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Glycoprotein E (gE) is important for full virulence potential of the alphaherpesviruses in both natural and
laboratory hosts. The gE sequence of the neurovirulent bovine herpesvirus 5 (BHV-5) was determined and
compared with that of the nonneurovirulent BHV-1. Alignment of the predicted amino acid sequences of BHV-1
and BHV-5 gE open reading frames showed that they had 72% identity and 77% similarity. To determine the
role of gE in the differential neuropathogenesis of BHV-1 and BHV-5, we have constructed BHV-1 and BHV-5
recombinants: gE-deleted BHV-5 (BHV-5gEA), BHV-5 expressing BHV-1 gE (BHV-5gE1), and BHV-1 express-
ing BHV-5 gE (BHV-1gES5). Neurovirulence properties of these recombinant viruses were analyzed using a
rabbit seizure model (S. I. Chowdhury et al., J. Comp. Pathol. 117:295-310, 1997) that distinguished wild-type
BHV-1 and -5 based on their differential neuropathogenesis. Intranasal inoculation of BHV-5 gEA and
BHV-5gE1 produced significantly reduced neurological signs that affected only 10% of the infected rabbits. The
recombinant BHV-1gES did not invade the central nervous system (CNS). Virus isolation and immunohisto-
chemistry data suggest that these recombinants replicate and spread significantly less efficiently in the brain
than BHV-5 gE revertant or wild-type BHV-5, which produced severe neurological signs in 70 to 80% rabbits.
Taken together, the results of neurological signs, brain lesions, virus isolation, and immunohistochemistry
indicate that BHV-5 gE is important for efficient neural spread and neurovirulence within the CNS and could
not be replaced by BHV-1 gE. However, BHV-5 gE is not required for initial viral entry into olfactory pathway.

Bovine herpesvirus 5 (BHV-5) is a neurovirulent alphaher-
pesvirus that causes fatal encephalitis in calves (5, 21). Non-
neurovirulent BHV-1 is associated with abortions and respira-
tory infections (subtype 1.1) and genital infections (subtype
1.2) in cattle (57). Both BHV-1 and BHV-5 strains are neuro-
tropic viruses and establish latency in the trigeminal ganglion
(TG) following intranasal and conjunctival inoculation (1, 50).
Genetically, they share 85% DNA homology; however, they
differ in the ability to cause neurological disease in calves (5).
In a rabbit seizure model, nonneurovirulent BHV-1.1 and neu-
rovirulent BHV-5 infections are distinguished by their differ-
ential neuropathogenesis (14). Following intranasal inocula-
tion, BHV-5 invades the brain via the olfactory pathway,
resulting in acute neurological signs that are comparable to
those seen in calves. Virus antigen and neuronal damage are
located in the affected rabbit’s brain within the areas con-
nected through the olfactory pathway. These are olfactory
bulb, anterior olfactory nucleus, piriform/entorhinal cortex,
frontal/cingulate cortex, hippocampus/dentate gyrus, amyg-
dala, dorsal raphe (DR), and locus coeruleus (LC) (36). These
rabbits also have a few infected neurons (5 to 10/field) in the
TG; however, further invasion of the virus to the pontine and
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spinal trigeminal nuclei (second-order neurons in the trigem-
inal pathway) of the pons and medulla, respectively, does not
occur (36). In BHV-1-inoculated rabbits, the virus does not
invade the central nervous system (CNS), and no neurological
signs develop. However, BHV-1 infected rabbits also have a
few (5 to 10/field) infected neurons in the TG (36).
Herpesvirus glycoproteins located in the envelope of the
virus play important roles in pathogenicity by mediating entry
of the virion into the host cell, maturation of virus, cell-to-cell
spread of virus, and virus release (10, 19, 20, 40, 47, 49, 58).
Alphaherpesviruses encode at least 10 glycoproteins found in
the virion envelope (51). Two of these glycoproteins, gE and
gl, have been shown to be important for virulence and spread
of several herpesviruses in all animal models tested (2, 9-11,
27, 33, 34, 39, 52, 55). Although dispensable for replication in
cultured cells, the genes for gE and gl are conserved in all
alphaherpesviruses studied to date (3, 19, 37, 39, 48). The gE
and gl proteins in alphaherpesviruses associate with each other
soon after synthesis and form a noncovalent hetero-oligomeric
complex (28, 29, 55, 56, 60). For some herpesviruses, the gE-gI
complex functions as a receptor for the Fc domain of immu-
noglobulin G and consequently, may play a role in the evasion
of humoral immunity (4, 6, 22, 24, 25, 29). In vitro, the gE-gl
complex is involved primarily in cell-to-cell transmission, pos-
sibly by promoting cell fusion or viral release (3, 17-20, 59),
and virus mutants lacking gE and/or gl characteristically dis-
play a small-plaque phenotype (3, 19, 56, 59). Three distinct
functional domains of gE have been characterized in pseudo-
rabies virus (PRV): an extracellular domain, required for gE-gI
complex formation and cell-to-cell spread; a hydrophobic
transmembrane domain; and a long cytoplasmic domain re-
quired for virulence, gE endocytosis and recycling, and enve-
lope incorporation (52, 53). In vivo, the gE and gl mutants of
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FIG. 1. BHV-5 genomic structure and schematic maps of gE recombinant plasmids. The genomic organization of BHV-5 depicted at the top consists of unique long
(ULp) and short (Ug) regions and two repeat regions (Ig) and (Tg). Localization of gE gene is indicated (A and B), and the region encompassing the gE gene (NotI/Xhol)
is enlarged (C). A restriction site map of the NorI and Xhol fragment was generated, and various restriction endonuclease subfragments, indicated as bold lines, were
cloned and sequenced. The arrow represents the BHV-5 gE ORF, and the arrowhead shows the direction of transcription. The regions of interest are shown in the
schematic structures of plasmids pBHV-5gEAR (D), pBHV-5gE1 (E), and pBHV-1gE5 (F).

several herpesviruses exhibit decreased virulence properties in
their natural and laboratory hosts (41, 42, 49). In PRV, gE and
¢l null mutants have restricted neurotropism and reduced vir-
ulence phenotypes (reviewed in references 8, 23, 27). In herpes
simplex virus type 1 (HSV-1), gE and gl mutants fail to spread
efficiently within the nervous system and cause less neurolog-
ical disease than the wild type (20). In addition, Dingwell et al.
(20) proposed that gE-gl facilitates the movement of HSV
across the extensive junction formed between neurons in vivo.
There is also evidence that gE-gl may influence the entry of
PRV into some neuronal circuits but not others (reviewed in
reference 23).

