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Viral Semaphorin Inhibits Dendritic Cell Phagocytosis and Migration
but Is Not Essential for Gammaherpesvirus-Induced
Lymphoproliferation in Malignant Catarrhal Fever
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ABSTRACT

Viral semaphorins are semaphorin 7A (sema7A) mimics found in pox- and herpesviruses. Among herpesviruses, sema-
phorins are encoded by gammaherpesviruses of the Macavirus genus only. Alcelaphine herpesvirus 1 (AIHV-1) is a macavirus
that persistently infects wildebeest asymptomatically but induces malignant catarrhal fever (MCF) when transmitted to several
species of susceptible ruminants and the rabbit model. MCF is caused by the activation/proliferation of latently infected T lym-
phocytes. Viral semaphorins have been suggested to mediate immune evasion mechanisms and/or directly alter host T cell func-
tion. We studied AIHV-sema, the viral semaphorin encoded by the A3 gene of AIHV-1. Phylogenetic analyses revealed indepen-
dent acquisition of pox- and herpesvirus semaphorins, suggesting that these proteins might have distinct functions. AIHV-sema
showed a predicted three-dimensional structure very similar to sema7A and conserved key residues in sema7A-plexinCl interac-
tion. Expression analyses revealed that AIHV-sema is a secreted 93-kDa glycoprotein expressed during the early phase of virus
replication. Purified AIHV-sema was able to bind to fibroblasts and dendritic cells and induce F-actin condensation and cell re-
traction through a plexinC1 and Rho/cofilin-dependent mechanism. Cytoskeleton rearrangement was further associated with
inhibition of phagocytosis by dendritic cells and migration to the draining lymph node. Next, we generated recombinant viruses
and demonstrated that the lack of A3 did not significantly affect virus growth in vitro and did not impair MCF induction and
associated lymphoproliferative lesions. In conclusion, AIHV-sema has immune evasion functions through mechanisms similar
to poxvirus semaphorin but is not directly involved in host T cell activation during MCF.

IMPORTANCE

Whereas most poxviruses encode viral semaphorins, semaphorin-like genes have only been identified in few gammaherpesvi-
ruses belonging to the Macavirus genus. Alcelaphine herpesvirus 1 (AIHV-1) is a macavirus carried asymptomatically by wilde-
beest but induces a latency-associated lymphoproliferative disease of T lymphocytes in various ruminant species, namely, malig-
nant catarrhal fever (MCF). Viral semaphorins have been hypothesized to have immune evasion functions and/or be involved in
activating latently infected T cells. We present evidence that the viral semaphorin AIHV-sema inhibits dendritic cell phagocyto-
sis and migration to the draining lymph node, both being indispensable mechanisms for protective antiviral responses. Next, we
engineered recombinant viruses unable to express AIHV-sema and demonstrated that this protein is dispensable for the induc-
tion of MCF. In conclusion, this study suggests that herpesvirus and poxvirus semaphorins have independently evolved similar
functions to thwart the immune system of the host while AIHV-sema is not directly involved in MCF-associated T-cell activa-
tion.

emaphorins are members of a large family of secreted, mem-

brane-anchored and transmembrane glycoproteins that can
be found in invertebrate (classes 1 and 2) and vertebrate (classes 3
to 7) species, as well as viruses (class 8), such as poxviruses and
some gammaherpesviruses (1). Although originally identified as
axon guidance cues, semaphorins have been implicated in a wide
variety of biological processes in many different organ systems,
including the brain and the cardiovascular and immune systems
(2). Immune semaphorins have been involved in various phases of
the immune response, from initiation to terminal inflammatory
processes (3). Most of semaphorins signal through plexin recep-
tors to mediate their activity (4). Semaphorin 7A (sema7A) is
highly pleiotropic and is the only glycosylphosphatidylinositol
(GPI)-anchored member of the semaphorin family. This protein
has been implicated in several biological processes such as neural
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development, bone homeostasis, cancer, and in the immune sys-
tem (2). Although sema7A has been shown to mediate crucial
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functions in the regulation of immune responses through differ-
ent signaling pathways, the exact roles of the protein in the im-
mune system are not completely identified. Sema7A expression is
induced in activated T cells, and the protein has been shown to
induce proinflammatory cytokine production in monocytes/mac-
rophages (5-7). Though sema7A can signal through plexinCl, a
growing body of evidence has shown that the protein can also bind
with high affinity to B, integrins through the RGD motives
(Arg267-Gly268-Asp269) present in its SEMA domain (7, 8). Sig-
naling of sema7A through integrins and recruitment at the immu-
nological synapse has been shown to mediate pro- and anti-in-
flammatory responses in macrophages after binding to different
a-integrin subunits (7, 9).

Sema7A sequence has initially been identified based on its se-
quence similarity with viral semaphorins (10). Viral semaphorin
homologs are all predicted to be secreted proteins and are found in
Poxviridae and in some Gammaherpesirinae (10). Whereas the
function of herpesvirus semaphorins has never been studied, the
role of A39R semaphorin homolog has been investigated. Sema7A
and viral semaphorins can bind to the same receptor, namely,
plexinC1 (11, 12). Because viral semaphorins do not have RGD
motives, it has been suggested that while sema7A can signal
through either plexinC1 or B, integrins, its viral homologs are
restricted to plexinCl1 signaling. A39R binding through plexinC1
results in cytoskeleton rearrangement in dendritic cells (DCs)
(11-13) and inhibition of phagocytosis and transwell migration
(14). These effects were explained by deactivation of focal adhe-
sion kinase and cofilin-dependent inhibition of F-actin turnover
(13, 14). A39R has therefore been suggested to thwart the host
immune response rather than directly regulate inflammation.
However, A39R has also been shown to induce inrterleukin-6
(IL-6) and IL-8 production in monocytes (11) and one report
using recombinant vaccinia virus strains suggested that A39R
could induce a proinflammatory response in a murine intrader-
mal infection model (15). Other than this last study, the role of
viral semaphorins has never been addressed during virus infection
in vivo, and the exact roles of these proteins during infection re-
main to be resolved.

Herpesvirus semaphorins are only encoded by particular gam-
maherpesviruses all belonging to the Macavirus genus. Ovine her-
pesvirus 2 (OvHV-2) and alcelaphine herpesvirus 1 (AIHV-1) are
both macaviruses that cause no apparent disease in their natural
host species, suggesting that these viruses have evolved immune
evasion strategies to persist in their respective hosts. Sheep are
naturally infected by OvHV-2, whereas AIHV-1 naturally infects
and persists in wildebeest. Importantly, both viruses can induce a
pansystemic and fatal lymphoproliferative disease upon cross-
species transmission to several ruminant species, including cattle.
OvHV-2 is responsible for the sheep-associated malignant ca-
tarrhal fever (MCF), whereas AIHV-1 induces wildebeest-derived
MCEF (16). We recently demonstrated that MCF is caused by the
activation and proliferation of latently infected CD8™ T cells (17—
19). Although latency has been shown to be essential for MCF
induction (20), the actual mechanisms involved during AIHV-1
latent infection of CD8™ T cells that lead to their activation and
proliferation are yet to be identified. MCF can be experimentally
induced in rabbits, where the observed lesions are indistinguish-
able from those described in the MCF susceptible species, such as
bovines (21). Gammaherpesviruses latency in lymphocytes has
been associated with malignant lymphocyte activation and prolif-
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eration (20, 22). A recent report showed that noncoding RNAs
expressed by saimirine herpesvirus 2 (SaHV-2) during latency
specifically degraded host microRNA-27 (miR-27), leading to T
cell activation and upregulation of gamma interferon (IFN-v)
and sema7A expression (23). A parallelism has therefore been
proposed, suggesting that Macavirus semaphorins might directly
be involved in the T cell activation and proliferation observed
in MCF.

We sought here to determine whether AIHV-sema has im-
mune evasion functions and/or is involved in the activation and
proliferation of latently infected T lymphocytes during MCF.
We first characterized the A3 gene expression during virus in-
fection. We observed that AIHV-sema is a glycoprotein of 93
kDa that is secreted during the early phase of virus replication.
We next found that purified AIHV-sema could induce cyto-
skeleton rearrangement through plexinCl1 that interfered with
DC function via Rho-dependent kinase (ROCK) signaling and
inhibition of cofilin. Finally, we engineered recombinant vi-
ruses and observed that AIHV-sema expression is not essential
in the induction of the lymphoproliferative lesions developing
during MCF in rabbits. We conclude that despite their inde-
pendent phylogenetic acquisition, pox- and herpesvirus sema-
phorins have likely evolved similar functions to thwart the im-
mune system of the infected host and that AIHV-sema is not
directly involved in the activation or proliferation of latently
infected T lymphocytes in MCF.

MATERIALS AND METHODS

Phylogenetic analyses. Sequences homologous to cellular sema7A
were extracted from public databases (PhEVER, GenBank, and En-
sembl) and analyzed using Seaview4. The sequences were aligned with
MUSCLE, and a maximum-likelihood tree was computed using
PhyML with a JTT model and a gamma distribution for variable sub-
stitution rates among sites. The topological space search was done
combining both the nearest neighbor interchange and the subtree
pruning and regrafting methods. Branch support was measured by the
approximate likelihood-ratio test.

