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Deletion of the Chemokine Binding
Protein Gene from the Parapoxvirus
Orf Virus Reduces Virulence and
Pathogenesis in Sheep

Stephen B. Fleming *, Catherine McCaughan, Zabeen Lateef, Amy Dunn, Lyn M. Wise,
Nicola C. Real and Andrew A. Mercer

Department of Microbiology and Immunology, University of @go, Dunedin, New Zealand

Orf virus (ORFV) is the type species of thBarapoxvirusgenus of the familyPoxviridae
and infects sheep and goats, often around the mouth, resultig in acute pustular skin
lesions. ORFV encodes several secreted immunomodulatorséluding a broad-spectrum
chemokine binding protein (CBP). Chemokines are a large faiy of secreted chemotactic
proteins that activate and regulate in ammation induced lakocyte recruitment to sites
of infection. In this study we investigated the role of CBh vivoin the context of ORFV
infection of sheep. The CBP gene was deleted from ORFV straiNZ7 and infections
of sheep used to investigate the effect of CBP on pathogenesi Animals were either
infected with the wild type (t) virus, CBP-knockout virus or revertant strains. Sheep
were infected by scari cation on the wool-less area of the hid legs at various doses of
virus. The deletion of the CBP gene severely attenuated thdrus, as only few papules
formed when animals were infected with the CBP-knock-out vus at the highest dose
(107 p.f.u). In contrast, large pustular lesions formed on almdsall animals infected with
the wt and revertant strains at 10 p.f.u. The lesions for the CBP-knock-out virus resolved
approximately 5-6 days p.i, at a dose of 16 pfu whereas in animals infected with thevt
and revertants at this dose, lesions began to resolve at appximately 10 days p.i. Few
pustules developed at the lowest dose of 18 p.f.u. for all viruses. Immunohistochemistry
of biopsy skin-tissue from pustules showed that the CBP-knokout virus replicated in all
animals at the highest dose and was localized to the skin egielium while haematoxylin
and eosin staining showed histological features of the CBRnockout virus typical of the
parent virus with acanthosis, elongated rete ridges and ohbkeratotic hyperkeratosis.
MHC-Il immunohistochemistry analysis for monocytes and dalritic cells showed greater
staining within the papillary dermis of the CBP-knock-out ivus compared with the
revertant viruses, however this was not the case with thet where staining was similar.
Our results show that the CBP gene encodes a secreted immunaoudlator that has a critical
role in virulence and pathogenesis.
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Fleming et al. Orf Virus Chemokine Binding Protein

INTRODUCTION Previous studies have revealed that the ORFV CBP is related
to the poxvirus type Il CC-chemokine binding proteins (CBP-II)
Orf is a debilitating skin disease of sheep and goats and fsroduced by theDrthopoxvirusand Leporipoxvirugenera Geet
transmissible to manKleming et al., 20)50Orf is also known et al., 2008 Although ORFV CBP displays low sequence identity
as contagious ecthyma, pustular dermatitis, or scabby mouty other poxvirus CBPs{17%) it shares regions of identity and
and is caused by the parapoxvirus orf virus (ORFWJal0,  similarity across its entire sequence. The ORFV CBPencoged b
2009. Orf is an economic and welfare problem in sheep andstrain NZ2 has been extensively characterized and is fomatiy
goat producing countries world-wide-gig, 200§. The disease similar to the CBP-Il proteins in its ability to bind many
around the mouth of lambs is associated with poor growth anthuman in ammatory and constitutive CC-chemokines with high
can become fatal when secondary infections océlering etal., g nity but also binds XCL1 (lymphotactin) and several CXCL
2019. The disease is usually benign, with lesions that progregthemokines $eet et al., 2003; Lateef et al., 2009, 2010; Counago
through a papular stage to form pustules within a few dayset al., 2015 However, the signi cance of ORFV CBP during
These rupture giving rise to ulcers and subsequently a thiclxfection of its natural host has yet to be examined.
and overlying crust that is shed within 4-6 weekse(ning and We hypothesized that the ORFV CBP disrupts chemokine

Mercer, 200Y. _ o _ gradients within the skin tissue of its host during infectiand
The vaccine against orf is live unattenuated virus that onlyhereby sets up a blockade to inhibit the recruitment of lecites
produces short-term immunitytdaig and Mcinnes, 2002 to the infected site. For these studies we used ORFV strain

ORFV usually infects the host through breaks and abrasiongz7. The NZ7 strain induces large pustular lesions in sheep
to the skin and replicates in regenerating keratinocytesind has been used to characterize other ORFV virulence factors
(McKeever et al., 1938Keratinocytes constitute approximately (Fleming et al., 2007; Wise et al., 2l0Ne rstly characterized
90% of the cells within the epidermis and are recognizeghe chemokine binding properties of the puri ed CBP protein
as immune sentinels within skinDebenedictis et al., 2001; encoded by ORFV strain NZ7 (CRi) by ELISA and its e ects
Nestle et al., 2009 They express a wide range of Toll-like on monocyte migration in response to speci ¢ chemokines in
receptors and other sensory molecules that allow these celischemotaxis assay and in ammatory cell tra cking using a
to respond rapidly to infection by producing proin ammatory murine skin in ammation model. To examine thia vivo e ects
cytokines and chemokines that results in the recruitment obf this factor on pathogenesis and host response we constructed
immune cells from the underlying dermis and blood during a knock-out recombinant in which the CBP gene was deleted.
infection. Infection studies were carried out in sheep using the recorfi

Genetic analyses have revealed a number of viral encod@ffus and the clinical pathology and host response comparel wit
factors that may explain its ability to establish infectioithin  the parent strain.

the specic immune environment of the skin and its ability

to reinfect its host Eleming et al., 2005 Several secreted MATERIALS AND METHODS

immunomodulators have been described and these include a

vascular endothelial growth factoryttle et al., 1994; Wise et al., Virus and Cells

1999; Savory et al., 200@ factor that binds IL-2 and GM-CSF The ORF\{z7 strain (Robinson et al., 19§%as propagated in

(Deane et al., 2000an IL-10-like moleculeRleming et al., 1997  primary lamb testis (LT) cells as described previouBlyt{inson

and a chemokine binding protein (CBP$¢et et al., 2003; Lateefet al., 1982 LT cells were maintained in minimum essential

etal., 2009, 2010; Counago et al., 2015 medium (MEM) (GIBCO, Invitrogen) and supplemented with
Chemokines are a large family of secreted chemotactiEBS at 10% for growth and 5% for culture maintenance. LT cells

proteins that activate and regulate inammation inducedwere supplemented with PKS solution [kanamycin, (Roche Life

leukocyte recruitment to sites of infection as well as hostatic ~ Science); streptomycin. penicillin (Gibco)]. Cells weraiinated

migration of leukocytes through lymphoid organdggiolini,  at 37 Cin a humidi ed 7% CQ atmosphere.