As in other alphaherpesviruses, the deletion of the gE gene
in BHV-1 is sufficient to reduce its virulence in calves (15, 54).
In this study, we investigated the role of gE in the differential
neuropathogenesis of nonneurovirulent BHV-1 and neuroviru-
lent BHV-5. We determined the nucleotide sequence of the
BHV-5 gE open reading frame (ORF) and compared it with
the published coding sequence for the BHV-1 gE ORF. We
generated gE-deleted BHV-5, gE-exchanged BHV-5 (carrying
BHV-1 gE), and gE-exchanged BHV-1 (carrying BHV-5 gE)
recombinants and analyzed their neuropathogenicity in a rab-
bit seizure model (14). The systemic spread of the various
mutant viruses within the CNS was evaluated at different post-
inoculation times by immunocytochemistry, histopathology,
and virus isolation. Our results indicate that BHV-5 gE is not
required for entry into the CNS via the olfactory receptor

neurons. However, within the CNS, BHV-5 gE is important for
efficient spread, replication, and neuropathogenesis (viru-
lence) of BHV-5 and could not be replaced by the BHV-1 gE.

MATERIALS AND METHODS

Virus strains and cell lines. The BHV-1 Cooper (Colorado-1) strain, obtained
from the American Type Culture Collection (Manassas, Va.), and BHV-5 strain
TX-89 (21) were used in this study. The two viruses were propagated and titrated
in Madin-Darby bovine kidney (MDBK) cells grown in Dulbecco modified Ea-
gle’s medium supplemented with heat-inactivated 10% fetal bovine serum.

Mapping, cloning, and sequencing of the BHV-5 gE gene. The location of the
BHV-5 gE gene on the virus genome and pertinent restriction sites for subclon-
ing and the sequencing strategy are illustrated in Fig. 1. A pUC-based plasmid
library containing the BamHI genomic fragments of the BHV-5 genomic DNA
was developed (12). A cloned copy of the 14.6-kb BamHI-C fragment between
map units 0.827 and 0.944 of BHV-5, which includes the entire unique short
region of the BHV-5 genome, was digested with StuI. Then the 9.6-kb Stul/Stul
fragment between map units 0.849 and 0.926 was gel purified and cloned into the
Smal site of pUC19, resulting in plasmid pKS-95-15 (Fig. 1A). To precisely map
the location of the BHV-5 gE gene, clone pKS-95-15 was digested with several
restriction endonucleases, separated on agarose gel, and analyzed by hybridiza-
tion with a 1.8-kb Asull subfragment containing the BHV-1 gE coding sequence
(15). The DNA restriction analysis combined with the hybridization data showed
that a 4.2-kb Xhol/Stul fragment contained the entire BHV-5 gE and gl genes
(Fig. 1B) and a 3.2-kb Norl/Stul fragment contained the entire BHV-5 gE gene.
A restriction map of the 3.2-kb NorI/Stul fragment was constructed (Fig. 1C),
and subclones spanning the entire fragment were generated. Both strands of
each fragment were sequenced by the method of Maxam and Gilbert (38).

Sequence analysis and comparisons between BHV-5 gE and BHV-1 gE. Se-
quence data were assembled and analyzed using the Seqaid II sequence analysis
software (D. D. Rhodes and D. J. Roufa, Center for Basic Cancer Research,
Kansas State University, Manhattan, Kans.). Hydropathicity analysis was per-
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BHV-1.1 gE  MQPTAPPRRRLLPLLLPQLL- - - LFGLMAEA- - - - - - KPATETPGSASVDTVFTARAGAP 51
BHV-1.2 gE  MQPTAPPRRRLLPLLLPQLL- - - LFGLMAEA- - -~ - - EPATETPGSASVDTVFTARAGAP 51
BHV-5 gE MRATAPPRPRLLPLLLPLLLPPSLLGLPVGAGLGPSPSPEADTGAKAPAGAVFTARVGAP 60
*, hhhRK KRKkkkXR *K * Rk * * Lk * Jhkkhk hkk
BHV-1.1 gE  VFLPGPAARPDVRAVRGWSVLAGAJSPPVPEPVQLDDRHGFTDVALDAAGLRTARVAPLA 111
BHV-1.2 gE  VFLPGPAARPDVRAVRGWSVLAGAQSPPVPEPVJLDDREGFTDVALDAACLRTARVAPLA 111
BHV-5 gE  VFLPGPDPRPETRAVRGWSVLASHJPPPEPTPVJLDDREJFADVALDAACLRTARMAPLA 120
kkkkhkk *k, kkkkkkkkkk * kk k hhkkhkdhkhkhk hhkkkhhkhkkkkkk khkkk
o000
BHV-1.1 gE  IAELAERPDSTGDKEFVLADPHVSAQLGRNATGVLIAAAAEEDGGVYFLYDRLIGDAGDE 171
BHV-1.2 gE  IAELAERPDSTGDKEFVLADPHVSAQLGRNATGVLIAAAAEEDGGVYFLYDRLIGDAGDE 171
BHV-5 gE IAELTERPDPAGDREFVVPDPRVSARLGRNATGVQIADVTEEDGGVYFLYDRAAGDAGDE 180
kkkk hkkk JHRE kkk | kk hkk khkkkhkkk k% Jhhkkhkkhkkkkkk * b ke ok ok k
BHV-1.1 gE  ETQLALTLQVATAGAQGAARD-E--EREPATG------~~- PTPGP-PPHRTTTR-APP-- 216
BHV-1.2 gE  ETQLALTLQVATAGAQGAARD-E- - EREPATG-------- PTPGP-PPHRTTTR-APP-- 216
BHV-5 gE ETQSALTLRVEPADAWDPAGQGEGGEGEGGKGGRGAAKPTPTPAPSPPRPTPARPAPPPR 240
kkk hkkk *k * % * * * * kkdk k hk, Kk k kkk
BHV-1.1 gE  RRHGARFRVLPYHSHVYTPGDSFLLSVRLQSEFFDEAPFSASIDWYFLRTAGICALIRIY 276
BHV-1.2 gE  RRHGARFRVLPYHSHVYTPGDSFLLSVRLQSEFFDEAPFSASIDWYFLRTAGICALIRIY 276
BHV-5 gE RRHGARFRVQPYRSHVYTPGDSFTLSVRLQSEFFDEAPFSASIDWYFLRPAGDQALVRIY 300
dekhkhdheddek hhk dhkkhkhhkhk hkkkdhkhhkdhhkhhhkhhhhhkhhdhk dededededek | kkk
BHV-1.1 gE  ETJIFEPEAPAQLEPADAQJSFASPYRSETVYSRLYEQORPDPAGRWPHHJEGAAYAAPV 336
BHV-1.2 gE  ETJIFHPEAPAQLHPADAQJSFASPYRSETVYSRLYEQCRPDPAGRWPHHOEGAAYAAPY 336
BHV-5 gE ETJIFHPEAPAQLHPVDARQAFASPYRSETAYSRLYERCRPASADRWPRE(EGAAYEAPV 360
hhkkhkkkkkhhkhkhkkkdk ek ok hhkkhhkdhk kkdhkkh hkk * kkk hhkhdhdhdk ki
o0
BHV-1.1 gE  AHLRPANNSVDLVFDDAPAAASGLYVFVLQYNGHVEAWDYSLVVIS-DRLVRAVTDHTRP 395
BHV-1.2 gE  AHLRPANNSVDLVFDDAPAAASGLYVFVLQYNGHVEAWDYSLVVTS-DRLVRAVTDHTRP 395
BHV-5 gE  AHLRPANNSVDLVFDGAPASASGLYVFVLQYNGHVEALGLQPWSSPRTALVRAVTDHTRP 420
dhkhkkhhhdhkhkdk khk hhkhkhhkhhkhhkkhkhkhkk . hhkkkkhkkhhk
BHV-1.1 gE  ERAAADAPEPGPPLTSEPAGAP-- - -TGPAPWLVVLVGALGLAGLVGIAALAVRVIQARRA 451
BHV-1.2 gE  EAAAADAPEPGPPLTSEPAGAP- - - - TGPAPWLVVLVGALGLAGLVGIAALAVRVCARRA 451
BHV-5 gE  --AAADAPEPSPPPADGPADAPGRGARGPAPWLVVLGGALGLAGLIGVAALAVWVCARRA 478
kdkkkdhkdh kk kk Kk khkkdhhkhdkkh Khhhhhhk % khkkhk hkkhdk
yyvy yvvvy o
BHV-1.1 gE  SQKRTYDILNPFGPVYTSLPTNEPLDVVVP DGPASN-PP 509
BHV-1.2 gE  SQKRTYDILNPFGPVYTSLPTNEPLDVVVP : 509
BHV-5 gE GQKRTYEI LNPFGPVz'iiEPTNEPLDWS -V 537
khkkkkkhkhkhhkhkhkkkkhkhkdkhkhkhkhkhkkkk¥® hkkkkk hkdhk * _k kk * - * %
BHV-1.1 gE  -ADAYDLAGAPEPTSGFARAPANGTRSSRSGFKVWFRDPLEDD-AAPARTPAAPDYTVVA 567
BHV-1.2 gE  -ADAYDLAGAPEPTSGFARAPANGTRSSRSGFKVWFRDPPEDD-AAPARAPAAPDYTVVA 567
BHV-5 gE  ATAAYDLAGP------- AREAGGPARPSRSGFKVWFRDPLEDDDVAPARPQTAPDYTVVA 590
. Fhkkhkk * % e ok hhkhkhhkkkkhhhh kkk kkkd SRk kkkkk
BHV-1.1 gE  ARLKSILR 575
BHV-1.2 gE  ARLKSILR 575
BHV-5 gE ARLKSILR 598