Homology modeling of AIHV-sema 3-D structure. The three-di-
mensional (3-D) structure of AIHV-sema was predicted based on the
crystal structure of sema7A (12) and using I-TASSER (http://zhanglab
.ccmb.med.umich.edu/I-TASSER/). Alignment of sema7A and AIHV-
sema was performed using PyMol 1.3.

Cell lines, virus strains, and virus production. Rabbit kidney cells
(RK13, ATCC CCL-37), bovine turbinate (BT) cells (ATCC CRL-1390),
bovine macrophages (BoMac) (24), bovine mammary epithelial cells
(MacT) (25), and HeLa cells (ATCC CCL-2) were cultured in Dulbecco
modified essential medium (DMEM; Life Technologies) supplemented
with 10% fetal calf serum (FCS; Bio Whittaker) and Madin-Darby bovine
kidney (MDBK) cells (ATCC CCL-22) were cultured in minimum essen-
tial medium (MEM,; Life Technologies) supplemented with 10% FCS.
MacT-cre cells stably expressing NLS-cre were produced as described pre-
viously (26). The pathogenic AIHV-1 C500 strain isolated from an ox with
MCEF (27) and the AIHV-1 C500 BAC clone (28) were used throughout
the present study. The virus strains were maintained by a limited number
of passages (<5). Virus was amplified in BT cells before supernatants,
together with infected cells, were concentrated by ultracentrifugation
(100,000 X g, 2 h, 4°C) and suspended in 1 ml of DMEM before storage at
—80°C. The samples were thawed and clarified (100 X g, 20 min, 4°C),
and the supernatants were titrated by plaque assay.

Plasmids. AIHV-sema was expressed as Fc- and V5/His-tagged pro-
teins by cloning the A3 coding sequence (RefSeq accession no.
NC_002531, nucleotides [nt] 3633 to 5453) amplified from the C500 bac-
terial artificial chromosome (BAC) (28) into the NotI site of the pTorsten
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TABLE 1 Oligonucleotides used in the study

Length
Target sequence Primer Sequence (5'-3") (bp)
ORF73 ORF73-3598F GGACTAGACCCTCTTTATGACCC 244
ORF73-3841R  CGAGCAAAATAGGAACCCATTGC
ORF09 (DPOL) ORF09-2170F GTAACCCTGCAAGGCAGAACC 469
ORF09-2638R GTGAATAGGAAAGGGTCTGG
ORF22 (gH) ORF22-239F GTTTACTGATCAATCGATAAGAG 952
ORF22-1190R  CATCCACAAAGTACAGTGTCTGC
A3 A3142S GACATGGGCACTTTGTGTGTTAG
A3712AS GGCCGGTGCATGGCGGTGTC 570
A3-Fc XbalA3142S TCTAGAATGGGCACTTTGTGTGTTAG 1,824
A3deltastop GACATCAGTGTCACATTCACCTC
A3-V5 A3142S GACATGGGCACTTTGTGTGTTAG 1,818
A3deltastop#2 ~ CTCGAGCATCAGTGTCACATTCACCTC
NotIA3V5S CAGGAGCTCGCGGCCATGGGCACTTTGTGTGTTAG 1,966
NotIA3V5AS CGATGGGATCCGCGGCCTCATCAATGGTGATGGTGATGATG
A3-galK SEMAFgalkF GACACACCCTGACACCCAACACTGCTCAATGTCTACTTAACATGTAGTATCATCAATCCTGTTGACA 1,345
ATTAATCATCGGCA
SEMAFgalkR GGTGAGTTTTTAGATACATCATCCACTTGTAAGACAATGTTGATAACAAGGACTGTGTCAGCACTGTC
CTGCTCCTT
A3-rev SEMAF ACACACCCTGACACCCAACACTGCTCAATGTCTACTTAACATGTAGTATCATCAAT 2,074
SEMAR GGTGAGTTTTTAGATACATCATCCACTTGTAAGACAATGTTGATAACAAGGACTGTG
A3-ns-galK A3-NS-galkFwd  GTTTGGGGCTGATAACAGAGTTTGTAATACATCCTGCAGCTATGGGCACTCCTGTTGACAATTAATCA 1,331
TCGGCA
A3-NS-galkRev  GATTTAGCACTGTGATGGC TGATAAAATCATCAGTAATCTAATACTAACTCAGCACTGTCCTGCTCCTT
A3-ns A3-NS-oligofwd CTGATAACAGAGTTTGTAATACATCCTGCAGCTATGGGCACTTAGTGATGAATTCGTTAGTATTAGAT 98
TACTGATGATTTTATCAGCCATCACAGCTG
A3-NS-oligorev.  CAGCTGTGATGGCTGATAAAATCATCAGTAATCTAATACTAACGAATTCATCACTAAGTGCCCATAGC
TGCAGGATGTATTACAAACTCTGTTATCAG
A3-ns-rev preH1A3S GCAAGAGTGTACCATGTCTCC 597
A3407AS GGTGGGTATTATGTGTGCTAG
A3-end-galK SemaendgalKF  GAAGATTCGGTGACAGTGAAACTGTTAGAGGTGAATGTGACACTGATGCCTGTTGACAATTAATCA 1,331
TCGGCA
SemaendgalKR ~ GTTTTTAGATACATCATCCACTTGTAAGACAATGTTGATAACAAGGACTGTGTCAGCACTGTCCTGC
TCCTT
A3-Fc SemaFcF GAAGATTCGGTGACAGTGAAACTGTTAGAGGTGAATGTGACACTGATGTCAATCACTAGTGAATTCG 858
CGGCCGCG
SemaFcR GTTTTTAGATACATCATCCACTTGTAAGACAATGTTGATAACAAGGACTGTGTCATTTACCCGGAG

ACAGGGAGAGGC

expression vector (29). The pTorsten-A3Fc was produced by amplifying
the A3 coding sequence by using the primers Xbal142S and A3deltastop
(see Table 1 for the primer sequence) and the AIHV-1 BAC C500 as the
template DNA. The PCR product was cloned into a pGEM-T Easy vec-
tor (Promega) and then subcloned by T4 DNA ligase (Roche) into the
pTorsten. Similarly, the A3 coding sequence was amplified using the
primers A3142S and A3deltastop#2 to produce a pcDNA3.1-A3V5-His
plasmid using the pcDNA3.1/V5-His TOPO TA expression kit (Life Tech-
nologies). This vector was then used to amplify the A3V5-His sequence by
using the primers NotIA3V5S and NotIA3V5AS and subcloned into the
Notl restriction site of the pTorsten plasmid using an In-Fusion HD clon-
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ing kit (Clontech) to produce the pTorsten-A3V5-His expression vector.
pEX-sema7A was generously obtained from M. Miura (University of To-
kyo). Plasmid DNA was further prepared for transfection (Endofree Plas-
mid Maxi kit; Qiagen).

Protein production. HeLa cell monolayers were transfected at 70%
confluence with 20 pg of expression vector DNA and 120 g of polyeth-
yleneimine (Polysciences) in 175-cm? flasks in DMEM supplemented
with 10% FCS. After incubation overnight, the medium was replaced with
serum-free Iscove modified Dulbecco medium (IMDM; Gibco). After 48
h of incubation, supernatant of transfected cells was concentrated (Ami-
con, Millipore) with cutoffs of 50 and 100 kDa for AIHV-sema-V5 and
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AIHV-sema-Fc, respectively. Next, the concentrated supernatants were
purified on HiTrap Protein A HP (GE Healthcare) for AIHV-sema-Fc and
on a Hispur cobalt purification kit (Thermo Scientific) for AIHV-sema-
V5. The protein concentration was determined by a BCA protein assay
(Thermo Scientific), and the purity was verified by SDS-PAGE and Coo-
massie blue staining. In further experiments, purified hIgGl (Calbi-
ochem) and denatured AIHV-sema-Fc (95°C, 10 min) were used as neg-
ative controls for AIHV-sema-Fc. Supernatants of transfected cells by an
empty pTorsten vector were used as a negative control for AIHV-sema-
V5. The purified “empty” supernatant was used at the same volume that
AlHV-sema-V5.

Western blot. Lysates were denatured by heating (95°C, 5 min) and
processed by SDS-PAGE in Laemmli buffer (31.25 mM Tris-HCI [pH
6.8], 1% [wt/vol] SDS, 12.5% [wt/vol] glycerol, 0.005% [wt/vol] bro-
mophenol blue, 10% [vol/vol] B-mercaptoethanol). Where indicated,
tunicamycin (1 pg/ml; Sigma) or brefeldin A (10 pg/ml; Sigma) was
added to the medium. Proteins were separated by electrophoresis on a
Mini-Protean TGX precast 4 to 15% resolving gels (Bio-Rad) in SDS-
PAGE running buffer (25 mM Tris-base, 192 mM glycine, 0.1% [wt/
vol] SDS) and transferred onto polyvinylidene difluoride membranes
(Thermo Scientific, 0.45-pm pore size). The membranes were blocked
with 3% skimmed milk in phosphate-buffered saline (PBS)-0.1%
Tween 20. For detection of AIHV-sema fusion proteins, membranes
were blotted with anti-human IgG goat polyserum (0.8 pg/ml; Invit-
rogen) or anti-V5 mouse monoclonal antibody (1 pg/ml; Invitrogen).
Bound antibodies were detected with horseradish peroxidase-conju-
gated Zymax rabbit anti-goat IgG polyserum (Invitrogen) or rabbit
anti-mouse IgG polyserum (Dako Corp.). For cofilin and p-cofilin
immunoblotting, rabbit polysera and HRP-conjugated anti-rabbit
polyserum were used (Cell Signaling Technology). Development was
performed with an enhanced chemiluminescence substrate (GE
Healthcare) and exposure to X-ray film.