1998; Cyster, 1999Members of the family are classi ed as

CC, CXC, CX%C, and C according to the spatial arrangementEXpression and Puri cation of CBP

of cysteine residues within the N-terminus of the molecuie. The accession numbers for ORFV strain NZ2 CBP and ORFV

general CC chemokines are chemoattractants for monocytesrain NZ7 CBP are CAD99366 and AY453066 respectively.

(Uguccioni et al., 1995 whereas CXC chemokines are The coding region of the CBP gene from ORFV strain

chemoattractants for lymphocytes, NK cells, neutrophilsNZ7 was amplied by PCR from the Hind-Ill-E fragment

and B cells luang et al., 2001 Chemokines are highly (Robinson et al., 1997 The primers used for ampli cation

conserved across mammalian species. Leukocytes are eecruitvere N.term 8cgcggatccgecaccatgaaggeggtgttgttget and C.term

to sites of in ammation by interaction with chemokine grafits ~ 5%cgcggatccttacttgtcatcgtcgtccttgtagtcatggecaggmtigen. and

that form by attachment to the extracellular matrix through were based on the®&nd @ ends of the CBP coding region,

glycosaminoglycan binding domainsy et al., 200p The respectively. Each primer possessed a BamHI site to allow

predominant chemokines produced during damage andloning into the plasmid pAPEX-3 (a gift from Clare McFarlane,

in ammation of epithelial tissues are CCL2 (MCP-1), CCL3Walter and Eliza Hall, Institute, Melbourne). This cloning

(MIP-1a), and CCL5 (RANTES)Kppydlowski et al., 1999; step incorporated a Kozak sequence and FLAG sequence at

Wetzler et al., 2000 the & and @ ends respectively, of the coding sequence. The
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plasmid pAPEX-3 contains a simian virus 40 promoter sequencegll surface markers CD11b (allophycocyanin-conjugated rat
transcription termination sequence, and a gene for hygramyc anti-mouse integrin/CD11b, clone M1/70, isotype lgfBD
resistance. The protein was expressed in HEK293 cells amiosciences) and Gr-1 (anti-Gr-1 allophycocyanin-conjeda
puried by anity chromatography with M2 anity gel by  clone RB6-8C5, isotype IgG2b; R&D Systems) for monocytes or
methods described previoushBéet et al., 2003; Lateef et al.CD11c (allophycocyanin-conjugated clone HL3, isotype 1gG1;

2009. BD Pharmingen) and MHC-Il (rat anti-mouse I|-A/I-E PE-
o _ . conjugated from clone M5 (BD Pharmingen) at@ on ice for
Binding Analysis of CBP Activity by ELISA 2 h. Isotype control was IgG2b) for DC. Flow cytometric anialys

Chemokine binding activity was measured indirectly by thewas performed using a FACSCalibur (Becton Dickinson). All
ability of the CBP protein to interfere with the detection of ow cytometric data were analyzed using CellQuest and FlowJo
the chemokines by speci ¢ ELISA¢ane et al., 2009; Counago softwares. All samples were analyzed using ow cytometry unt
et al., 2015; Lee et al., 201€CL2 OPTI EIA ELISA kits of 10,000 events and were normalized to haemocytometertsoun
(BD Biosciences, Franklin Lakes, NJ, and CCL3, CCL5, CCL1&nd weight of individual skin biopsies.

and CXCL2 DuoSet ELISA Development kits (R&D Systems

Inc, Minneapolis, MN) were used in accordance with theConstruction of Recombinant ORFV

manufacturer's instructions. Detailed methods for the §AI The CBP knock-out ORFV was made by methods described
have been described recentlye¢ et al., 20)5Brie y MaxiSorp  previously Gavory et al., 2000; Fleming et al., 200he CBP
96-well immunoplates (Nalgene Nunc) were coated with capturgene is located within the restriction endonuclease fragme
antibody. In non-absorbent 96-well plates murine chemokine Hind-III-E of ORFVz7 (Seet et al., 200&enBank accession No
CCL2, CCL3, CCL5, CCL19, and CXCL2 were mixed wittAY453066. A fragment that spans 500 bp immediately upstream
increasing amounts of CBP diluted in PBBe¢ et al.,, 20)5 of the CBP coding region (left arm), was PCR ampli ed and
The chemokine/CBP mixes were incubated for 45 min atG337 cloned into the Hind-1ll and EcoRl restriction sites of pSP70
and then transferred with chemokine standards to the coatetb generate pSP70/left arm. A fragment which spans 556 bp
plates for a further 15min incubation at 3€. The plates downstream of the CBP coding region and which includes 18 bp
were washed with PBS/0.005% Tween-20, then incubated fof the CBP gene (right arm), was PCR ampli ed and cloned into
1h at room temperature with biotinylated detection antibodythe vector pSP70/left arm at the EcoRI and Bgl-Il restrictidasi
and streptavidin-conjugated horseradish-peroxidase. rAtie Finally theEschericia coli geflacz), placed under the control of
nal wash, captured chemokine was detected with®3,8- an ORFV late promoter PFIF({eming et al., 1993was cloned
tetramethylbenzidine (BD Biosciences), and the absomdan@s a reporter gene into an EcoRI site located between the left

measured at 450 nm. and right arms. The construct was designed to delete 870 nts
_ ] ) from the coding sequence of the CBP gene and to replace this
Murine Skin In ammation Model sequence with B-galactosidase. The nal plasmid construst wa