dededkkkkkk

J. VIROL.

with the predicted amino acid sequences of BHV-1.1 and BHV-1.2 gEs (37, 49). The

FIG. 2. Comparison of the predicted amino acid sequence of the BHV-5 gE

predicted amino acid sequences of BHV-1 and BHV-5 gEs were aligned by using the GCG Gap program. Eleven conserved cysteine residues are marked by boxes,
and potential N-linked glycosylation sites are indicated (®®®). The presumptive signal sequences and the transmembrane anchor sequences are shown by solid and
broken lines, respectively. Peptide sequences selected for raising rabbit antibodies are indicated by rectangular boxes. The YXXL motif sequences are indicated (VVV),

and the acidic domain is highlighted.

formed using a 9-amino-acid (aa) window (35). The antigenicity profiles of
predicted amino acids sequences were analyzed using the Seqaid II software. The
predicted amino acid sequences of BHV-5 gE (this study) and BHV-1.1 and
BHV-1.2 gE (37, 48) were aligned by using the GCG Gap program (Genetics
Computer Group) (gap weight, 12; length weight, 4). The prediction of signal

sequence was determined using the SignalP V1.1 program from the World Wide
Web (43; http://www.cbs.dtu.dk/services/SignalP/output.html).

Production of anti-BHV-5 and BHV-1 gE peptide-specific polyclonal rabbit
sera. Based on the predicted regional hydropathicity and antigenicity, the pre-
dicted amino acid residues 204 to 218 ([H]-C*GGEGEGGKGGRGAAK-[OH])
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from BHV-5 gE (Fig. 2) and residues 381 to 396 ([H]-TSDRLVRAVTDHTR
PEC*-[OH]) from BHV-1 gE (48) were selected to make peptide antigen. To
facilitate conjugation to keyhole limpet hemocyanin, an additional irrelevant
cysteine was added (indicated by *) at the N terminus of peptide from BHV-5gE
and at the C terminus of peptide from BHV-1 gE. The peptides were synthesized
at the Biotechnology Center of Kansas State University, using the 9-fluorenyl-
methyloxycarbonyl chemistry on an ABI model 431A automated peptide synthe-
sizer (Applied Biosystems, Inc., Foster City, Calif.) as described earlier (12).
After conjugation with keyhole limpet hemocyanin, the peptides were used to
immunize New Zealand White rabbits as described earlier (13).

Construction of deletion and transfer vectors. (i) BHV-5 gE deletion/B-Gal
insertion plasmid. The BHV-5 gE gene is flanked upstream by the gI gene and
downstream by the BHV-5 homologue of the HSV-1 US9 gene (Fig. 1B). To
clone the BHV-5 gE coding and its flanking sequences, first the pKS95-15 DNA
containing the 9.6-kb Stul/Stul fragment (Fig. 1A) was digested partially with
Xhol, blunt ended by Klenow enzyme, and redigested with Kpnl (plasmid site).
The 4.2-kb fragment containing the Xi0I/Stul fragment (Fig. 1A) was cloned into
the Kpnl/Xhol sites of pBC/SK (Stratagene). The resulting clone, pBHV-
5gES5'3", contained the entire gI, gE, and US9 genes (Fig. 1B). To create a
deletion in the gE ORF coding region, this plasmid was digested partially with
Styl and blunt ended by Klenow enzyme. The larger fragment was gel purified
and ligated to a PstI linker 5" GCTGCAGC 3'. After digestion with PstI, the
fragment was gel purified again and religated. The resulting BHV-5 gE deletion
clone pBHV5gEA5’3" (Fig. 1B) had a deletion of 1,074 bp of BHV-5 DNA
sequences (marked @ in Fig. 1B) containing BHV-5 gE residues 35 to 340. To
insert the B-galactosidase (B-Gal) gene, the PstI fragment (4.5 kb) of plasmid
pCMVB (Clontech, Palo Alto, Calif.) containing the bacterial B-Gal gene under
the control of the human cytomegalovirus immediate-early promoter was gel
purified and inserted into the previously created PstI site of plasmid
pBHV5gEAS’3’ to yield plasmid pPBHVSgEARB (Fig. 1D). The orientation of the
B-Gal gene was verified by restriction enzyme digestion, and a clone containing
the B-Gal gene in the parallel transcriptional orientations with respect to the gE
was selected for further studies. In plasmid pBHVS5gEAR, the B-Gal gene is
flanked by virus-specific 1.8-kb gE upstream sequences (containing the entire gl
region, the upstream gE regulatory sequence, and the amino-terminal 102 bp of
gE coding region) and 1.4-kb gE downstream sequences (containing the carboxy-
terminal 628 bp of gE coding region and the entire US9 gene sequence) required
for recombination with the virus DNA.