Glycosylation prediction and oligosaccharide digestion. Glycosyla-
tion sites were predicted using NetNGlyc 1.0 (http://www.cbs.dtu.dk
/services/NetNGlyc/) and NetOGlyc 4.0 (http://www.cbs.dtu.dk/services
/NetOGlyc/) glycosylation site predictors. A protein deglycosylation mix
kit (New England BioLabs) was used. Samples were denatured in glyco-
protein denaturing buffer (0.5% SDS, 40 mM dithiothreitol) for 10 min at
100°C and then digested for 3 h at 37°C with 20% protein deglycosylation
mix (containing PNGase F [500,000 U/ml], O-glycosidase [40,000,000
U/ml], neuraminidase [50,000 U/ml], B1-4 galactosidase [8,000 U/ml],
B-N-acetylglucosaminidase [4,000 U/ml]) in G7 reaction buffer (50 mM
sodium phosphate [pH 7.5]) with 1% NP-40. Reactions were stopped by
the addition of Laemmli sample buffer, and proteins were analyzed by
immunoblotting.

siRNA transfection and knockdown. Small interfering RNA (siRNA)
duplexes targeting two sequences of the B. taurus plexinCl (access no.
NM_001192481) (GCUCCUCUGUGAUUCUUGAATAT and CCCACA
UCUUCACUGAAGAATAT) or irrelevant control siRNA were designed
and synthesized (Eurogentec). The siRNAs were transfected into BT cells
plated on six-well dishes by using HiPerFect transfection reagent (Qia-
gen). After 24 h of the first transfection, the cells were collected for anti-
PlexinCl staining (cross-reacting anti-human/mouse MAb, mouse
IgG2b; clone 544232[R&D Systems]) by flow cytometry to monitor the
knockdown efficiency of the siRNA. The cells were then plated on 24-well
plates before treatment with AIHV-sema.

Mutagenesis. The AIHV-1 BAC clone was used to produce the re-
combinant plasmids using the galactokinase gene (galK) as selection
marker in Escherichia coli (20). An A3-Fc tagged BAC plasmid was pro-
duced (see Fig. 3D). First, we replaced the stop codon of the A3 coding
sequence by the galK sequence resulting in the C500 BAC A3-galK-end
plasmid using the amplicon consisting of the galK gene flanked by 48/
52-bp sequences surrounding A3 open reading frame (ORF) stop codon
and generated by PCR using the pgalK vector (30) as the template, and
primers SemaendgalKF and SemaendgalKR (Table 1). The second recom-
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bination process consisted in replacing the galK gene with the hIgG1 Fc
sequence using an amplicon generated with the primers SemaFcF and
SemaFcR and the pTorsten-A3Fc as the template. To produce the A3
deleted BAC plasmid (A3™) the recombination fragment used for galK-
positive selection consisted of a galK flanked by 57-bp sequences corre-
sponding to the regions directly flanking the A3 coding sequence (acces-
sion no. NC_002531, nt 3492 to 5453) in the AIHV-1 genome. This
fragment was produced by PCR using the pgalK vector as a template, the
forward chimeric primer SEMAFgalkF, and the reverse chimeric primer
SEMAFgalkR (see Fig. 10A). The A3 revertant BAC plasmid (A3-rev) was
produced by galK-negative selection with a recombination fragment pro-
duced by PCR using the AIHV-1 C500 BAC clone as a template and the
primers SEMAF and SEMAR. A similar strategy was used to introduce
three multistop codons at the 5" end of the A3 coding sequence to produce
the A3" BAC plasmid (Fig. 10B). The galK gene was introduced by using
a recombination fragment generated by PCR using the pgalK plasmid as
the template and chimeric primers A3-NS-galkFwd and A3-NS-galkRev
to produce the A3™ galK amplicon. These primers contain the 50-bp
homology sequences flanking the “ttgtgt” sequence at the 5" end of the
ORFA3 coding sequence (accession no. NC_002531, nt 3542 to 3548).
The synthesized oligonucleotides A3-NS-oligofwd and A3-NS-oligorev
containing three stop codons and one EcoRI restriction site were then
annealed and used to produce the A3"™ BAC plasmid by galK-dependent
negative selection. To produce the A3"*-rev strain, the A3" galK amplicon
was used to reintroduce the galK gene before negative selection was per-
formed in the presence of the A3-WT amplicon amplified with preH1A3S
and A3407AS primers and BAC wild-type (WT) plasmid as the template.
All deletions and insertions were verified by restriction profiles and
Southern blotting and sequencing of the recombination sites. All strains
were reconstituted in MacT-cre cells before propagation in BT cells.

Southern blotting. Southern blot analyses were performed as de-
scribed previously (18).

Growth curves. The in vitro growth kinetics of recombinant viruses
were compared to those of the WT. Cells were infected (MOI = 0.01), and
supernatants and infected cells were harvested at successive intervals. The
total amount of infectious viral particles was determined by plaque assay
on MDBK cells as described previously (18).

Syncytium size. MDBK cells grown on glass coverslips were infected
with the different strains (MOI = 3 X 10~*) and overlaid with MEM
containing 10% FCS and 0.6% (wt/vol) carboxymethyl cellulose (Sigma)
to obtain isolated syncytia. Syncytium areas were measured by using Im-
age] software as described previously (28).

Kinetics of viral gene expression. BT cells were incubated with cyclo-
heximide (CHX; 100 pg/ml; Sigma-Aldrich) or phosphonoacetic acid
(PAA; 300 wg/ml; Sigma-Aldrich) before infection with AIHV-1 WT
strain (MOI = 0.05) in the presence of inhibitors. At 24 h postinfection,
RNA was extracted (RNeasy Miniprep; Qiagen), and cDNA was synthe-
sized using an Improm II reverse transcription system kit (Promega).
AIHV-1 ORF73 (immediate-early [IE]), DNA polymerase (ORF09; early
[E]), and glycoprotein H (ORF22; late [L]) were used as reference genes of
the three kinetic classes (see Table 1 for primer sequences).

Animals and infection in vivo. Six groups of specific-pathogen-free
New Zealand white rabbits, each comprising six rabbits were used.
Animals were inoculated intranasally with 3 X 10° PFU of the different
AIHV-1 recombinant viruses in DMEM or with DMEM only for the
mock-infected group. The rabbits were examined daily for clinical
signs. According to bioethical rules, rabbits were euthanized when
rectal temperature remained higher than 40°C for two consecutive
days. The animal study performed had been accredited by the local
ethics committee of the University of Liege (ethics protocols 1127 and
1571).

Quantitative PCR (qPCR). Total DNA was extracted from peripheral
blood mononuclear cells (PBMCs), popliteal lymph node (pLN) cells,
or splenocytes using a QiaAmp DNA minikit (Qiagen). AIHV-1
genomic DNA copies were quantified using an AIHV-1 ORF3 real-
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time PCR with normalization on the cellular beta-globin genomic se-
quence, as described previously (17).

Leukocytic cell suspension preparation. PBMCs were isolated from
5 ml of blood collected from the ear central artery before and at dif-
ferent time points after infection. Immediately after euthanasia, sin-
gle-cell suspensions were prepared from the pLN and spleen as follows.
Tissue biopsy specimens were delicately chopped in sterile RPMI me-
dia and passed through a 70-pwm-pore-size cell strainer. Mononuclear
leukocyte suspensions from peripheral blood and tissue samples were
prepared with Ficoll-Paque Premium density gradient media (GE
Healthcare). Then, a 5-ml single-cell suspension was diluted 1:1 in
sterile PBS, overlaid onto a 5-ml Ficoll-Paque density cushion, and
centrifuged (1,825 X g) for 20 min at room temperature. Mononuclear
leukocytes at the interface were collected and washed in ice-cold PBS
before further analysis.