The mouse experiments described in this study were approvezhlled pCBPnzZ-. The recombinant CBP knock-out (CBP-ko)
by the University of Otago Animal Ethics Committee. Speci cvirus was generated using a procedure adapted from standard
Pathogen Free C57BL/6 mice and enhanced green uoresceptotocols used in the generation of vaccinia virus recombiaa
protein (eGFP) transgenic C57BL/6 mice were obtained froen th(Mackett et al., 198§4and methods described previouslygvory
University of Otago Animal Facility and used with institutial et al., 20000 Putative recombinant plaques were identi ed 4—
ethical approval. Monocyte and DC recruitment from the5 days after infection by their blue plague phenotype in the
blood was assessed using adoptive transfer of eGFP bopesence of 5-bromo-4-chloro-3-indoyl B-D galactopyranesid
marrow transgenic cells into sex-matched 6-8 week old CE/BL (X-Gal).
recipients as described previouslya(eef et al., 2009, 2010 To construct the CBP revertant, a 1398 bp fragment spanning
Bone marrow cells were collected from eGFP transgenic C/67BL500 bp upstream of the CBP coding sequence and which
donor mice and resuspended in DPBS (without FCS), and Bcluded the CBP coding sequence and transcription terniamat
10’ cells were administered to each recipient in a 200 usequence T5NT, was PCR amplied and cloned into the
volume in the tail vein. Twenty-four hours later, inammath  Hind-1ll and Kpn-I restriction sites of pSP70 (left arm). In
was induced in the skin by lipopolysaccharide [LPSsdhericia a further construct to produce a CBP-FLAG fusion protein,
coli derived, Sigma)] intradermal injection. The optimal levelsthe FLAG sequence was incorporated at the C-terminus of
of LPS to inject into the dermis of the shaved abdomen ofthe CBP coding sequence, that is a FLAG sequence was also
C57BL/6 mice and the time at which maximal monocyte andncorporated into a second primer to make the left arm by
DC recruitment was evident, has been described previousgmpli cation as described above. A fragment which spans 556
(Lateef et al., 2009, 201®rie y, Evans blue dye (21 of 1% bp downstream of the CBP coding region and which includes
solution) was mixed in each sample (total volume &) to 18 bp of the CBP gene (right arm used to make the knock-
visualize the rate of di usion of injected material. A daydat out construct), was cloned into the vector pSP70/left arm at
animals were euthanized and the skin around the intradermahe EcoRI and Bgl-Il restriction sites. The reporter gene B3-
injection site was excised and weighed prior to incubating irglucuronidase (GUS) running o an early/late promoter was
collagenase dispase (Roche Diagnostics) for 3h. The isolatémn inserted into the Kpnl and EcoRI site, that is between
cells were counted using a haemocytometer and stained fdine left and right arms of the construct. This placed the GUS
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gene downstream of CBP in an intergenic region in the ORFVSDS-PAGE and Immunoblotting

CBP revertant. In addition an early transcription termir@ti A nity puried CBP-FLAG from LT cells infected with
sequence, TTTTTCT, was engineered immediately downstrearecombinant virus was diluted in SDS-PAGE sample
of the GUS gene. The nal plasmid construct was called pCBRsu er containing 5% 2-mercaptoethanol, boiled and
rev. The recombinant virus was generated from the ORFV CBRhen resolved by SDS-PAGELgemmli, 1970 Proteins
ko recombinant by methods described above. Putative ORF\Were transferred to nitrocellulose and reacted with
CBP revertant plaques were identied by their blue plaqueanti-FLAG Bio-M2 antibody as described previously
phenotype in the presence of 5-bromo-4-chloro-3-indolyl B-D-(Achen et al., 1993 Blots were developed using a Super
glucuronide cyclohexylammonium salt and lack of blue colorSignal West Pico Chemiluminescence (Perbio) ECL kit
in the presence of X-gal. The revertant virus was named CBRPerbio).

rev. A second revertant was made that incorporated a FLAG

sequence at the C-terminus of CBP and named GRE- |nfection of Sheep

rev. Characterization of the genomic DNA isolated from thea|| animal experiments described in this study were approved by
recombinants was carried out by restriction endonucleas® a e ynjversity of Otago Animal Ethics Committee. The animals
PCR analysis by methods described previouslgn(et al., \yere housed in a PC2 containment facility at AgResearch,
2009. Invermay, Otago. Twenty-four ORFV sero-negative merino-
cross lambs (ewes) were randomly divided into four groups of
Northern Blotting six and inoculated on the wool-free region of the inner hind
To analyse mRNA from virus infected cells by Northernlegs. Group 1 was infected witht virus, group 2 with CBP-ko,
blotting, total RNA was isolated by methods described preslipu group 3 with CBP-rev virus and group 4 with the CBRg- rev
(Fleming et al., 1991, 19p3Briey lamb testis cells (LT), virus. Four lines of scari cation approximately 5cm in length
pretreated with cycloheximide (1®@/ml), were infected with were made on the epidermis of each of the hind legs and
virus at an MOI of 30 pfu/cell and incubated for 6 h. Total infected by topical application of 108 of PBS containing 10
RNA was isolated from cells using an RNeasy (Quiager)®® and 16 p.f.u virus or PBS only (no virus control). Virus-
puri cation kit following the manufacture's instructionsRNA  induced lesions were photographed daily over a 3 week period
was stored in 2.5 vol. ethanol, 0.05 vol. 5M NaCl atnd the clinical scores determined. Sheep were examined for
70 C. RNAs were electrophoresed in denaturing agaroseerythema, papule and pustule formation and rmly attached
formaldehyle gels, blotted onto nitrocellulose membraaes  scab associated with the scari ed/infected areas of the Jkie
hybridized with a nick-translated CBP-speci é?P-labeled clinical score was determined by counting the discrete tbun
dsDNA probe. The size of mRNA was determined using aaised papules with a creamy appearance that formed on the
BRL RNA ladder. Autoradiography was performed for 72 h askin surface along the lines of scari cation using magni ed