(ii) BHV-5gE1 exchange/transfer vector. To exchange the BHV-5 gE coding
region with the BHV-1 gE ORF coding sequences, plasmid pBHVIgE 5’3’
containing the BHV-1 gE ORF and the 5’ and 3’ gE flanking sequences (15) was
digested with Asull and blunt ended by Klenow enzyme, and a 1.8-kb Asul-
I(blunt)/Asull (blunt) fragment containing the entire BHV-1 gE ORF was gel
purified and inserted in correct orientation in the PstI (blunt)/PstI (blunt) sites of
the BHV-5 gE deletion plasmid pBHVS5gEA5'3’ (described above), resulting in
pBHV-5gE1 (Fig. 1E). The correct orientation of the BHV-1 gE ORF coding
sequence was verified by restriction digest analysis. The resulting plasmid
(pBHV5gEL) contained the entire BHV-1 gE OREF fused in frame (verified by
sequencing) to the coding sequences of the first 33 aa of BHV-5 gE and flanked
by BHV-5 gE upstream (1.8 kb) and downstream (1.4 kb) sequences similar to
the deletion vector pPBHVS5gEAS5'3" (described above).

(iii) BHV-1gE5 exchange vector. To replace the BHV-1 gE ORF with the
BHV-5 gE ORF, the pBHV-5gE ORF DNA (Fig. 1C) was digested partially with
NotI and blunt ended by Klenow enzyme. The larger fragment was gel purified
and further digested with HincIl. Then the 2,067-bp NotI (blunt)/HincIl frag-
ment containing the entire BHV-5 ORF coding sequence was gel purified.
Plasmid pBHV-1gE5'3’, containing the BHV-1 gE and its flanking sequences,
was constructed earlier and has been reported elsewhere (15). This plasmid was
digested with Asull to release the 1.8-kb BHV-1 gE ORF coding sequences.
After blunt ending, the larger fragment containing the 5 and 3’ BHV-1 gE ORF
flanking sequences was gel purified. The 2,067-bp NotI (blunt)/HincII fragment
containing the BHV-5 gE ORF sequences (isolated above) then was inserted at
the collapsed Asull (blunt) sites of the pBHV-1gE5’3’. The correct orientation
of the BHV-5 gE ORF was verified by restriction digest analysis. The resulting
plasmid pBHV-1 gES5 (Fig. 1F) contained the entire BHV-5 gE ORF flanked by
5" and 3" BHV-1-specific sequences. In addition, the first 13 predicted aa of the
BHV-1 US9 equivalent gene were deleted.

Generation of recombinant viruses. (i) BHV-5gEA. To generate the BHV-5
gE-deleted recombinant BHV-5gEA, linearized pBHV5gEAR (Fig. 1D) and
full-length wild-type BHV-5 DNA were cotransfected in MDBK cells, using
Lipofectamine (Gibco BRL, Life Technologies, Inc., Grand Island, N.Y.) ac-
cording to the manufacturer’s protocol. Recombinant viruses expressing 3-Gal
were plaque purified three times by screening for blue plaque under a Bluo-Gal
(Gibco BRL, Life Technologies) overlay as described previously (13). The re-
combinant viruses were characterized further by Southern blot analysis using gE
OREF coding, gE flanking, and B-Gal sequence regions as probes and confirmed
by Western blot analysis with anti-BHV-5gE peptide-specific rabbit polyclonal
serum.

(ii) BHV-5gE1 recombinant. To generate the gE-exchanged recombinant
BHV-5 expressing BHV-1 gE (BHV-5gE1), linearized pBHV5gE1 (Fig. 1E) and
full-length BHV-5gEA DNA were cotransfected using the methods described
above. Recombinant viruses with the BHV-1 gE gene incorporated and B-Gal
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gene deleted were identified as white plaques after screening with Bluo-Gal.
These recombinant viruses were plaque purified and analyzed by Western blot
for the expression of BHV-1 gE.

(iii) BHV-1gES recombinant. To generate the gE-exchanged BHV-1 recom-
binant expressing the BHV-5 gE (BHV-1gE9), the linearized pPBHV1gE5 DNA
(Fig. 1F) and full-length BHV-1 gE-deleted recombinant BHV-1 DNA (BHV-
1gEA3.1IBRB) (15) were cotransfected as described above. Recombinant
BHV-1 expressing BHV-5 gE was identified as white plaques after screening with
Bluo-Gal. These recombinant viruses were plaque purified and characterized by
Western blot using anti-BHV-5 gE peptide-specific polyclonal sera.

(iv) BHV-5 gE revertant. To generate the BHV-5 gE revertant, plasmid
pBHV-5 gE 5’3" (Fig. 1B) was linearized and cotransfected with full-length
recombinant BHV-5 gEA DNA as described above. The revertant virus, in which
the gE deletion was rescued, was identified by white plaques after screening with
Bluo-Gal. This recombinant virus was plaque purified and verified by Western
blot analysis with the anti-BHV-5 gE peptide-specific polyclonal serum.

Radiolabeling of mock- and virus-infected cell proteins. Confluent MDBK
cells were infected with wild-type BHV-1 and BHV-5 or with recombinant
BHV-5gEA, BHV-5gE1, and BHV-1gES at a multiplicity of infection (MOT) of
5 PFU per cell. Mock infections with virus-free media were always included in
the analysis. At 4 h postinfection, the cells were deprived of serum, cysteine, and
methionine for 2 h by replacing growth medium with serum-free and cysteine-
methionine-free medium (Sigma, St. Louis, Mo.). At 6 h postinfection, the
medium was replaced with cysteine-methionine-free medium containing 30 w.Ci
of [*S]methionine-cysteine per ml. Infected cells then were incubated at 37°C
for an additional 10 h. At the end of the labeling period, the cells were harvested
by low-speed centrifugation and washed three times with Tris-buffered saline
(0.15 M NaCl, 0.01 M Tris [pH 7.4]) containing proteinase inhibitors (0.1 mM
phenylmethylsulfonyl fluoride and 1 pl of aprotinin per ml). The washed cells
were resuspended (30% [wt/vol] suspension) in extraction buffer (0.15 M NaCl,
0.01 M Tris [pH 8.0], 0.01 M EDTA, 1.0% Nonidet P-40, 0.5% sodium deoxy-
cholate, 1.0 mM phenylmethylsulfonyl fluoride, 2 wl of aprotinin per ml) and
then incubated on ice for 1h. The suspension was centrifuged at 13,000 X g for
15 min. The resulting supernatant (cell extract) was recovered and stored at
—20°C.