Antibodies and flow cytometry. Multicolor flow cytometry analysis
of rabbit PBMCs was performed as described previously (19). Briefly,
cells were incubated with a monoclonal antibody (MAD) anti-rabbit
CD4 (IgG2a, KEN-4), CD8 (IgG1, 12C.7), and IgM (IgG1l, NRBM)
antibody cocktail and left on ice for 10 min. The cells were washed and
further incubated for 10 min on ice with isotype-specific phycoeryth-
rin (PE)-conjugated rat anti-mouse IgG1 (A85-1; BD Biosciences) and
biotinylated rat anti-mouse IgG2a (R19-15; BD Biosciences) antibod-
ies. After a third wash, the cells were incubated with fluorescein iso-
thiocyanate-conjugated anti-rabbit T cells (KEN-5), Pacific blue anti-
human CDI14 (TUK4) and allophycocyanin (APC)-conjugated
streptavidin (BD Biosciences) before analysis. Antibodies were ob-
tained from AbD-Serotec. For the binding assay of AIHV-sema, stain-
ing was revealed using Alexa Fluor 488-nm goat anti-human IgG poly-
serum (AlHV-sema-Fc) or MAb anti-V5 primary antibody, followed
by secondary staining with Alexa Fluor 488-conjugated goat anti-
mouse IgG polyserum (AIHV-sema-V5). Dendritic and macrophage
cell lines were blocked with purified goat IgG (0.5 pg/ml). Anti-bovine
major histocompatibility complex II (MHC-II; MAb 7C7) (31) and
cross-reacting anti-human CD40 rabbit polysera (Enzo Life Sciences, a
gift from F. Bureau, GIGA-ULg) were used. Acquisition was per-
formed using a FACSAria or a FACSCanto (BD Biosciences), and data
were analyzed by using FlowJo v10.0.7 software (Tree Star).

ELISA. AIHV-1-coated plates (generous gift from Hong Li, Wash-
ington State University) were incubated with rabbit sera (diluted 1:100
in PBS [pH 7.4] containing 0.1% Tween 20 and 3% bovine serum
albumin [BSA]). Bound antibodies were detected with alkaline phos-
phatase-conjugated goat anti-rabbit IgG polyclonal antibody (Sigma-
Aldrich). Washes were performed with PBS (pH 7.4) containing 0.1%
Tween 20. FAST p-nitrophenyl phosphate (Sigma-Aldrich) was used
as the substrate, and the absorbance was read at 405 nm using a Bio-
Rad iMark enzyme-linked immunosorbent assay (ELISA) plate reader.

IFN-vy RNA expression. Quantification of IFN-vy expression and nor-
malization on HPRT (hypoxanthine phosphoribosyltransferase) cellular
genes were performed as described previously (32).

Generation of mouse bone marrow-derived macrophages. Bone
marrow cells were collected from BALB/c femurs and tibias. Cells were
seeded into bacteriological petri dishes at 6 X 10° cells/ml in 20 ml of
DMEM supplemented with 10% FCS and 30% L929 conditioned me-
dium. At day 3, the medium was renewed, and the cells were collected at
day 6 with cold PBS containing 5 mM EDTA and 4 mg of lidocaine (Sig-
ma-Aldrich)/ml. The animal study performed had been accredited by the
local ethics committee of the University of Liege (ethics protocol 1337).

Generation of bovine monocyte-derived DCs (moDCs). Bovine
PBMC (Clinique Vétérinaire Universitaire, ULg, Liege, Belgium) were
isolated on Ficoll-Paque premium density gradient media (GE Health-
care) and incubated with anti-human CD14 microbeads (Miltenyi-Bio-
tech). Labeled cells were enriched using LS columns according to the
manufacturer’s instructions (Miltenyi-Biotech). Cells were seeded at 10°
cells/ml in six-well culture plates in IMDM (Gibco) supplemented with
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10% FCS and a 5% bovine dendritic cell growth kit (AbD Serotec) con-
taining mixed bovine recombinant interleukin-4 (rIL-4) and recombi-
nant granulocyte-macrophage colony-stimulating factor (rGM-CSF). On
day 3 of culture, nonadherent cells were harvested with cold PBS and
matured for 2 h with lipopolysaccharide (LPS; 2 pg/ml; E. coli O111:B4
[Sigma-Aldrich]) before further experiments.

Adoptive transfer of rabbit BMDCs. IITEP/J syngeneic rabbits were
used for BMDC generation and adoptive-transfer experiments (the
breeders were generously provided by Neil Christensen, Pennsylvania
State University College of Medicine) (33). Bone marrow-derived den-
dritic cells (BMDCs) were generated as described previously (34).
Briefly, femurs were dissected, and the marrow was flushed out of the
bone using 40 ml of IMDM. The marrow was then gently homogenized
by using a 5-ml syringe plunger and passed through a 100-pm-pore-
size cell strainer, and red cells were lysed with ammonium chloride
lysis buffer. The cells were cultured in six-well tissue culture plates at
4 X 10° cells/ml at 37°C in IMDM containing 10% FCS. After 3 h of
incubation, nonadherent cells were removed, and medium was re-
placed with fresh IMDM containing 20 ng of human recombinant
GM-CSF/ml and 100 ng of IL-4 (R&D Systems)/ml. The cells were
cultured for 7 days, and medium was replaced after 3 days with fresh
medium supplemented with the appropriate cytokines. LPS (E. coli
0111:B4; Sigma-Aldrich) was added the day before harvesting the cells.
The loosely adherent matured DCs were harvested and the upregulation
of MHC-II DQ (clone 2C4, 5 pug/ml [AbD Serotec]) controlled using flow
cytometry (data not shown). Cells were counted and cultured in bacterial
petri dishes at 5 X 10° cells/ml and treated with AIHV-sema-V5 (50 nM)
or an adequate volume of empty vector control during 3 h at 37°C. Cells
were then harvested and labeled with 1 M carboxyfluorescein diacetate
succinimidyl ester (CFSE; CellTrace CFSE kit [Life Technologies]) ac-
cording to a published protocol (35). Labeled cells were then injected
subcutaneously into the footpads of anesthetized 4-month-old male
IIIEP/J rabbits (35 mg of xylazine and 5 mg of ketamine/kg, given intra-
muscularly). Draining popliteal lymph nodes were harvested 48 h later for
analysis. The animal studies performed have been accredited by the local
ethics committee of the University of Lieége (ethics protocols 1127 and
1571).

Cytoskeleton. BT and bovine moDCs were grown on uncoated or
poly-p-lysine (0.1 mg/ml, Sigma-Aldrich)-coated glass coverslips, respec-
tively. Cells were treated with 50 nM the different protein productions at
37°in 5% CO,. Where indicated, cells were treated with Y-27632 ROCK
inhibitor (Millipore). After treatment, F-actin was stained with Alexa
Fluor 568-nm-conjugated phalloidin (Life Technologies) on paraformal-
dehyde-fixed cells that had been permeabilized in 0.1% NP-40 in PBS.
Pictures were captured with a charge-coupled device (CCD) camera sys-
tem (Leica, DM2000LED).

Phagocytosis assay. Bovine moDCs (10 cells/well) were cultured in
round-bottom 96-well plates in IMDM (Gibco) containing 10% FCS.
Following 3 h of treatment, Alexa Fluor 488-conjugated E. coli (K-12
strain) BioParticles (Life Technologies) were added to reach a ratio of five
particles per cell. After different incubation periods, the plates were
washed three times with cold PBS to remove excess bacteria before fluo-
rescence measurement by flow cytometry.

Transwell migration assay. Low density cells from sheep skin lymph
were obtained by pseudoafferent lymph duct cannulation as described
previously (36). This protocol was approved by the Committee on the
Ethics of Animal Experiments of the INRA research center in Jouy-en-
Josas and AgroParisTech (0 11-019). A transwell migration assay was
performed as described elsewhere (37). Sheep lymph that had been
enriched in DCs by density gradient were suspended in migration
medium (0.5% BSA in RPMI) and distributed in the upper chamber of
a 24 Transwell system insert (5-pm pore size; Corning). The lower
chamber was filled with migration medium alone or containing 100 ng
of recombinant mouse XCL-1 (R&D Systems)/ml. Cells were incu-
bated for 3 h at 37°C in 5% CO,. A constant number of polybead
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polystyrene microspheres (Polyscience) was added in each lower
chamber before harvesting migrated cells. Migrated cells were then
stained and analyzed by flow cytometry. A constant event of micro-
spheres for each well was acquired to obtain the absolute cell numbers
recovered after migration. The percentage of migrated cells was calcu-
lated by the following formula for each subset: [(number of migrated
cells)/(total number of input cells)] X 100. The CD1b" and CD26™
cells subsets were stained with mouse MAbs against CD1b (mouse
IgG2a, clone TH97A) and CD26 (mouse IgG1, clone CC69), followed
by biotin-labeled rat anti-IgG2a and PE-labeled rat anti-mouse IgG1
and a final incubation with streptavidin-APC (BD Biosciences) (38,
39).

Histological analysis. Organ explants from mock-infected or infected
animals were fixed in 10% buffered formalin and embedded in paraffin
blocks. Sections (5 wm) were then stained with hematoxylin and eosin
prior to microscopic analysis performed with a CCD camera system
(Leica, DM2000LED).

Statistical analysis. Statistical analyses were conducted using Graph-
Pad Prism v6 software.