70 C. photographic images and the width of the lesion (1-10 mm)
w0y CCL2 ™ CBP,, oo CCL3 soen CCLS
B ® CBP,;, -
N o 8o wn
o - -
o 308 o O 1506
» i %
< 20 c c 100
10 - 501
"1 2 4 8 16 32 64 128 256 "1 2 4 8 16 32 64 128 256 1 2 4 8 16 32 64 128 256
CBP ng/ml CBP ng/ml CBP ng/ml
e CCL19 s CXCL2
2 i
g 5 e
3 & 400
200
v; ; 1 ; 1‘6 ]’2 5'4 1;! 2{‘»6 v; ; Z ; 1'6 3'2 64 128 256
CBP ng/ml CBP ng/ml
FIGURE 1 | CBPyjz7 is a broad-spectrum chemokine binding protein. The chemokines shown were incubated with increasing amoustof either chemokine

binding protein ORFV strain NZ7 (CBRz7) or CBPyz2. Unbound chemokine was then detected using a capture ELISA. fie results are presented as the total
chemokine detected. High levels of chemokine indicate no terference in the detection of the chemokine (no chemokineinding) where as low levels of chemokine
indicates interference with detection (positive chemokibinding).
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that formed when papules coalesced (days 5-7). Clinical scorB¥etection of Anti-ORFV Antibodies by

ranged from 1 to 25. Once the papules/lesions lost their creamiZ|_|SA

appearance, that is were in the process of forming scab, theytibodies produced against ORFV antigen and ORFV-075
clinical score was recorded as zero. The clinical scoreslfor g¢3 gld protein were analyzed in sheep serum by ELISA. ORFV
animals at all-time points were scored by two researchescfPun antigen was prepared from ORFV-infected LT cells as described
biopsies (5 mm) were taken at days 4, 6, and 8 from the right legyreviously {an et al., 2012 The expression and puri cation of
Blood was obtained from the jugular vein of each animal beforthe ORFV-075 protein has been described previouslyi( et al.,
infection and then at 13 and 18 days pi when all animals werg007. Detailed methods describing the detection of anti-ORFV

euthanized. antibodies from sheep serum have been descriBed/(len et al.,

Group 1 Group 2 Group 3
3 5000 1f A4 AV 4 \
g 4500 1
2 4000 1
£ 3500 1
= 3000 1
3 2500 1 o
égzooo 1
5 ¥ 1500 1
O 1000 1 .
< 500 1
g 0
-4 D 2 N R D 2 R R D 2 S X
& e?\eb T E eo\db X E ep\& TS
Q & &® & RIS S

3 O F 9 NS "
x c’ .Q Q
3 &
N v
Group 1 Group 2 Group 3

of skin)

eGFP+/CD11c+/MHC-lI+ cells (per mg

FIGURE 2 | CBPyz7 inhibits LPS-induced recruitment of in ammatory monocytes and dendritic cells (DC) into skin.  Bone marrow cells from eGFP donor
mice were transfused intravenously into recipient mice 24 hefore intradermal injection of LPS (ing per site) with and without CBRz7. In addition each mouse
received injections of CBP only and PBS for a total of four ie¢tions per mouse (each mouse within the group received LPSrdy, LPSC CBP, CBP only, PBS only and
n D 3 animals per group for one experiment). Twenty-four hour ter, the recruitment of eGFP/Grf /CcD11bC cells and eGFP/CD11E /MHCIIC cells into the skin were
analyzed. The bar represents the mean SD of 3 combined experiments (biological replicates) where D 9 mice. Asterisks indicate results that are signi cantly
different @ < 0.01; paired Studentst-test).
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2009; Tan et al., 20).2Anti-ORFV antibodies were detected by Haematoxylin and Eosin Staining

coating 96-well Maxisorp Nunc imuno plates (Nunc) with 0.5 ugH & E staining has been described previousiynderson et al.,
ORFV antigen per well and ORFV-075 with 10 ug/well. For pre200)).

infection control (day 0), serum samples were assayed dgains

speci ¢ antigen and no antigen and for post-infection control MHC-II by Immuno uorescence

samples were assayed against no antigen. Following ovérnigfor immuno uorescent staining of MHC-II, slides were dried
incubation at R/T washing and blocking with 5% (w/v) skimmedO/N at 37 C tissue sections were de-para nated and rehydrated
milk in PBS-T, 100n of sera were applied to the wells. Sheepwith xylene for 15 min, 100% ethanol for 30's, 100% 1-propanol
sera were diluted 1/400. The plates were incubated for 1.5h fgr 30 sec, 90% 1-propanol for 30s, and 70% 1-propanol for
R/T followed by 3 washes with PBS-T. Serum antibodies wei®0 sec. To rehydrate, sections were soaked in 0.85% NaCl for
detected using 108 of 1:2000 rabbit anti-sheep 1g-HRP. The 5min, followed by TBS for 30 min. For antigen retrieval, stide
plates were incubated for 1.5 h at R/T and washed in PBS-T priawere immersed in 37T TBS for 20 min, then room temperature

to detection. One hundred microliter of o-phenylenediamineTBS for 20 min. Sections were blocked in 10% sheep serum/TBS
dihydrochloride (OPD) substrate solution (Sigma) was agplee  for 30 min at room temperature in a humidi ed box. Sections
all wells and color allowed to develop in the dark. The reawti were then incubated with 0.02 mg/ml mouse anti-ovine MHC

were read at Olgyonm. Class II:FITC (Serotec, MCA2228F) in 10 mg/ml BSA/0.05%
. . . Triton X/TBS, and incubated O/N at €. DAPI 1 was added

Sheep Skin Histology: Haematoxylin and for 30 min before sections were washed three times in 0.05%

Eosin Staining and Immuno uorescence Tween20 TBS, then rinsed in TBS only. Sections were mounted

Skin biopsies (5 mm) from sheep were treated with zinc salvith SlowFade Gold Antifade Mountant (Invitrogen S36936).
xative (Gonzalez et al., 20pand embedded in para n wax for The stained sections were viewed by uorescent microscopy
cellular analysis. Sections were cut aimd, mounted on glass using an Olympus BX51 and then photographed using an
slides and then dried at 6C for 1 h. Sections were then re- Olympus digital camera. Cell counts were performed using Image
xed in zinc salts for 7 days at room temperature before benchl Fiji software by subtracting background, increasing r=zsit
drying. Adjacent sections were stained with either haemydin  creating a RGB stack, selecting either the epidermis, or the

and eosin (H & E), or anti-MHC II. papillary dermis, determined by the smooth collagen and elasti
wt CBP-ko
30+ 30+
- 151 - 300
-=- 159 -=- 133
o o
8 20+ - 138 8 20+ - 136
- = 157 - == 153
.g 208 ; 207
£ 104 - 216 £ 101 -~ 215
o o \
0+ 0+ A\
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
days pi days pi
CBP-revertant CBPg sg-revertant
30+ 30+
- 131 - 135
-a= 132 - 137
§ 2] - 136§ 204 —— 155
- = 150 b = 156
3 152 S 158
£ 104 -~ 213 & 104 -~ 218
o o
04 v vy T T v 04 S
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
days pi days pi
FIGURE 3 | ORFV lesion clinical scores of sheep infected with wt and recombinant viruses. Infection with a dose of 10/ p.f.u. virus of eachwt, CBP
knock-out virus (ko) CBP revertant virus and CBR_ag revertant virus. There were 6 animals per group and the clizal scores are shown for each animal from day 3 to
day 18 p.i. at which time the lesions in all animals had resatd (detached scab).
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bers then measuring percentage area that stained posititedn tritonX and incubated O/N at 4C. Sections were then washed

green eld.