Immunoprecipitation. Fifty microliters of a 10% (vol/vol) suspension of pro-
tein A-Sepharose (Sigma) in extraction buffer was mixed with 10 pl of BHV-1 or
BHV-5 gE-specific polyclonal rabbit serum and incubated for overnight at 4°C
with frequent mixing. After the antibody-protein A complexes were washed three
times with extraction buffer, the labeled cell extracts (50 pl) were added to the
complexes, and the mixture was incubated for an additional 2h at 4°C with
frequent mixing. Immune complexes were collected by centrifugation and were
washed four times in extraction buffer-0.1% sodium dodecyl sulfate (SDS) and
once in 50 mM Tris (pH 8.0)-0.1% Nonidet P-40. The washed complexes then
were resuspended in 50 ul of 2X sample buffer, heated to 100°C for 5 min, and
subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and Western blot-
ting (12). Labeled and precipitated proteins were visualized via autoradiography.
In some cases, precipitated proteins were also identified by immunoblotting.

Virus growth curve experiment. One-step virus growth experiments were con-
ducted, as described earlier (13, 15), to compare the growth kinetics of BHV-
5gEA, BHV-5gE1, and BHV-1gES5 to those of the parent viruses. A series of
replicate cultures of MDBK cells were infected separately at an MOI of 5 PFU
per cell. Infected cultures were harvested at successive intervals postinfection,
and virus stocks were prepared for use in virus titration assays.

Animal experiments, tissue processing, and immunohistochemistry. Four-
week-old New Zealand White rabbits weighing 500 to 600 g (Myrtles Rabbitry,
Thomson Station, Tenn.) were used. Rabbits were maintained in laboratory
isolation cages in our vivarium throughout the experiments, with food and water
freely available. All procedures were approved by the Kansas State University
Animal Care and Use Committee.

(i) Virus isolation and histopathology (experiments 1 to 4). To determine the
neurovirulence properties of BHV-5gEA (experiment 1), BHV-5 gE revertant
(experiment 2), BHV-5gE1 (experiment 3), and BHV-1gE5 (experiment 4), the
rabbit seizure model described previously (14) was used. Ten rabbits were in-
fected with gE-deleted virus, five rabbits were inoculated with BHV-1gES or
BHV-5gE1, and four rabbits were infected with BHV-5 gE revertant. In each
case, the viruses were inoculated (2 X 107 PFU/0.5 ml/nostril) in the paranasal
sinuses as described earlier (14). For BHV-5gEA, the experiment was repeated
in an additional 10 rabbits, using 10¥ PFU/1.0 ml/nostril. Following infection, the
rabbits were observed four times a day for the appearance of neurological
symptoms. The rabbits were sacrificed when they showed neurological symptoms
or at 12 to 14 days postinfection (dpi). After euthanasia, swabs from the nose and
olfactory mucosa (turbinate area) were collected, and virus was eluted (in 1 ml)
as described earlier (36). The brain was removed and examined for gross lesions.
As described earlier (14), it then was divided midsagittally; the left half of the
brain and the TG were used for virus isolation, and the right half was processed
for histopathological examination. All cultures without evidence of cytopathic
effects were repassaged to confirm the absence of the virus.

(ii) Immunohistochemical processing (experiments 5 to 8). To compare the
neural spreads of BHV-5gEA (experiment 5), BHV-5gE1 (experiment 6),
BHV-5 gE revertant (experiment 7), and BHV-1gE5 (experiment 8), 12 rabbits
were infected intranasally with each virus as described above. The animals were
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euthanized 2, 4, 6, 8, 10, or 12 dpi or when they showed neurological signs. At
each survival period, two rabbits were perfused transcardially by 10% buffered
neutral formalin, and then the brain and TG were used for immunohistochem-
istry as described earlier (36).
Nucleotide seq e accessi . The nucleotide sequence of the
BHV-5 gE gene has been submitted to GenBank with accession no. AF208294.

h,

RESULTS

Analysis of BHV-5 gE ORF and comparison of predicted
amino acid sequences of BHV-5 and BHV-1 gE. The nucleotide
sequence analysis of the 2.15-kb Xhol/Notl fragment (Fig. 1C)
encoding the gE gene identified only one 1,794-bp ORF (from
nucleotides 155 to 1948) coding for 598 aa, large enough to
encode the BHV-5 gE gene. (Fig. 2). The nucleotide compo-
sition of the BHV-5 gE ORF coding sequences showed that
G+C content was 76% (41% C, 35% G), which is higher than
that for the BHV-1 gE coding segment (70.4%) (48). Hydro-
pathic analysis of the predicted protein revealed the presence
of two prominent hydrophobic peaks similar to those for the
BHV-1 gE, representing the signal sequence and transmem-
brane anchor sequence (data not shown). Amino acid residues
1 to 26 have the position, length, relative hydrophobicity, and
consensus cleavage site characteristic of a signal sequence, as
indicated by empirical rules for predicting signal sequences
(43, 44). Similarly, amino acid residues 445 to 478 have the
position, length, and relative hydrophobicity characteristic of a
transmembrane anchor sequence (marked in Fig. 2).

Alignment of the predicted amino acid sequence of the
BHYV-5 gE gene with the corresponding sequences of BHV-1.1
and BHV-1.2 (37, 48) showed 72% identity and 77% similarity.
The predicted BHV-5 gE ORF contains 598 aa (molecular
mass of the corresponding unprocessed protein would be 63.3
kDa), whereas the BHV-1 gE contained 575 aa (61.1 kDa). In
addition, several domains of BHV-5 gE show divergence from
the predicted gE sequences for BHV-1.1 and BHV-1.2, i.e.,
residues P,g to Ay, Ejoq t0 Thsp, Lagg t0 Ayges Puso t0 Ayay, and
D5 to Asss (Fig. 2). The acidic domain within the BHV-5 gE
cytoplasmic tail domain (S5, to Es3s) is slightly longer than the
corresponding acidic domain of BHV-1.1 and BHV-1.2 (S,5,
to Ds,); however, the net acidic charge of the three cytoplas-
mic domains remained similar. The alignment also showed that
the regions between Vg and V44, R4, and Ay, and R,,5 and
Fs,5 containing the 10 cysteine residues (85, 94, 100, 110, 294,
303, 312, 320, 339, and 351); two potential N-linked glycosyl-
ation sites (residues 150, 367) (32); and the transmembrane
domain (residues 445 to 478) are conserved among the three
sequences (Fig. 2). Within the cytoplasmic tail, four tyrosine
residues (Yugs, Yao4, Ysao, and Ysge) including the two YXXL
motifs (residues 484 to 487 and 494 to 497) also are conserved
among the three sequences (Fig. 2).