RESULTS

Herpesvirus semaphorins are phylogenetically close to mam-
malian sema7A and evolved independently of poxvirus sema-
phorin-like genes. Sema7A has been identified by its sequence
homology to viral semaphorins (10). To further analyze viral
semaphorin peptidic similarities to sema7A, we performed
phylogenetic analyses and compared known viral semaphorin
peptidic sequences to sema7A orthologs of mammals, birds,
reptiles, and fishes (Fig. 1). We observed that the semaphorins
from herpesviruses clustered with the mammalian sema7A se-
quences, whereas semaphorin homologs of poxviruses showed
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a much higher divergence. In particular the cluster of sema-
phorin sequences from orthopoxviruses formed an outgroup
to the sema7A cluster and avipoxvirus semaphorins branched
with reptile and bird semaphorins. These analyses suggested
independent acquisitions for the orthopox-, avipox-, and her-
pesvirus semaphorins.

AIHV-sema is very similar to sema7A in its structure and has
conserved domains interacting with plexinC1. Phylogenetic di-
vergence between pox- and herpesvirus semaphorins could
presage distinct functions of the proteins. Thus, alignment of
viral semaphorins to human sema3A, sema4D, and sema7A
and to bovine sema7A was performed and analyzed based on
recent published data (10, 40, 41) (Fig. 2A). Key residues in-
volved in the interactions with the plexinCl receptor were
highly conserved between the herpesvirus semaphorins and
human and bovine sema7A (blade 3, 4c-4d loop, and extrusion
helix 2), suggesting that AIHV-sema can bind plexinC1 simi-
larly to its cellular homolog as previously suggested (11). These
residues were however more divergent in A39R, suggesting that
the poxvirus semaphorin has evolved independent mecha-
nisms to bind the same receptor (42). We next sought to pre-
dict the 3-D structure of AIHV-sema. Modeling of the 3-D
structure of AIHV-sema was performed based on the recently
published crystal structure of sema7A (Fig. 2B) (42). We ob-
served a strong similarity between AIHV-sema and the seven-
blade B propeller of sema7A. Together, our results demon-
strate that the predicted structure of AIHV-sema is highly
similar to sema7A and the predicted binding of AIHV-sema to
plexinCl is nearly identical to sema7A.
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FIG 3 AIHV-sema is a 93-kDa secreted glycoprotein. (A) Immunoblot anal-
ysis of sema7A and AIHV-sema. HeLa cells were transfected with pEX-
sema7A, pTA3Fc, pTA3V5, or empty vector. At 24 h, the proteins in the su-
pernatant were analyzed by immunoblotting with anti-human IgG1 goat
polyserum or anti-V5 MAb. Supernatants were left untreated (—) or subjected
to deglycosylation treatment (PNGase F, O-glycosidase, neuraminidase, 31-4
galactosidase, B-N-acetylglucosaminidase) before SDS-PAGE and immuno-
blotting. The positions of molecular size markers are indicated in kilodaltons.
(B) Transient expression of sema7A or AIHV-sema was performed in HeLa
cells in the presence or absence of tunicamycin (Tunic.) or brefeldin A
(Bref.A), and both secreted (Supernatant) or cell-associated (Cells) proteins
were analyzed by immunoblotting.

AlHV-sema is a 93-kDa glycoprotein expressed in the early
phase of viral infection. Whereas sema7A is expressed at the cell
surface through a GPI anchor motif, AIHV-sema is predicted as a
secreted protein. We transiently expressed AIHV-sema as Fc- or
V5-tagged (Fig. 3) proteins in HeLa cells. Immunoblotting analy-
sis using anti-human IgG1 or anti-V5 antibodies (Fig. 3A) de-
tected 130- and 100-kDa glycosylated proteins, respectively. An
Fc-tagged truncated human sema7A was used as positive control
(pEX-sema7A) (43). matrix-assisted laser desorption ionization—
mass spectrometry (MALDI-MS) analyses revealed that AIHV-
sema-Fc and AIHV-sema-V5 monomers are 122- and 97-kDa
proteins, respectively (data not shown). After subtraction of the
human IgG1 Fc fragment and V5-His epitope molecular masses,
we could infer that AIHV-sema is a 93-kDa glycoprotein. Inhibi-
tion of glycosylation with tunicamycin further confirmed the gly-
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cosylation of AIHV-sema, and brefeldin A treatment impaired the
secretion of the protein (Fig. 3B). We next sought to determine the
A3 gene expression during virus infection. Expression kinetics of
the A3 gene was first investigated after AIHV-1 infection in pres-
ence or absence of CHX or PAA (Fig. 4A). Whereas CHX inhibited
A3 gene expression, RNA could be detected in the presence of
PAA, demonstrating that A3 is an early gene. ORF73, DNA poly-
merase, and gH were used as immediate-early, early, and late con-
trol viral genes, respectively. To determine whether A3 gene ex-
pression actually lead to AIHV-sema secretion in infected cells, we
inserted the human IgG1 Fc region in frame to the A3 coding
sequence to produce the BAC A3Fc recombinant virus (Fig. 4B
and C). This virus replicated similarly to the WT virus in BT cells
(not shown). Although gp115 complex expression in infected cells
could only be detected from 18 h postinfection (p.i.), AIHV-sema
expression could be observed as early as 8 h p.i. and from 22 h p.i.
(weak signal, MOI = 0.01) in the supernatant (Fig. 4D and E).
Together, these results indicated that AIHV-sema is a glycoprotein
of 93 kDa that is secreted during the early phase of AIHV-1 infec-
tion.

AlHV-sema binds to rabbit, bovine, ovine, and wildebeest
cell surface. In order to further investigate AIHV-sema biological
functions, we sought to determine its capacity to bind to the cell
surface of different cell types. Vaccinia virus A39R has been shown
to bind to plexinCl-expressing myeloid cells (13). Thus, we puri-
fied AIHV-sema to test its binding to the surface of mouse bone
marrow-derived macrophages, rabbit kidney cells and CD14™"
blood monocytes, bovine macrophages (BoMac), bovine and wil-
debeest CD14™ monocytes, fibroblasts isolated from bovine nasal
turbinates (BT), monocyte-derived bovine DCs, and sheep lymph
CD1b" DCs (Fig. 5A). Whereas AIHV-sema binding to murine
cell surface could not be detected, AIHV-sema binding could be
detected on all tested cell types of rabbit, bovine, ovine, and wil-
debeest origin. Further confocal analysis showed that both Fc- and
V5-tagged AIHV-sema could be detected at the surface of BT cells
(Fig. 5B).

AlHV-sema induces actin filament condensation in bovine
fibroblasts and monocyte-derived DCs. Semaphorin binding to
their plexin receptors induces intracellular signaling events gener-
ally resulting in the suppression of actin dynamics and inhibition
of integrin-mediated adhesion to the extracellular matrix that
leads to repulsion, a phenomenon that can be visualized in vitro
through cell retraction and/or detachment (44). Treatment of BT
cells with both AIHV-sema-Fc- and AIHV-sema-V5-tagged pro-
teins resulted in cell retraction, loss of lamellipodia, and conden-
sation of F-actin filaments specifically stained with phalloidin
(Fig. 6A). This phenotype was not observed in cells treated with
respective controls such as PBS, hIgGl, heat-denatured AIHV-
sema-Fc, or empty vector control. Cell retraction due to AIHV-

FIG 2 Sequence alignment of human sema3A, sema4D, and sema7A, bovine sema7A and A39R, OvHV-sema, and AIHV-sema. (A) CLUSTALW was used to
align peptidic sequences. Sequence analyses of sema7A and viral homologs were extrapolated from data available for other semaphorins (41). The SEMA domain
is boxed in black. Extrusion and PSI domains are highlighted in light blue and boxed in blue, respectively. The 70-residue section of sema3A implicated in
receptor specificity is underlined in black (53). The regions involved in the binding of sema7A and A39R to plexinCl (blade 3, 4c-4d loop, and extrusion helix
2) are boxed in pink. Key residues involved in bonding interaction with plexinC1 are highlighted in blue for sema7A and macavirus semaphorins and in green
for A39R (12). Conserved structural determinant in the 4c-4d loop are highlighted in yellow. RGD motives at the base of the sema7A 4c-4d loop are underlined
in red. Cysteines conserved in the semaphorins are highlighted in red. The figure was produced with CLC Sequence Viewer v.7.0.2 and modified using Adobe
Mlustrator CS5. (B) 3-D prediction of the structure of AIHV-sema based on the crystal structure of human sema7A (12) (http://zhanglab.ccmb.med.umich.edu

/I-TASSER/).
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FIG 4 A3 is an early gene encoding a 93-kDa glycoprotein secreted during virus infection. (A) Determination of the A3 kinetic class of transcription. BT
cells were infected with AIHV-1 and treated with CHX or PAA or left untreated (—). At 24 h p.i., the expression of ORF73 (IE gene), ORF09 (DPOL, E
gene), ORF22 (gH, L gene), or A3 was determined by using a reverse transcription-PCR approach, as described in Materials and Methods. (B) Recom-
bineering methodology used to insert a carboxy-terminal hIgG1 Fc fragment tag to the A3 gene and produce the BAC A3Fc strain. (C) The BAC constructs
were analyzed by Southern blotting after EcoRI restriction. Probes are indicated: galK, entire galK coding sequence; A3, entire A3 coding sequence. (D)
AlHV-sema kinetics of expression after infection with the BAC A3Fc virus (MOI = 0.01). Infected BT cells were fixed and permeabilized at the given time
points postinfection before staining with Alexa Fluor 488-nm anti-human IgG1 goat polyserum for AIHV-sema-Fc detection or MAb 15-A primary
antibody (specific to gp115 viral complex), followed by Alexa Fluor 488-nm goat anti-mouse IgG secondary antibody. (E) Supernatants were collected and

analyzed by immunoblotting with anti-human IgG1 polyserum.

sema was not associated with increased cell death (data not
shown). We next sought to determine whether AIHV-sema could
induce repulsion in DCs. We differentiated DCs from bovine
CD14" monocytes and incubated for different duration the ob-
tained moDCs with both forms of AIHV-sema (Fig. 6B). Likewise,
bovine moDCs showed a retracted phenotype and condensation
of actin filaments, suggesting that AIHV-sema induces cytoskele-
ton rearrangements.