Detection of ORFV Antigen by Immuno uorescence

in 1% TBS and incubated with goat anti-mouse alexa 594 (1/400
dilution) and DAPI (1:200 dilution) for 1.5 h in the dark. The
stained sections were viewed by light microscopy or uorasce

For immunohistochemical staining of the ORFV F1L envelopenicroscopy.
protein, tissue sections were de-para nated and rehydrated a o )
described above. Sections were then blocked in0B% FCS for  Statistical Analysis

30 min and reacted with anti-ORFV F1L monoclonal antibodyThe mouse skin in ammation data was analyzed by paired
(8D7) (Housawi et al., 199 gift from Peter Nettleton, Moredun Studentst-test and the statistical analyses were performed
Research Institute UK) diluted 1/2000 in 1% TBS /BSA/0.01%sing the MegaStat suite under Excel. The sheep clinical score
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FIGURE 4 | The mean ORFYV lesion clinical scores of sheep infecte  d with wt and recombinant viruses. The mean clinical score for each group infected with
a dose of 107 p.f.u. is shown. Asterisks indicate where the CBP-ko virussisigni cantly different towt and revertants p < 0.05, Mann-Whitney test).
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data for ORFV lesions was analyzed using the Mann-WhitneZBRyz7 gene was cloned into the pAPEX eukaryotic expression
test (http://math.usask.calaverty/S245/Tables/wmw.pdf). The vector and expressed as a C-terminal FLAG tagged fusion
sheep MHC-II immuno uorescence data was analyzed byrotein following transfection of HEK293 cells. The protein
One-Way ANOVA with means comparison using Sidak's testvas a nity puri ed using anti-FLAG beads and tested for its

(GraphPad Prism 6). ability to bind murine chemokines using an ELISA assay. The
chemokine binding speci city of CB»7 was compared with
RESULTS CBRyz2 over a broad range of chemokines that are produced
during in ammation in skin and the constitutive chemokine
CBPnz7 Shows Broad-Spectrum CCL19. The ELISA carried out is an indirect assay and measure
Chemokine Binding Speci city free chemokine (not in complex with CBP) following CBP

The CBP gene shows surprising variability within the ORF\incubation with chemokine. Therefore, the stronger theding
species with the strain NZ7 CBP showing only 78% identity tdhe less free chemokine that remains. The assay showed that
the strain NZ2 CBP at the amino acid levéleet et al., 2003 CBRyzz bound the murine in ammatory chemokines CCL2,
These di erences are partly due to three insertionsdBRzz7 CCL3, CCL5, and CXCLZgure 1). It also bound the murine
making the gene 27 nts longer thaBRyz, with a predicted constitutive chemokine CCL19. Overall its binding spedies
polypeptide of 32.193 kDa compared with 31.182 kDa. It wawere similar to CBRz> over the range of chemokines tested
therefore necessary to rst examine tlie vitro properties of with stronger binding to CCL3 and CCL19, that is, there was
CBRyz7 and compare these with the published data of QBP  less free chemokine available at a concentration of 37 15lrfgf

To examine the chemokine binding properties of GBP, the CBRyz7.

CBP-rev CBPgagrev

FIGURE 5 | Lesions of ORFV infected sheep at day 6 p.i., dose 10 7 p.f.u. virus.
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Frontiers in Microbiology | www.frontiersin.org January 2017 | Volume 8 | Article 46


http://math.usask.ca/~laverty/S245/Tables/wmw.pdf
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Fleming et al.

Orf Virus Chemokine Binding Protein

104 ]

Clinical score

104 L o

Clinical score

104

Clinical score

04 6888 oo eoseee  ecose”

L] L} L} Ll

& *o (‘x 043
<

FIGURE 6 | ORFV lesion clinical scores of sheep from infectionw ith
three different doses of virus (10 3, 10°, and a 107 p.f.u.) of wt, CBP-ko,
CBP-revertant and CBP | oG- revertant at day 6 p.i. There were 6 animals
per group and the clinical scores are shown for each animal.fie bar
represents the mean clinical score for each group and astesks indicate where
the CBP-ko virus is signi cantly different towt and revertants f < 0.05,
Mann-Whitney test).

CBP\z7 Inhibits In ammatory Cell
Recruitment in a Mouse Skin In ammation
Model

monocytes and DC to the siteH@berstroh et al., 2002; Charo
and Ransoho , 20086 The ability of CBRz7 to inhibit monocyte
and DC recruitment to in amed skin was tested. Optimization
of the mouse skin in ammation model and analysis of the
in ammatory cell in Itrate has been described previouslya(eef

et al., 2009, 20)0We tested whether CRR7 could impair
recruitment of blood-derived monocytes and DC to the skin.
Bone marrow cells from eGFP transgenic C57BL/6 donor mice
were administered to C57BL/6 recipient mice. Twenty-fouatso
later animals were co-injected withny LPS with or without
various amounts of CB{7 (total volume 20 ul) into the dermis

of the shaved abdomen of the recipients. Twenty-four houeslat
mice were euthanized and the skin around the injection site
excised and cells isolated and stained. The number of mdascy
and DC in skin was determined by ow cytometric analysis. The
results showed that CRf7 potently inhibited the recruitment of
blood derived eGFP monocytes and eGFP DC at 1 and 100 ng of
CBRyz7 (P < 0.01, Students-test for paired samples) with the
greatest e ect seen at 100 ng GgR (Figure 2).