Identification of the BHV-5 gE protein. The anti-BHV-5 gE
peptide-specific antibody reacted specifically with a 94-kDa
protein of BHV-5 and did not react to any protein of BHV-1
(Fig. 3A"). The anti-BHV-1 gE peptide-specific antibody re-
acted with the gE of BHV-1 (92 kDa) as well as with the
94-kDa protein of BHV-5 (Fig. 3B’). These results are consis-
tent with the sequence alignment data: BHV-5 gE is predicted
to be 2 kDa larger than BHV-1 gE, the BHV-5 gE peptide has
no homology in the corresponding region of BHV-1, but the
BHV-1 gE peptide has considerable homology in the corre-
sponding region of BHV-5 (Fig. 2). Interestingly, the reactivity
of the anti-BHV-1 gE peptide serum was stronger with the
BHV-5 gE than with the BHV-1 gE. The 94- and 92-kDa bands
were not detected by the matching preimmune serum (data not
shown), and they were absent in the mock-infected MDBK cell
lysates.
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FIG. 3. Immunoblotting analysis of recombinant viruses. Recombinants and
the parental viruses were purified partially by ultracentrifugation through a 30%
sucrose cushion as described earlier (15). SDS-PAGE and immunoblot analysis
of mock-infected cell lysates and purified virion proteins was performed under
reducing conditions as described earlier (12). (A) Coomassie blue-stained SDS-
polyacrylamide gel containing lysates of cells infected with BHV-5, BHV-5gEA,
BHV-5 gE revertant (BHV-5gE-R), BHV-1 gES, BHV-5gE1, and BHV-1 and of
mock-infected MDBK cells. (A") Immunoblotting of the same proteins with
BHV-5 gE-specific antipeptide rabbit polyclonal serum. (B) Coomassie blue-
stained SDS-polyacrylamide gel containing lysates of cells infected with BHV-5,
BHV-5gEA, BHV-5 gE-R, BHV-1 gES, BHV-5gE1, BHV-1, and BHV-1 gEA
(15) and of mock-infected MDBK cells. (B") Immunoblotting of the same pro-
teins with BHV-1 gE-specific antipeptide rabbit polyclonal serum.
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Construction and analysis of BHV-5 and BHV-1 gE recom-
binants. The DNA from BHV-5gEA and wild-type BHV-5 was
analyzed by Southern blot hybridization for the intended de-
letion and insertion of a 3-Gal sequence at the gE locus (data
not shown). The absence of a Styl/Pst] fragment sequence and
the presence of a B-Gal sequence in the gE-deleted recombi-
nant isolate but not in the parental BHV-5 demonstrated that
the intended recombination in these isolates had taken place in
a site-specific manner (data not shown). Consistent with this
finding, the 94-kDa BHV-5 gE protein was absent in the gE-
deleted BHV-5 but was detected in the parent and rescued gE
revertant viruses (Fig. 3A").

The gE-exchanged BHV-5 and BHV-1 recombinants were
verified by immunoblotting with sera raised in rabbit against
BHV-5 gE-specific and BHV-1 gE-specific peptides. The
BHV-5 gE-specific rabbit polyclonal serum reacted specifically
with BHV-5 gE expressed by BHV-5 and gE-exchanged
BHV-1 (BHV-1gE5) but not with the BHV-1 gE (Fig. 3A"). As
expected, based on our earlier observation, the BHV-1 gE
expressed by BHV-5gE1 as well as by BHV-1 showed charac-
teristic weaker immunoblotting reactivity (Fig. 3B’). In addi-
tion, the level of gE1 expression in the BHV-5 background
appeared identical to that of authentic BHV-1 gE expression
(Fig. 3B’). As described above, in the gE-exchanged BHV-5,
BHV-1 gE OREF coding sequences and 18 bp BHV-1 gE up-
stream sequences were inserted in frame after the coding se-
quences of the first 34 aa of BHV-5 gE. As a consequence, the
BHV-5 gE signal peptide (SP) sequence (first 26 aa) plus 8
additional aa (LPVGAGLG) of the BHV-5 gE ORF (Fig. 2)
were fused in frame to the BHV-1 gE and its 18-bp upstream
sequence starting at the Asull site (6 irrelevant aa, RKGHLA,
would be added). Additionally, after cleavage of the BHV-5 gE
SP, the BHV-1 gE SP would still be present (only one signal
sequence is predicted to be utilized). Thus, the BHV-1 gE
expressed by the gE-exchanged BHV-5 would contain an ad-
ditional 40 aa (8 aa BHV-5 gE immediately after the SP cleav-
age site, 6 irrelevant aa translated from the sequence upstream
of the BHV-1 gE start site, and uncleaved 26 aa of BHV-1
signal sequence) (37, 48). As a result, the expected molecular
mass of BHV-1 gE expressed by the recombinant BHV-5gE1
would be 2 to 3 kDa larger than that of the authentic BHV-1
gE. Consistent with this assumption, BHV-1 gE expressed by
BHV-5gE1 was slightly larger (94 to 95 kDa) (Fig. B).

gE-gl complex formation in the gE-exchanged BHV-5 and
BHV-1. To determine whether the exchanged gEs of BHV-
5gE1 and BHV-1gES formed complexes with their heterolo-
gous gl counterparts, immunoprecipitation experiments were
performed. Mock- and virus-infected MDBK cells were la-
beled with [**S]methionine and [**S]cysteine beginning at 6 h
after infection. Initial results indicated that rabbit antiserum
raised against BHV-5 gE peptide (aa 204 to 218) precipitated
specifically gE (94 kDa) from the BHV-5-infected cell lysates
under nondenaturing conditions. In addition, it coprecipitated
61.5- and 47-kDa proteins that are most likely the BHV-5 gl
and proteolytic cleavage product of gI, respectively (56) (Fig.
4A). The antiserum raised against BHV-1 gE peptide (aa 381
to 396) antigen failed to precipitate BHV-1 gE and the gE-gl
complex. Therefore, we used rabbit serum raised against
BHV-1 gE aa 366 to 575 (56). This serum precipitated both
BHV-1 gE and BHV-5 gE (92 and 94 kDa, respectively) and
the BHV-1gE expressed by BHV-5gE1. Consistent with our
immunoblotting results, the BHV-1 gE precipitated from
BHV-5gEl-infected cell lysates (Fig. 4B) also was larger (94 to
95 kDa). In addition, it coprecipitated a 61.5-kDa protein
(from the BHV-1- and BHV-5-infected cell lysates), a 45-kDa
protein (BHV-1), and 47-kDa protein (BHV-5) (Fig. 4B). Im-
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munoblotting of the same gel with rabbit serum raised against
BHV-1 gl aa 86 to 380 (56) confirmed that the 61.5-kDa
BHV-1 and BHV-5 proteins, coprecipitated by the BHV-1
gE-specific antibody, represent their respective gIs (Fig. 4C).
Similarly, the BHV-1 gl-specific rabbit serum precipitated both
the BHV-1 and BHV-5 gl (61.5 kDa) and coprecipitated 92-
kDa (BHV-1) and 94-kDa (BHV-5) proteins representing
their gEs (Fig. 4D). Immunoblotting of the same gel with the
BHV-1 gE-specific rabbit serum confirmed that 92-kDa
(BHV-1) and 94-kDa (BHV-5) proteins coprecipitated are
their respective gEs. Additionally, both the gES (Fig. 4A) and
gEl (Fig. 4B to E) expressed by BHV-1gES and BHV-5¢gE1,
respectively, formed complexes with their heterologous gl
counterparts.

