the Health Research Council of New Zealand.

References

1. Balassu TC, Robinson AJ (1987) Orf virus replication in bovine testis cells: kinetics
of viral DNA, polypeptides, and infectious virus production and analysis of virion
polypeptides. Arch Virol 97: 267-278

2. Brendel V, Bucher P, Nourbakhsh |, Blaisdell BE, Karlin S (1992) Methods and
algorithms for satistical analysis of protein sequences. Proc Natl Acad Sci USA 89:
2002-2006

3. Chand P, Kitching RP, Black DN (1994) Western blot analysis of virus-specific anti-
body responses for capripox and contagious pustular dermatitis viral infections in sheep.
Epidemiol Infect 113: 377-85

4. Collins J, Butcher A, Riegel C, Mcgrane V, Blair C, Teramoto Y, Winston S (1984)
Neutralising determinants defined by monoclonal antibodies on polypeptides of bovine
herpesvirus-1. Virology 52: 3—-409

5. Czerny CP, Waldmann R, Scheubeck T (1997) Identification of three distinct antigenic
sites in parapoxviruses. Arch Virol 142; 807-21

6. Davison AJ, Moss B (1989) Structure of vaccinia virus late promoters. J Mol Biol 210:
749-769

7. Esposito JJ, Baxby D, Black DN, Dales S, Darai G, Dumbell KR, Granados RR, Joklik
WK, McFadden G, Moss B, Moyer RW, Pickup DJ, Robinson AJ, Tripathy DN (1995).
Poxviridae. In: Murphy FA, Fauquet CM, Bishop DHL, Gabrial SA, Jarvis AW, Martelli
GP, Mayo MA, Summers MD (eds) Virus Taxonomy. Classification and Nomenclature of
Viruses. Sixth Report of the International Committee on Taxonomy of Viruses. Springer,
Wien New York, pp 79-91 (Arch Virol [Suppl]10).

8. Falkner FG, Chakrabarti S, Moss B (1987) pUV1: a new vaccinia virus insertion and
expression vector. Nucleic Acids Res 15: 7192

9. Fleming SB, Block J, Fraser KM, Mercer AA, Robinson AJ (1993) Conservation of gene
structure and arrangement between vaccinia virus and orf virus. Virology 195: 175-84



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

A dominant antigen of parapoxviruses 2303

Gassmann U, Wyler R, Wittek R (1985) Analysis of parapoxvirus genomes. Arch Virol
83:17-31

Lard S, Roehrig J, Pearson L (1991) Differentiation of parapoxviruses by application
of orf virus-specific monoclonal antibodis against cell surface proteins. Vet Immunol
Immunopathol 28: 247-258

Lyaku J, Sinclair J, Nettleton PF, Marsden H (1992) Production and characterisation of
monoclonal antibodies to cervine herpesvirus-1. Ven Microbiol 32: 229-239

Mayr A, Bachnann PA, Bibrack B, Wittmann E (1974) Virologische Arbeitsmethoden.
1: Zellkulturen, Bebriitete Hiihnereier, Versuchstiere. Gustav Fischer, Stilkgart
McKeever DJ, Jenkinson DM, Hutchison G, Reid HW (1988). Studies of the pathogenesis
of orf virus infection in sheep. J Comp Pathol 99: 317-28

McKeever DJ, Reid HW, Inglis NF, Herring AJ (1987) A qualitative and quantitative
assessment of the humoral antibody response of the sheep to orf virus infection. Vet
Microbiol 15: 229-41

Mercer A, Fleming S, Robinson A, Nettleton PF, Ried H (1997) Molecular genetic
analyses of parapoxviruses pathogenic for humans. Arch Virol [Suppl] 13: 25-34
Mercer AA, Yirrell DL, Whelan EM, Nettleton PF, Pow |, Gilray JA, Reid HW, Robinson
AJ (1997) A novel strategy for determining protective antigens of the parapoxvirus, orf
virus. Virology 229: 193-200

Naase M, Nicholson BH, Fraser KM, Mercer AA, Robinson AJ (1991) An orf virus
sequence showing homology to the 14K ‘fusion’ protein of vaccinia virus. J Gen Virol
72:1177-1181

Nettleton PF, Brebner J, Pow I, Gilray JA, Bell GD, Reid HW (1996) Tissue culture-
propagated orf virus vaccine protects lambs from orf virus challenge. Vet Rec 138: 184—6
Nettleton PF, Munro R, Pow |, Gilray J, Gray EW, Reid HW (1995) Isolation of a
parapoxvirus from a grey seal (Halichoerus grypus). Vet Rec 137: 562—4

Nielsen H, Engelbrecht J, Brunak S, von Heijne G (1997) Identification of prokaryotic
and eukaryotic signal peptides and prediction of their cleavage sites. Prot Eng 10: 1-6
Pye D (1990) Vaccination of sheep with cell culture grown orf virus. Aust Vet 67: 182—6
Robinson AJ, Balassu TC (1981) Contagious pustular dermatitis (orf). Vet Bull 51:
771-781

Robinson AJ, Ellis G, Balassu T (1982) The genome of orf virus: restriction endonuclease
analysis of viral DNA isolated from lesions of orf in sheep. Arch Virol 71: 43-55
Robinson AJ, Mercer AA (1988) Orf virus and vaccinia virus do not cross protect in
sheep. Arch Virol 101: 255-259

Sands JJ, Scott AC, Harkness JW (1984) Isolation in cell culture of a poxvirus from red
squirrel Sciurus vulgaris Vet Rec 114: 117-118

Schindler V (1995) Contribution a I'identification et a la caractérisation des protéines
externes du virus de I'ecthyma contagieux du mouton. These Diplome de doctorat,
L'Université Louis Pasteur, Strasbourg

Sullivan JT, Mercer AA, Fleming SB, Robinson AJ (1994) Identification and characteri-
zation of an orf virus homologue of the vaccinia virus gene encoding the major envelope
antigen p37k. Virology 202: 968-973

Zinoviev VV, Tchikaev NA, Chertov OY, Malygin EG (1994) Identification of the gene
encoding vaccinia virus immunodominant protein p35. Gene 147: 209-214

Authors’ address: Dr. P. F. Nettleton, Moredun Research Institute, International Research

Centre, Pentlands Science Park, Bush Loan, Penicuik, Midlothian EH26 OPZ, U.K.

Received March 11, 1998