Replication of the CBP-Knock-Out Virus
and Revertants in Cell Culture and
Expression of CBP from the

CBPg_ag-Revertant Virus

In order to study the e ects of the ORFV CBP gene in the
context of a viral infection in its natural a host, a CBP kneck
out recombinant virus was made by homologous recombination.
To construct the revertant viruses, the CBP gene was raatser
into the CBP knock-out virus. The growth of the recombinant
viruses was compared with the parent virus in LT cells at 30 h post
infection. All viruses exhibited similar growth and imporiiy

the deletion of the CBP gene did not compromise its ability to
replicate in cell cultureRigure SJ. In addition transcription of
CBP mRNA of the revertant viruses and the knock-out virus
were compared with the parent virus by Northern blotting. The
results showed that CBP mRNA could be detected in LT cells
infected with thewt virus and the CBP revertant recombinants
but not from the CBP knock-out virusHigure S3. Expression

of CBP-FLAG from the ORFV-CBP-FLAG-revertant was also
examined by western blotting of virus-infected cells and the
results showed that expression of CBP-FLAG could be detected
for this recombinant Figure S3.

Infection of Sheep With CBP Knock-Out

ORFV Showed Reduced Pathogenesis

Experimental infection of sheep withwt ORFWgz7 by
scari cation of the skin generally results in discrete pagule
and pustules that form along the scratch line. As the lesions
develop the pustules coalesce to form a continuous pustular
lesion. In this study, groups of six animals were infected with
either wt, CBP ko virus, CBP-rev virus or the CBRg-rev
virus at 3 doses; 101, and 168 p.f.u. virus and PBS (mock
infected control). Infected skin was photographed to provide a

The injection of small amounts of LPS in mouse skin resultsecord of the clinical pathology from which the clinical score
in highly localized in ammation through the upregulation of could be determined from the number, appearance and size of
in ammatory chemokines that results in the recruitment of papules and pustules that developed along the scratch line. The
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A WtH&E (138) Wt anti F1L (138) Mock infected anti F1L (138)

B CBP-ko (136) CBP-ko (153) CBP-ko (207)

FIGURE 7 | Histological sections from punch biopsies of virus -infected animals were stained by H & E or by immunohistochemical s taining for the
ORFYV envelope protein F1L. (A) Day 4 p.i. at a dose of 10 p.f.u. wt virus. Adjacent sections were stained by H & E and ORFV F1L dgén. In addition ant-FIL
staining was performed for the mock-infected (PBS) controlStaining for ORFV infected tissue is seen localized to thep@&ermis and in epidermal cells of the hair
follicle. (B) Typical F1L staining in animals infected with the CBP knockut virus at a dose of 10/ p.f.u. virus at day 6 p.i. The biopsies were taken from
papules/pustules that had developed along the virus-inocalted scratch line. The images were taken at 4X magni cation.

clinical score for each animal infected with a dose of pfu  CBP knock-out group. By day 8 p.i. the clinical pathology in
virus is shown inFigure 3 over the course of the infection and almost all animals was less apparent and lesions were beginnin
the mean clinical scores for each group during the course db form scabs. By day 10 p.i., scabs had formed on all animals
infection is shown inFigure 4. By day 3 p.i., 2 animals infected except for 3 in the CBP revertant group. By day 18 p.i., lesions
with the CBP ko virus showed early development of papulebad resolved on all animals and scab had detached. Throughou
and pustules that were not seen at this time in animals inféctethe course of the experiment, the clinical scores for thie
with either thewt virus or CBP revertant viruses. By day 4 p.i.,and revertant groups were not signi cantly dierent to each
4 of the animals in the ko group had developed small pustulesther.

Sheep infected wittvt and the CBP revertants developed lesions At an infectious dose of POvirus per inoculum, the trend
typically observed for the NZ7 strain of ORFV and papules andh clinical pathology at day 6 was similar to that for animals
pustules were visible by day 4 p.i. By day 5 p.i., large pustulinfected with a virus dose of 1qFigure 6). The mean clinical
lesions had developed in thvet and CBP revertant groups and scores for thewt group was 6.12 (SE 2.18) and for the CBP
the clinical scores were signi cantly greater than shedpdted rev and CBR_ac rev groups 4.50 (SE 2.29) and 5.33 (SE 1.96)
with the CBP ko virus P < 0.05). In contrast, lesions in the respectively. In contrast the clinical score for the CBP kowiru
CBP knockout group were beginning to resolve by day 5 p.igroup was 0.50 (SE 0.50). The clinical scores fomthand the

By day 6 p.i., lesions in thet and CBP revertants groups had CBP revertant groups were signi cantly di erent to the CBP
reached their maximum clinical pathologyFigures 3-5) and  knock-out group P < 0.05). At 16 virus per inoculum the
there was little di erence in the mean clinical scores at thidesions resolved in less time than for the/ bse administered.
time; wt 18.33 (SE 2.99), CBP rev 20.33 (SE 2.26),FGRBP At a dose of 18 virus per inoculum few animals developed
rev 19.50 (SE 2.80). In contrast, lesions had resolved in 3 t&sions and these were only seen in tieand revertant groups
the animals in the CBP knock-out group by this time and the(Figure 6).

group had a mean clinical score of 4.83 (SE 2.46). The dinica In summary the deletion of the CBP gene had a marked e ect
scores for thewt and CBP revertant groups were signi cantly on the clinical pathology. Within the rst 3 days many typical
di erent to the CBP knockout groupR < 0.02) at day 6 p.i. papulesformed inthe CBP ko group atthe highest dose, however,
By day 7 p.i., lesions had resolved in all but 2 animals in theurprisingly few of these papules progressed further to form
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FIGURE 8 | Histopathology of ORFV infected skin tissue.  H & E stained sections from biopsy tissue at day 4 p.i., dose 10 of p.f.u. virus. (A) mock-infected
(PBS) skin(B) CBPg| s -revertant showing histological features of infected tiage (C,D) histological features of CBP-knockout viru§E) CBP-revertant virus infected
tissue showing parakeratosis and necrotic keratinocyte¢F) wt infected tissue showing hyperkeratosis. The images were k&n at 40X magni cation.