In vitro growth characterization of recombinant viruses in
MDBK cells. One-step growth experiments were conducted to
analyze the growth kinetics of BHV-5 gEA, BHV-5 gE1, and
BHV-1gE5 recombinants in MDBK cells in comparison to
their respective parental strains BHV-5 TX-89 and BHV-1
Cooper. The virus growth curve (Fig. 5) demonstrates that the
time course and yield of infectious progeny of BHV-5 gEA,
BHV-5 gE1, and BHV-1gES5 were similar to those of their
parental viruses.

To compare the plaque size phenotypes of recombinants
BHV-5 gEA, BHV-5 gE1, and BHV-1gES5 and those of their
parental wild-type viruses, MDBK cell monolayers were in-
fected with wild-type and mutant viruses and overlaid with
medium containing 1.6% carboxymethylcellulose. The infected
cells were fixed at 36 h postinfection and stained immunohis-
tochemically with bovine anti-BHV-5 serum. The recombinant
gE-deleted BHV-5 (Fig. 6D) and BHV-1 (data not shown)
produced small plaques; however, replacement of the gE gene
either in BHV-5 gE revertant (homologous) (Fig. 6F) or in
gE-exchanged (heterologous) BHV-5 (Fig. 6E) and BHV-1
(Fig. 6C) restored the wild-type plaque phenotype (Fig. 6A
and B).

Pathogenicity of recombinant viruses in rabbits. (i) BHV-
5gEA shows significantly reduced neurovirulence and neural
spread. In the first experiment, 9 of 10 rabbits infected with the
BHV-5 gEA recombinant showed no detectable neurological
signs through 14 dpi. At 10 dpi, one rabbit showed only mild
neurological signs characterized by head twitching and slight
trembling, which did not progress to seizures. All rabbits were
euthanized at 14 dpi. Virus was isolated from the anterior and
posterior cortices of the rabbit showing mild neurological signs
(<100 PFU/g). The amount of virus isolated was significantly
lower than that isolated from rabbits infected with the BHV-5
gE revertant (5000 to 10,000 PFU/g) (Table 1). Virus was not
isolated from the brains of any other rabbit infected with BHV-
5gEA. Histopathological changes in the brains of rabbits in-
fected with BHV-5gEA were minimal (Table 1). This experi-
ment was repeated once with a higher dose of BHV-5gEA and
gave very similar results. As shown in Table 1, the gE-deleted
virus grew less efficiently in the nasal mucosa compared to the
rescued BHV-5. However, growth of both viruses was compa-
rable in the olfactory mucosa.

Spread of BHV-5gEA in the CNS following intranasal infec-
tion was detected by immunostaining and compared with that
of the wild-type BHV-5. The results are shown in Fig. 7 and 8
and summarized in the Table 2. Virus-specific antigen was
detected first in the olfactory bulb at 8 dpi (Fig. 7A). At 10 dpi,
a small number of neurons (25 to 50/field) in the anterior
olfactory nucleus and piriform cortex also were stained for
viral antigen (Fig. 7B and C). The numbers of neurons infected
by the BHV-5gEA in all of these areas were significantly lower
than the numbers in rabbits infected with the wild type. In
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FIG. 4. Immunoprecipitation, SDS-PAGE, and Western blot analyses of gE
and gl complex formation in BHV-5 and BHV-1 gE recombinants. Mock- and
virus-infected MDBK cells were labeled with [3*S]methionine-cysteine for 18 h.
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rabbits infected with the BHV-5gEA, we have never observed
infected neurons in the amygdala, hippocampus/dentate gyrus,
frontal/cingulate cortex, DR, LC, and lateral dorsal tegmen-
tum. In contrast, in the rabbits infected with wild-type BHV-5,
immunostained neurons in the olfactory bulb was observed
first at 4 to 6 dpi, and a large number of immunostained
neurons were found in the anterior olfactory nucleus and piri-
form cortex at 8 and 9 dpi (Fig. 7). In addition, neurons in the
frontal/cingulate cortices, hippocampus/dentate gyrus (Fig. 8),
DR, and LC (data not shown) (36) were also infected. Taken
together, the results of histopathology, virus isolation, and
immunohistochemistry suggest that BHV-5gEA can enter the
brain through the olfactory pathway; it then replicates and
spreads relatively inefficiently compared to the wild-type
BHV-5.

(ii) BHV-5gE1 does not show significant increases in neu-
rovirulence and neural spread compared to its parent-deleted
BHV-5 gEA. One out of five rabbits infected with the BHV-
5gE1 recombinant showed mild neurological signs at 9 dpi and
was euthanized at 10 dpi. The remaining four rabbits did not
show any detectable neurological signs through 12 dpi, when
they were euthanized. The BHV-5gE1 recombinant was iso-
lated, only after repassage, from the anterior cortex of the
rabbit showing mild signs but not from the brains of any other
rabbits, and the histopathological changes in the brains were
mild (Table 1). Thus, the results of virus isolation and histo-
pathology were very similar to those for BHV-5gEA. In the
nasal and olfactory mucosa, the gE-exchanged BHV-5 also
replicated with equal efficiency compared to the BHV-5 gE
revertant (Table 1).

Results of spread of BHV-5gEL1 in the CNS following intra-
nasal infection in comparison to the gE-deleted and wild-type
BHV-5 are shown in Fig. 7 and 8 and summarized in Table 2.
At 6 dpi, immunostained neurons were detected only in the
olfactory bulb. At 8 and 10 dpi, a small number of immuno-
stained neurons were detected in the anterior olfactory nucleus
(25 to 100/field) and piriform cortex (50 to 200/field). Only one
animal had a few infected neurons in the cingulate cortex and
amygdala (Fig. 8). This animal also showed more infected
neurons in the piriform cortex (150 to 200/field) (Fig. 7C) in
comparison to the other rabbits infected with BHV-5gE1 (data
not shown) and BHV-5gEA. However, the number of infected
neurons was significantly less than that resulting from infection
with the wild-type BHV-5 (Fig. 7 and 8) or BHV-5 gE rever-
tant (not shown). Taken together, the results of virus isolation
and immunohistochemistry showed that the neural spread of
BHV-5gE1 was slightly greater than that of BHV-5gEA. When
the authentic BHV-5 gE was restored (BHV-5 gE revertant),
the neurovirulence (Table 1) and the neural spread (data not
shown) properties of the BHV-5 gE revertant also were re-
stored to the wild-type levels. These results indicate that the
BHV-1 gE could not restore neurovirulence and neural spread
in BHV-5gEA to levels comparable to those of the wild-type or
BHYV-5 gE revertant.