PlexinC1 knockdown impairs AIHV-sema-mediated actin
filament condensation. To determine whether AIHV-sema sig-
nals through plexinC1 to induce cytoskeleton rearrangement, we
used an siRNA strategy to knockdown plexinC1 expression in BT
cells. We observed plexinC1 expression in BT cells (Fig. 7A) that
was significantly reduced 24 h after siRNA transfection (Fig. 7B).
BT cells were then harvested, plated, and incubated with AIHV-
sema-Fc. AIHV-sema treatment induced actin filament conden-
sation in untransfected BT cells and BT cells transfected with an
irrelevant control siRNA (Fig. 7C). However, BT cells transfected
with siRNAs targeting plexinC1 did not display cytoskeleton rear-
rangement upon AIHV-sema treatment. These results suggest that
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AlHV-sema signals through plexinCl to induce actin filament
condensation.

AlHV-sema inhibits cofilin through a ROCK-dependent
pathway. Cofilin phosphorylation at Ser3 inhibits its binding to
actin and the promotion of polymerization/depolymerization of
actin filaments (44). AIHV-sema treatment of BT cells induced a
transient phosphorylation of cofilin as soon as 5 min after incu-
bation (Fig. 7D). Cofilin phosphorylation induction by AIHV-
sema was, however, inhibited after treatment with the specific
inhibitor of the Rho-associated protein kinase (ROCK), Y-27632
(Fig. 7E). Inhibition of ROCK signaling pathway with Y-27632
further impaired cell condensation (Fig. 7F). These results sug-
gested that AlHV-sema induces cytoskeleton rearrangement
through ROCK-dependent signaling and cofilin phosphorylation.

Cytoskeleton rearrangement induced by AIHV-sema inhib-
its DC phagocytosis without affecting DC activation. Conden-
sation of actin filaments through plexinC1 might result in a lesser
ability of DCs to mediate phagocytosis and cell migration (13, 14).
We differentiated DCs from bovine CD14 " monocytes using GM-
CSF and IL-4 and assayed the uptake of fluorescent bioparticles of

April 2015 Volume 89 Number 7


http://jvi.asm.org

>

Mouse BMDM BoMac BT
% MFI: MFI; MFI:
= 98.9 64.8 91.9
o | ’
= 4 [
= 101 & 64.8 {1 95.0
[ “\ |
[ [
j N 114 . . 874 y . 1241
T T Ty A et
10°10? 10° 10* 10° 10°10% 103 104 10° 10°10? 10° 10* 10°
RK13 Wildebeest CD14+ Bovine moDC
% MFI: MFI; MFI:
= 88.2 14.3 64.2
G P I (
o | | F] ‘\ 1
S f 825 bt 46.2 Al 309
/." '|. ‘.‘ \ .‘\“

, L 3016 F N 238 A 1189
T et B e L B L =
10°10% 10° 10% 10° 10°10? 10° 104 10° 10°10% 10° 10% 10°

Rabbit CD14+ Bovine CD14+ Sheep CD1b+ DC

3 MFI: MFI: MFI:
= 4.09 125 112
O i
S l T

5.37 [ 69.8 i 288

] - t

R Il

N f

L 456 y 1266 r L 462
L B e R R, L. Bal ma =
10°10% 10° 10% 10° 10°10? 10° 104 10Q° 10°10% 10° 104 10°

> Alexa-Fluor 488nm

Gammaherpesvirus Semaphorin Inhibits DC Function

PBS
higG1

mm AlHV-sema-Fc

PKH26

Anti-hlgG1

AlHV-sema-Fc (50nM)

hlgG1(50nM)

PKH26

Anti-V5

AlIHV-sema-V5 (50nM)  Empty control

FIG 5 AIHV-sema cell surface binding. (A) Flow cytometry analysis of AIHV-sema-Fc (500 nM) binding to the cell surface of mouse bone marrow-
derived macrophages (BMDM), bovine macrophage (BoMac) and bovine turbinate (BT) cell lines, rabbit kidney cells (RK13), wildebeest, bovine, and
rabbit CD14"* blood monocytes, bovine monocyte-derived DCs (moDCs), and sheep CD1b* lymph DCs. Purified human IgG1 (500 nM; Calbiochem)
and PBS only were used as negative controls. Dendritic and macrophage cell lines were blocked with purified goat IgG (0.5 pg/ml). Staining was revealed
using Alexa Fluor 488-nm goat anti-human IgG polyserum. The median fluorescence intensities are indicated for each condition. (B) Confocal analysis
of AIHV-sema-Fc and -V5 staining (50 nM) at the surfaces of BT cells. PKH26 counterstaining is shown.

E. coli. Uptake at 37°C significantly increased over time, whereas it
remained lower when kept at 4°C (Fig. 8A). Treatment with
AIHV-sema-Fc or AIHV-sema-V5 significantly reduced DC-me-
diated uptake of E. coli particles, as shown by the reduced fluores-
cence intensities of DCs at 10 and 30 min of incubation compared
to control treatments (Fig. 8B). To further determine whether
AlHV-sema treatment affects the activation state of DCs, we used
flow cytometry to measure the expression levels of MHC-II and
CD40 costimulation receptors. We observed that both receptors
were similarly expressed on moDCs treated or not with AIHV-
sema, suggesting the inhibition of phagocytosis did not affect DC
activation (Fig. 8C). Inhibition of ROCK using Y-27632, however,
restored phagocytosis to a similar level as control treatments, sug-
gesting that the ROCK-dependent pathway is implicated in
AlHV-sema-mediated inhibition of phagocytosis (Fig. 8D).
Cytoskeleton rearrangement induced by AIHV-sema inhib-
its DC migration to the draining lymph node. In addition to the
inhibition of phagocytosis, AIHV-sema might impair DC migra-
tion to the draining lymph node (LN). To test this hypothesis,
BMDCs were generated from the femur bone marrow cells of
IIIEP/J inbred rabbits before maturation and treatment with
AlHV-sema. BMDCs were then labeled with CFSE before injected
subcutaneously into the footpad of syngeneic IITEP/] rabbits ac-
cording to a published protocol (45). Draining popliteal LN were
harvested 2 days later, and the absolute numbers of migrated
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CFSE™ DCs were analyzed by flow cytometry (Fig. 9A). BMDC
treatment with AIHV-sema significantly reduced the percentages
(Fig. 9B) and numbers (Fig. 9C) of CFSE™ cells in the draining LN
2 days after injection, demonstrating that the viral semaphorin
action on cytoskeleton impacts DC function. A39R has been
shown to inhibit mouse BMDC transwell migration (13) and
phagocytosis of apoptotic bodies, indirectly inhibiting effective
cross-presentation to CD8™ T cells (14). Effective activation of
antiviral CD8" T cells is dependent on DC-mediated cross-pre-
sentation, and this cross-priming mechanism relies on XCL-1 in-
teraction with XCR-1-expressing cross-presenting DCs (46, 47).
Thus, we used an established transwell migration assay of lymph
sheep CD1b™ CD26" DCs, a cell subset homologous to special-
ized cross-presenting mouse CD8a ™ DCs (37). We observed that
treatment with AIHV-sema inhibited transwell migration of
CD1b" CD26™ DCs (Fig. 9D), suggesting that cross-presenting
DC migration is affected. Together, these results indicated that
AlHV-sema interferes with DC antigen processing and presenta-
tion to T cells in the draining LN.