pustules and in fact diminished with time. There was only ondmmunohistochemical Analysis Showed

sheep infected with a CBP deletion mutant that showed signs ¢hat the CBP Knock-Out Virus Replicated

pustular development by day 6 p.i. In contrast all animals itédc Sheep

with either wt virus or the CBP revertants developed pustule§y orger to establish whether or not the CBP-knock-out virus
by this time. In many animals the number and size of pustulesepjicated in sheep-skin, biopsy tissue sections were stained
infected with the revertants were comparable with theand  for the ORFV F1L major immunodominant antigen that is
resolved in approximately the same time. associated with the virus envelope. F1L antigen staininigsly
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FIGURE 9 | MHC-II staining of ORFV infected skin tissue and mock infected. Biopsy tissue day 4 p.i., dose 10 p.f.u. virus. Adjacent sections for H & Ha) and
MHC-II staining(b) are shown: (1) mock infected (PBS),(2) wt, (3) CBP-knock-out virus, (4) CBP revertant virus. MHC-II positive cells (green); cell nieg (DAPI) (blue);
non-speci ¢ staining of red blood cells (red). The images wertaken at 40X magni cation.
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FIGURE 10 | MHC-II staining in the epidermis and papillary der ~ mis. The percent area for MHC-II staining was determined using ImagJ Fiji. Biopsy tissue day 4
p.i., dose 107 p.f.u. virus and for mock infected (PBS). The data was analgzl by One Way ANOVA plus Sidoks test wher@&l D 6 for wt, CBP-knockout (KO),
CBP-FLAG revertant, and CBP revertant, that is one biopsy t&n from each infected animalN D 22 for mock infected (biopsies taken from animals across afl
groups).

seen within the epidermal layer for thet virus (day 4 p.i.) to heavy. At a dose of 2Ovirus per inoculum, there was a
where contiguous sections were stained by H & E and fosimilarin ux of in ammatory cells but again this was variadbfor
F1L (Figure 7A). There was no staining detected for the mock-infected animals within groups. In the PBS controls there were
infected control Figure 7A). In the case of the CBP-knock- few in ammatory cells seerFigure 8A).

out virus, biopsies were taken where there was evidence of a

raised papule or pustule. F1L antigen staining clearly showatd thiHC-|| Staining Revealed Differences

the CBP-knock-out virus established productive infectiorell  phatween the Virus-Infected Groups

animals within this groupFigure 7B shows examples of typical \,yc. staining at day 4 p.i. is shown iffigure 9. The adjacent

staining for 3 of the animals in the CBP ko virus atday 6 p.i.  gections show that for mock-infected (PBS) tissue there was
. . very little MHC-I1I staining either within the papillary dermisr
H_IStOk)gy AnaIyS|§ Of_CBP-KI‘lOCk Wit|)1/in the epidermis. Fo?virus-infected '[iSSFl)JephOW)éVGI' MHC-
Virus-Infected Skin Tissue Revealed staining increased for all the groups but was variable fonsr
Changes Typical of The wt Virus infected animals within groups. All mock infected skin tissue
ORFV infected tissue was analyzed by H & E staining at daghowed clearly de ned and intact nuclei in the dermis by DAPI
4 p.i. As described above, biopsies for the CBP-ko group westaining, however virus infected animals consistently showed
taken from the skin where there was evidence of a raiselistopathological changes in the nuclei that were not seghen
papule or pustule. Animals infected with the CBP-ko virusmock infected tissue, that is the edges of nuclei for virdiedted
showed marked acanthosis (thickening of the stratum basél a skin were not as sharply de ned and appeared smeared compared
stratum spinosum), elongated rete ridges and orthokeratotiwith mock infected skin tissud~{gure S4.
hyperkeratosis (thickening of stratum corneum) typical of it The quanti cation of MHC-II staining is shown irFigure 10
virus (Figure 8). The same histological features were also seen fdthe percent area MHC-II staining in the epidermis for the
the revertant viruses. This was not seen for the mock-iefgéct CBP-ko virus group was higher compared with tiad virus
control group. All infected animals had increased (moderatggroup and animals infected with the revertant viruses, haave
to extreme) in ammatory in Itrate, most notable within the the percent area staining was only signi cantly higher foe th
papillary dermis, but also entering the epidermis. In all virus CBP-ko virus compared with the CBRag-rev virus P D
infected groups hypergranulosis (thickened corni ed layangd  0.0069). Interestingly thet and both revertant viruses were not
parakeratosis (cell nuclei present in the corni ed layer) aer signi cantly di erent to the mock-infected animals wheredset
present Figure 8). Again these features were not seen in theCBP-knock-out-virus was signi cantly higher than the moeck
mock-infected group. infected control group R D 0.0479). The percent area MHC-II
The H & E staining revealed that the in ammatory cell staining in the papillary dermis revealed slightly higher rsitag
in Itrate was similar but variable forwt, CBP-ko and CBP for MHC-II for the wt virus compared with the CBP-ko virus,
revertant viruses during the early stages of infection @ayhen  however the dierence was not signi cant. Interestingly the
clinical signs of infection were rst becoming apparent. At@gsé percent area staining of MHC-II cell in the papillary dermis
of 10’ virus per inoculum, the numbers of in ammatory cells was signi cantly less for both revertant viruses comparethwi
for the wt, CBP-ko and CBP revertants varied from mediumthe CBP-ko virus and thevt virus (P < 0.01 andP < 0.05
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against ORFV-075 showed that the ORFV-CBP-knock-out virus
had replicated in all infected animalBigure 11B. A signi cant

di erence was found between thet and the CBP ko virus in
this case P D 0.0274) with thewt producing a higher antibody
response. Further there was a signi cant di erence in antipod
levels for thewt compared with the revertant viru®([D 0.0465)
but not between the other groups.

DISCUSSION

We rstly characterized the biological properties of the puid e
ORFV-NZ7 CBP protein and then investigated the e ects of
deleting the CBP gene from ORFV on replication, virulence,
pathogenesis, and host response. As described above, the CBP
gene shows surprising variability within the ORFV species with
the NZ7 strain showing 78% identity to the NZ2 stralpeet et al.,
2009. Because of these genetic di erences, experiments were
conducted initially to investigate and characterize theldgical
properties of the putative CBR7 prior to investigations in sheep
with recombinant virus. Chemokine binding assays showed
that it displayed the equivalent biological properties as GBP
despite dierences in their primary structure. In addition,
CBRyz7 potently blocked the in ammatory cell in ltrate when
injected intradermally at ng levels in a mouse skin model,
suggesting that it could have a role in pathogenesis.