Absence of A3 expression does not affect viral replication in
vitro and does not impair the development of MCF in rabbits.
AlHV-sema could affect MCF lymphoproliferative lesions
through immune evasion mechanisms and/or direct effect on la-
tently infected lymphocyte activation (23). Thus, the role of
AlHV-sema in the pathogenesis of MCF was addressed by produc-
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FIG 6 AIHV-sema induces actin filament condensation. (A) BT cells were seeded onto glass coverslips in 24-well plates at a density of 30,000 cells per well
and left 2 h at 37°C. Purified AIHV-sema proteins and controls were then added to the wells during the indicated time points before Alexa Fluor 568-nm
phalloidin staining. The percentage of condensed cells was then calculated for each condition and plotted on a graph. The results are representative of
three independent experiments. (B) moDCs were differentiated from bovine CD14" monocytes during 3 days in a GM-CSF-IL-4 cocktail. DCs were then
detached by pipetting, seeded in 24-well plates at a density of 10° cells per well, and left for 2 h at 37°C in the presence of LPS (2 pg/ml) for DC maturation.
Purified AIHV-sema proteins and controls were added to the wells during the indicated time points before Alexa Fluor 568-nm phalloidin staining. The
percentage of condensed cells was then calculated for each condition and plotted on the graph. The results are representative of two independent

experiments.

ing A3 deletion (A37) and A3 nonsense (A3™) recombinant vi-
ruses, together with their respective revertant strains (Fig. 10A and
B). The lack of A3 expression did not affect viral growth in vitro
(Fig. 10C) and did not affect plaque sizes over time (Fig. 10D). We
then used the rabbit model to determine the hypothetical role of
AIHV-sema during MCF. After intranasal infection with 3 X 10°
PFU, the development of MCF was monitored. Rabbits infected
with the A3 or A3™ recombinant viruses developed MCF typical
hyperthermia, LN and spleen hypertrophy, and histopathological
lesions and did not survive the infection (Fig. 11A to C). We fur-
ther observed that rabbits infected with the A3~ or A3™ recombi-
nant strains showed CD8™ T cell expansion similar to control WT
and revertant viruses (Fig. 11D). We next determined the viral
load in vivo following rabbit infection in lymphoid tissues by
quantitative PCR (qPCR). We observed similar viral loads at the
time of euthanasia in PBMCs, pLNs, and spleens from rabbits
infected with each virus strains (Fig. 11E). Guo et al. (23) sug-
gested that upregulation of sema7A in SaHV-2-infected lympho-
cytes was associated with increased IFN-y production. As ex-
pected, we observed increased IFN-y gene expression levels in
MCEF-developing rabbits (19); however, we did not observe any
significant reduction of IFN-y expression in the absence of A3
(Fig. 11F). Finally, we tested the ability of A3~ or A3™ recombi-
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nant strains to induce antiviral specific antibodies (Fig. 12). Sim-
ilar levels of anti-AIHV-1 antibodies could be detected in the se-
rum of all rabbit infected groups. Together, these results
demonstrated that AIHV-sema is not essential for the induction of
MCEF and that the lack of A3 does not affect expansion or activa-
tion of latently infected CD8™ T cells and does not alter the hu-
moral immune response against the virus infection in rabbits.

DISCUSSION

We have addressed the role of AIHV-sema, a gammaherpesvirus
semaphorin encoded by the A3 gene of AIHV-1. We have shown
that AIHV-sema is a 93-kDa glycoprotein that is secreted during
the early phase of virus infection. Phylogenetic and bioinformatics
analyses further demonstrated that AIHV-sema shares high se-
quence and structural similarities with cellular sema7A, in partic-
ular in the sema7A-plexinCl interaction domains. Phylogenetic
analyses revealed that poxvirus and macavirus semaphorins have
been acquired independently during evolution, suggesting that
they might have distinct activities.

A39R has been suggested to inhibit the activation of antivi-
ral CD8™ cytotoxic T cells through impairment of DC phago-
cytosis of apoptotic bodies, resulting in the inhibition of anti-
gen cross-presentation (14). Thus, the capability of AIHV-
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FIG 7 AIHV-sema causes actin filament condensation through plexinCl and induces cofilin phosphorylation through a ROCK-dependent signaling
pathway. (A) BT cells express plexinCl. Cells were passaged and harvested 24 h later for flow cytometry analysis using an anti-human/mouse plexinC1
cross-reacting MAb. (B) PlexinC1 knockdown in BT cells. Cells were transfected with siRNA duplexes targeting bovine plexinC1 or irrelevant control
siRNA. They were harvested 24 h later, followed by analysis of the plexinC1 expression levels using flow cytometry. Expression levels are given in median
fluorescence intensities. The results are representative of three independent experiments. (C) PlexinC1 knockdown impairs actin filament condensation
after AIHV-sema treatment. Cells were transfected with siRNAs and treated 24 h later with AIHV-sema-Fc or control hIgG1 (50 nM, 3 h) before phalloidin
staining. (D) Immunoblot of phospho-cofilin after different time points of treatment with AIHV-sema or hIgG1 (50 nM) of BT cells. (E) Immunoblot of
phospho-cofilin after 30 min of Y-27632 (1 pM) treatment, followed by a 10-min treatment with AIHV-sema or hIgG1 (50 nM) of BT cells. A total cofilin
immunoblot was performed to control equivalent loading. (F) Phalloidin staining of BT cells after Y-27632 treatment, followed by treatment with
AlHV-sema (50 nM, 1 h) or control.

sema to also mediate immune evasion properties targeting DC  phagocytosis (data not shown). However, AIHV-sema was able
functions was addressed. AIHV-sema binding to mouse mac- to specifically bind to the surface of rabbit, bovine, ovine, and
rophages could not be detected (Fig. 5A), and we did not ob-  wildebeest cells such as fibroblasts, macrophages, monocytes,
serve any significant effect of the protein on mouse BMDC and DCs. AIHV-sema has been shown to display weaker bind-
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FIG 8 AIHV-sema inhibits DC phagocytosis. (A and B) Bovine moDCs were grown to maturity in the presence of LPS (2 g/ml) before treatment with
AlHV-sema (50 nM, 3 h). Human IgG1, heat-denatured AIHV-sema-Fc, and empty vector supernatant were used as controls. Alexa Fluor 488-nm-
conjugated E. coli bioparticles were then added to the culture before cell harvesting at the indicated time points. Representative histograms of flow cytometry
analysis are shown with the percentages of Alexa Fluor 488-nm-positive cells (A). Mean fluorescence intensities were measured by flow cytometry and plotted on
graph (B). The data show the means = the standard errors of the mean (SEM; n = 3) and are representative of two independent experiments. A two-way analysis
of variance (ANOVA) with a Bonferroni post test was performed (*, P < 0.05). (C) Bovine moDCs matured with LPS (2 pg/ml) and treated with AIHV-sema-V5
(50 nM) or empty control during 3 h were stained with anti-bovine MHC-II (MAb 7C7) and cross-reacting anti-human CD40 rabbit polysera. (D) Bovine
moDCs were used in a phagocytosis assay, as in panel A, and Y-27632 ROCK inhibitor was used (1 uM) before AIHV-sema (50 nM) or control treatments where
indicated. The data show means * the standard deviations (n = 3). One-way ANOVA with a Bonferroni post test was performed (¥, P < 0.05).

ing to human plexinC1 compared to A39R (11). Therefore, we
chose to use ruminant or rabbit cells to investigate AIHV-sema
biological activities. In fibroblasts and DCs, AIHV-sema treat-
ment induced repulsion with cell contraction and F-actin con-
densation, and this phenotype was impaired after siRNA-me-
diated knockdown of plexinC1 expression in BT cells, further
suggesting that AIHV-sema signals through plexinCl. Cyto-
skeleton rearrangement was explained by actin condensation
through inhibition of cofilin that involved ROCK. Cofilin-de-
pendent cytoskeleton rearrangement was observed after A39R
treatment of mouse DCs (13) and cofilin phosphorylation has
also been reported in melanocytes after sema7A signaling
through plexinC1 (48, 49) or sema3A signaling in neurons
(50). Cofilin phosphorylation results in the inactivation of ac-
tin dynamics by inhibition of F-actin severing and nucleation
(44). ROCK mediates Lin-11/Isl-1/Mec-3 kinase (LIMK) phos-
phorylation that in turn mediates the phosphorylation of cofi-
lin (51, 52). Inhibition of ROCK impaired cofilin phosphory-
lation by AIHV-sema signaling and also impaired AIHV-sema-
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mediated cell condensation in BT cells. ROCK has also been
shown to phosphorylate myosin light chain leading to the con-
traction of actin fibers (51), a phenomenon that together with
inhibition of actin dynamics could explain the observed cell
contraction. ROCK activation triggered by AIHV-sema likely
results from signaling through plexinCl cytoplasmic seg-
mented GTPase-activating protein domains and GTPase-bind-
ing domain resulting in activation of a Rho-dependent signal-
ing cascade, ultimately leading to cofilin phosphorylation and
cell contraction.