In the context of ORFV infection of sheep, the deletion of
the CBP gene had a marked e ect on the clinical pathology.
Within the rst 3 days many typical small papules formed in the
CBP knock-out group, however, surprisingly few of these papules

FIGURE 11 | Serological analysis of anti-ORFV antibodies in  infected progressed further to form pustules and in fact diminished with
sheep. Sheep sera from animals infected with either ORFWt or time. There was only one sheep infected with the CBP-knotkou
CBP-knock-out virus (ko) or CBP-revertant virus (rev) or G| pg revertant virus that showed signs of pustular development by day 6 p.i.
(rev-F) were tested for antibodies against ORFV antigd#) or the ORFV There was little evidence in the case of the other animalsimvith
scaffold protein ORFV075B) at 0 and 18 days p.i. by ELISA. Shown are the . X i .

serum antibody absorbance values for each animal (serum dtion 1/400) and this group that the CBP-knockout virus had establishedatiten.

the mean serum antibody absorbance values for each groupP values To demonstrate replication, we were able to detect viral @ntig
determined by Mann-Whitney test. in tissue by immuno uorescence from biopsies speci cally take

from the few raised papules that were observed in each animal

respectively). The percent area MHC-II staining in the papillary)"’ithin this group. Within the papules the histology of the CBP-

dermis for the revertant viruses was again not signi can'tl)}<.nc’(:l(c’lJt .\t/;:us .'QfECted ]'EISSUG trr(]asgmbltlad mﬁa;d ;evggagt
di erent to the mock-infected animals. viruses with evidence of acanthosis, elongated rete ridges

hyperkeratosis. Furthermore by day 4 p.i., it was evident that

A primary Antibody Response was there was a medium to large in ammatory cell in Itrate in tivet,

. CBRknock-out virus and CBP-revertant virus lesions by H & E
Deteqte_d against the ORFV_O75 Scaffold staining.
Protein in Sh_eep Infected with the CBP We investigated the in ltration of immune cells into the
Knock-Out Virus infected site by staining for MHC-Il. The percent area stagin

We were interested to determine whether animals produceébr MHC-II suggested that there was greater in ltration of the
an immune response against antigen produced by the virugapillary dermis in the case of the CBP-knock out virus group
in infected cells byde novosynthesis. ORFV-075 is a sca old compared with the revertant virus groups but not compared
protein that is produced late in infection but is not incorpoeat  with the wt group. In addition there was signi cantly higher
into the viral particle.Figure 11A shows that all animals had MHC-II staining in the epidermis for the CBP-knock-out virus
seroconverted and produced a typical antibody response dgairompared with the CBP-FLAG revertant virus group. The results
ORFV antigen by day 18 pi. There was no signi cant di erencesuggest, for the recombinant viruses at least, that set@BP

in antibody levels between thet and CBP ko virus R D from virus infected cells in the epidermis maybe disrupting
0.061) however there was a signi cant di erence between thehemokine gradients and reducing immune cells reaching the
wt and the revertant P D 0.0465). Detection of antibodies site of infection. Its puzzling as to the reason for the higher
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percent area staining for MHC-II for thevt compared with the were few signs of clinical orf in almost all CBP knock-out
revertant viruses, both in the epidermis and papillary dermisyirus infected animals. At this time we do not know which
when the clinical lesions appeared similar. If the secreteB {SB cells or factors were involved in the faster control of the ORF
preventing immune cells reaching the site of infection areise  CBP-knock-out virus infection. The deletion of the CBP gene
relationship might be predicted between MHC-II staining andmay however be advantageous for recombinant ORFV vaccine
the severity of the clinical lesions. It's possible that witlie rst  development. Although its deletion severely attenuatediihes,

few days post-infection, the critical cellular immune ewetitat a primary antibody response typical of the virus was observed.
determine the establishment of infection have occurredh®gs

biopsy material taken from the infected area before signs OAUTHOR CONTRIBUTIONS
viral pathology emerged might have provided insight into such
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![ilera\./?rtl),lltsp\?vxaswi#s (pr) Graham et al,, 1997 In that case v’:\tQS 10° were infected with eitherwt, ORFV-CBP knock-out (CBP-ko), ORFV
: JECtEd |ntradermally. The CBP knock-out RP CBP revertant (CBP-rev) or ORFV CBR 5 revertant (CBR:- ag-rev) at an MOI of
showed an in ux of at least two classes of leukocytes at 3 days, 1 and 5 p.f.u/cell in triplicate. At 30 h p.i. virus was harested and the virus
post-infection, In ux of CD43-positive Iymphocytes (possibly levels determined by plaque assayRalassu and Robinson, 1987%. Mean SD is
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CBP most likely reduced the in ux of such cell types identi id infectFe)d or infected with ORFV—CBPFLAG—revertantF? ORFV-CBP-revertant
RPV infections, we were not able to establish whether or net thORFV-CBP-knockout and ORFV wild type.
ORFV CBP in uenced leukocyte migration. Overt signs of ORFVrigure 3 | Western blot analysis of CBPexpression by CBP g ag-revertant
clinical infection are generally not apparent until 3 days @rid  ORFV. LT cells were infected with virus and incubated for 5 days. Bi the

it's possible that the e ects of the CBP gene were manifesteyPernatant and cell lysate were collected for analysis of BPg| ag protein.
before this time Protein was enriched by af nity chromatography usinga-FLAG-M2 Af nity Gel.

. . .. . Proteins were detected with anti-FLAG antibody. Lane 1 mocknfected, lane 2
Our studies clearly showed that the CBP gene Is critical I%BPFLAG puri ed protein, lane 3 ORFV-CBR pg-revertant (cell lysate), lane 4

ORFV pathogenesis and virulence and although ORFV encode®®arv-CBp-revertant (supernatant), lane 5 ORFV-CBPag (supernatant).
number of other secreted anti-in ammator_y factors, the digle Figure S4 | Comparison of DAPI staining in biopsy tissue from sh eep

of CBP geqe seve_rely attenuated the_ VII’_US. T_he se_creted CBRer mock-infected or infected with ORFV CBP-ko at a dose of 10 7 pfu
appears to induce its e ects early during infection, since éher at day 4 p.i.
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