Using bovine moDCs and rabbit BMDCs, we further demon-
strated that AIHV-sema-mediated cytoskeleton rearrangement in
DCs resulted in the inhibition of their capability to mediate
phagocytosis and migrate to the draining lymph node. The ex-
pression levels of surface MHC-II or CD40 costimulatory receptor
were not affected in bovine moDCs, suggesting that AIHV-sema
does not affect DC activation. ROCK inhibition impaired AIHV-
sema-mediated inhibition of phagocytosis by bovine moDCs, fur-
ther suggesting that the ROCK/LIMK/cofilin regulation pathway
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FIG 9 AlHV-sema inhibits DC migration. (A to C) Bone marrow-derived DCs were differentiated from the femurs of a IIIEP/] male rabbit as described in
Materials and Methods. BMDCs were matured overnight using E. coli LPS (2 jg/ml) before harvest and treatment with AIHV-sema-V5 (50 nM, 5 X 10° cells/ml)
or empty vector control at 37°C during 3 h in bacterial petri dishes. Cells were then collected, counted, CFSE labeled, and injected in the footpads of IIIEP/]
syngeneic male rabbits (2 X 10° cells in 0.5 ml per footpad), together with 5 p.g of AIHV-sema-V5. Popliteal draining LNs and axillary nondraining LNs were
harvested 2 days later, the cells were put into a single-cell suspension and counted, and the percentages of the migrated CFSE* DCs were measured using flow
cytometry (A). Dot plots show representative results for one rabbit. The percentages (B) and absolute numbers (C) of CFSE™ cells that migrated to the pLNs are
plotted. The data are shown as means = the SEM (n = 4). A Mann-Whitney unpaired t test was performed (*, P < 0.05). (D) Transwell migration assay on
enriched sheep lymph subjected to recombinant mouse XCL-1 (100 ng/ml) and AIHV-sema (50 nM) treatment. Human IgG1, heat-denatured AIHV-sema-Fc,
and empty vector supernatant were used as controls. Migrated cells were subjected to CD1b and CD26 double staining before flow cytometry analysis and the
acquisition of 2,500 polystyrene microspheres. Migration is expressed as the percentage of input cells in the CD1b* CD26™ gate. Bars show means =+ the SEM
of independent analyses in duplicates of three different sheep lymph samples. One-way ANOVA with a Bonferroni post test was performed (¥, P < 0.05; **, P <

0.01).

is triggered by AIHV-sema in DCs. Based on these results, we
further addressed the effect of AIHV-sema on the migratory capa-
bility of a DC subset specialized in antigen cross-presentation.
XCL-1is a potent chemoattractant for XCR-1-expressing DC sub-
set in several species (37), and effective antigen cross-presentation
to CD8™ T cells is dependent on XCL-1-XCR-1 interactions (46).
Crozat et al. demonstrated that sheep CD1b* CD26 ™ skin DCs are
homologous to cross-presenting mouse CD8a ™ DCs through the
expression of high levels of XCR-1 and selective attraction by
XCL-1 (37). Targeting transwell migration of this specific cell sub-
set, we demonstrated that AIHV-sema inhibits XCL-1-dependent
migration of cross-presenting DCs. Thus, AIHV-sema affects DC
function and might therefore thwart the immune system of the
host during AIHV-1 primary infection and/or reactivation by af-
fecting DC antigen processing and activation of antigen-specific T
cells. Interestingly, these results would suggest that poxvirus and
herpesvirus semaphorins have independently evolved similar
mechanisms to affect DC function.

Guo et al. hypothesized that AIHV-sema could directly alter
activation of latently infected T cells (23). We generated A3~ and
A3™ recombinant viruses, both impaired for the expression of
AlHV-sema. The lack of AIHV-sema expression did not affect
viral growth in bovine nasal fibroblasts, suggesting that A3 is not
necessary for virus replication. Moreover, A3~ and A3™ recombi-
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nant viruses induced typical MCF clinical signs, lesions, and ex-
pansion of CD8™ T cells after nasal infection of rabbits. In addi-
tion, virus persistence was not affected by the lack of AIHV-
sema expression, suggesting that the expansion and infiltration
of lymphoblastoid cells in the tissue was the consequence of the
proliferation of infected T cells as observed with the WT virus
(17-20). These results demonstrated that AIHV-sema is not a
virulent factor in the pathogenesis of MCF and challenged the
hypothesis, suggesting that macaviruses might have acquired
semaphorin-encoding genes to alter host T cell function upon
latent infection (23). Although the lack of A3 did not modify
CD8™" T cell proliferation, T cell activation could have been
affected. However, RNA expression levels of IFN-y were simi-
larly increased in all infected groups, suggesting that AIHV-
sema does not interfere with T cell activation or proliferation.
Sema7A has been shown to be upregulated in activated T cells
(7), but to our knowledge how this protein is involved in T cell
activation remains unknown. Although Guo et al. showed that
activation of latently infected T cells is a direct consequence of
miR-27 degradation by HSUR-1 (23), sema7A expression
might be an indirect consequence rather than actually repre-
sent a driving force of lymphocyte activation.

AIHV-1 genome tiling array analysis during productive infec-
tion in vitro revealed a strong expression of the A3 transcript re-
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FIG 10 Impairment of A3 expression does not affect viral replication in vitro. (A and B) Recombineering methodologies used to delete the entire A3 coding
sequence by galK insertion and generation of the A3~ and A3-rev strains (A) or insert multistop codons at the 5" end of the A3 coding sequence and generation
of the A3ns and A3ns-rev strains (B). The produced BAC plasmids were analyzed by Southern blotting after EcoRI or HindIII restriction and ethidium bromide
staining (EtBr). Probes are indicated as follows: A3, entire A3 coding sequence; galK, entire galK coding sequence. (C) Multistep growth curves of WT, A3™,
A3-rev, A3™, or A3"*-rev virus strains in BT fibroblasts. The data presented are means = the standard deviations of results from measurements in triplicate. (D)
Syncytial areas over time postinfection in MDBK cells. The data presented are means = the standard deviations of results from syncytium size measurements

(n = 25).

gion, whereas the expression of this region was not detected in
MCEF-developing calves (20). AIHV-sema expression during lytic
infection was further confirmed in the present study by the detec-
tion of protein in the supernatant of cells infected with the BAC
A3Fc recombinant virus (Fig. 3E). AIHV-sema could therefore
mediate immune evasion functions during the productive phase
of replication in vivo. This hypothesis, however, postulates that
AIHV-1 effectively replicates at the first stages of infection in
MCF-susceptible hosts such as cattle. We did not observe any
delay in the development of MCF in the absence of A3, and the
lack of A3 did not affect the humoral antiviral response (Fig. 12).
Although this observation could suggest that AIHV-sema might
not affect B cell antiviral responses during MCEF, it is also possible
that AIHV-sema is not sufficiently produced in MCF-susceptible
species to effectively exert its biological activities. Preliminary re-
sults using AIHV-1-luc™ virus seem to support the latter hypoth-
esis (unpublished results).

Gammaherpesviruses have coevolved with their natural
host species and acquired specific genes for their adaptation to
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their host. AIHV-1 has coevolved with wildebeest and has be-
come so adapted to its natural host that it is able to persist
without causing any clinical sign or lesion, resulting in the
infection of virtually the entire wildebeest population. MCF
could be seen as an accidental occurrence in AIHV-1 evolution
due to cross-species transmission. Thus, AIHV-1 would have
primarily developed mechanisms to persist in its natural host
and the acquisition of a gene encoding a semaphorin-like pro-
tein could be an asset for achieving such an adaptation. Based
on this hypothesis, immune evasion properties mediated by
AlHV-sema could be restricted to the natural host but not in
MCEF-susceptible species.

The results presented in the present study demonstrated that
AlHV-sema is a 93-kDa glycoprotein that is very similar in its
structure to the host sema7A and that is secreted during the early
phase of AIHV-1 infection. We then brought evidence that AIHV-
sema affects DC function through cytoskeleton rearrangement,
leading to the inhibition of phagocytosis and cell migration to the
lymph node, a mechanism that involves plexinCl1 signaling and
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FIG 11 Malignant catarrhal fever induction in the absence of AIHV-sema. (A) Cumulative incidence of survival of the rabbits of each group. (B) Popliteal LNs
and spleen masses at the time of euthanasia. Bars represent means * the SEM. A one-way ANOVA with Bonferroni’s post test was performed (¥, P < 0.05; **,
P < 0.01). (C) Histopathological characterization of MCF lesions. Kidney, liver, and lung sections of one rabbit representative of each group are shown. White
arrowheads indicate typical infiltrations of lymphoblastoid cells. Abbreviations: A, arterioles; Av, alveoli; B, small bile ducts; Hp, hepatocytes; RC, renal
corpuscles; T, uriniferous tubules; V, veins, Br, bronchi. Equivalent results were obtained in two independent experiments. Original magnification, X200. (D)
Percentages of CD8™ cells in the gated T cell population analyzed by flow cytometry at regular intervals throughout the experiment. Rabbits were identified
according to the day of euthanasia postinfection (see numbers, n = 5 to 6). (E) gPCR of viral genome copies in PBMCs, pLNs, and spleens at the time of
euthanasia. Real-time PCR quantification was normalized on B-globin cellular genomic sequence. The data are plotted as individual measurements. Bars show
means * the SEM (n = 5t0 6). (F) Relative IFN-y RNA expression at time of euthanasia in the spleen. The relative expression levels were normalized to the HPRT
copy numbers. Bars show means = the SEM (n = 5 to 6).

the ROCK/LIMK/cofilin pathway. Next, two recombinant viruses  hypothesize that AIHV-sema secretion during virus replication in
impaired for AIHV-sema expression were used to demonstrate primary infection and/or reactivation in wildebeest might reduce
that this protein is dispensable for the activation and proliferation  the capability of DCs to process viral antigens and migrate to exert
of latently infected T cells in MCF. Based on these results, we can  their activity. Thus, AIHV-sema could generate an ideal environ-
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ment for the virus to mediate a long-lasting persistence in its nat-
ural host.
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