(iii) BHV-1gE5 does not invade the CNS. The BHV-1gES
recombinant grew better than all the other recombinant and
BHV-5 revertant viruses (Table 1) in both the nasal and olfac-

Detergent extracts of infected cells were prepared and immunoprecipitated with
BHV-5 gE-specific (A), BHV-1 gE-specific (B), or BHV-1 gl-specific (D) poly-
clonal rabbit serum. After SDS-PAGE, the precipitated proteins were analyzed
by immunoblotting with BHV-1 gl-specific (C) or BHV-1 gE-specific (E) rabbit
sera. Panels A, B, and D show autoradiography of labeled proteins. The positions
of molecular size markers, gE, and gl are indicated. White asterisks in panels C
and E indicate heavy chain of rabbit immunoglobulin G.
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FIG. 5. One-step growth curve of recombinants and parental viruses in MDBK cells. Confluent MDBK cells were infected with viruses at an MOI of 5 PFU per
cell. After 1 h of adsorption at 4°C, residual input viruses were removed. The cultures were washed three times with phosphate-buffered saline, and 5 ml of medium
was added to each flask before further incubation (37°C). At indicated time intervals, replicate cultures were frozen. Virus yields were determined by titration on MDBK
cells. Each data point represents the average of duplicate samples obtained from separate infections.

tory epithelium, giving a yield very similar to that of the wild-
type BHV-1 (data not shown) (36). However, no virus was
isolated from the brains of rabbits infected with BHV-1gES,
and no infected neurons were detected by immunohistochem-
istry in the olfactory bulb and other olfactory pathway struc-
tures (data not shown). As with BHV-1 (36), only a few (5 to
10/field) immunostained neurons were present in the TG be-
tween 2 and 6 dpi (data not shown).

DISCUSSION

We initiated these experiments to test the role of BHV-5 gE
in the differential neuropathogenesis of BHV-5 and BHV-1.
The BHV-5 gE sequence was determined, and the predicted
amino acids sequences of BHV-5 gE were compared with
those of BHV-1 gE. Second, we constructed BHV-5gEA,
BHV-5gE1, and BHV-1gE5 recombinants. Third, we investi-
gated in vitro growth properties and the ability of BHV-5 and
BHV-1 gEs to form complexes with their heterologous gl
counterparts. Fourth, we investigated the neurovirulence and
neuroinvasive properties of these recombinants and BHV-5 gE
revertant viruses in the rabbit seizure model. The studies dem-
onstrated that in vitro, gE1 and gES5 could complement each
other with respect to gE-gl interaction and cell-to-cell spread.
However, with respect to BHV-5 neuropathogenesis in the
olfactory pathway, gES is important for efficient spread, repli-
cation, and virulence of BHV-5 and could not be replaced by
the gEL.

To spread via the olfactory pathway to the deeper tissue of
the CNS, the virus must infect the cell bodies of the first-order
olfactory receptor neurons located within the olfactory epithe-
lium and spread transynaptically to higher-order neurons (36).
It is unknown whether virus replication takes place within the
olfactory receptor neurons before the virus is transported to
the second-order neurons in the olfactory bulb. Subsequent
invasion to the third-, fourth-, and/or fifth-order neurons prob-
ably involves replication in the cell bodies and subsequent

spread via the axon and synapses (36). Our data show that
BHV-5gEA gains entry into the olfactory bulb (second-order
neurons) but spreads and replicates poorly there as well as in
the subsequent deeper brain tissues. In the nasal mucosa, the
gE-deleted virus grew less efficiently than the BHV-5 gE re-
vertant. In contrast, in the olfactory mucosa, BHV-5gEA and
BHV-5 gE revertant grew equally well, yet the BHV-5gEA
replicated and spread poorly within the CNS. Thus, in the case
of rabbits infected with BHV-5gEA, the reduced neural inva-
sion/spread and neurovirulence probably were due to the in-
ability of the virus to be transported efficiently or to replicate
efficiently within the CNS and not to the inability of the virus
to infect the olfactory receptor neurons. The virus may need
gE for efficient transport across the synapses and/or for its
efficient replication in the neurons. The cumulative effect in
either (or both) situations may account for the reduction of
infected neurons at the second, third, or subsequent neuronal
levels and may account for the labeling patterns restricted to
the neuronal cell bodies. Similarly, HSV mutants unable to
express gE or gl were markedly restricted in the ability to
spread within the retina, produced 10-fold less virus in the
retina, and spread inefficiently in the brain (20). In addition,
experiments in neuronal cell culture showed that the gE-gl
hetero-oligomer is required for efficient neuron-to-neuron
transmission through synaptically linked neuronal pathways
(20).

To determine if gE1 could replace gES with respect to neu-
rovirulence and neuroinvasiveness of BHV-5, we also deter-
mined the pathogenic properties of BHV-5gE1. Our data in-
dicated that BHV-5gE1 spread within the olfactory pathway
better than the BHV-5gEA but notably less than the BHV-5 gE
revertant or wild-type BHV-5. This result is in contrast to
previous reports that BHV-1 gE and gl compensated for the
virulence defect of PRV lacking its own gE and gl genes in a
rodent model (30, 31). The gEl in the BHV-5 backbone is
synthesized with two signal sequences, and it appears that the
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FIG. 6. Plaque morphology of recombinant viruses in MDBK cell monolayer. BHV-1 (A), BHV-5 (B), BHV-1gES (C), BHV-5gEA (D), BHV-5gE1 (E), and
BHV-5¢E revertant (F) were inoculated onto MDBK cell monolayers, fixed after 30 h postinfection, and immunostained with bovine anti-BHV-5 serum (12).

*

gE1 signal peptide sequence was retained in the mature form to neuropathogenesis. Additionally, in our study, we did not
of the protein. Thus, we cannot exclude the possibility that the exchange both the gE and gl genes of BHV-5 with the gE and
unusual amino terminus of gE1 in the BHV-5 background gl genes of BHV-1. Thus, BHV-1 gE may not be fully func-
diminished gE1’s ability to fully complement gES with respect tional without its authentic BHV-1 gl counterpart. Our argu-

TABLE 1. Summary of clinical signs, histopathological findings, and virus isolation

Virus isolation

Virus Arrnli(r)nal Neuslioll(;igical Histopathology® PFU (range) Score? (no. of rabbits)
’ ¢ N Olfactory Olfactory Anterior Posterior
ose
mucosa bulb cortex cortex
BHV-5 gE Severe (3) 000 1,500 220
revertant 4 Mild (1) o0 (1,000-2,000) (150-300) ++ (3) ++ (4) +++ (4)
300 150
BHV-5gEA“ 20 Very mild (2) [ J (250-400) (100-250) - +(2) +(2)
1,400 350
BHV-5gE1 5 Mild (1) [ J (1,000-1,800) (250-450) - +° (1 -
2,000 1000
BHV-1gES5 5 None O (1,500-3,000) (800-2,000) - - -

“ Data collected from two independent experiments.

b Virus was recovered after repassage of the infected cells.

¢ Numbers in parentheses indicate number of animals showing clinical signs or brain segments positive for the virus isolation.

@ —, no virus detected; +, 10 to 100 PFU/g of tissue; ++, 100 to 2,000 PFU/g; +++, 2,000 to 20,000 PFU/g.

¢ O, no detectable histopathology; @@®, severe lymphocytic leptomeningitis in the piriform and entorhinal cortices, diffuse lymphocytic infiltration in the piriform
and entorhinal cortices, diffuse microgliosis throughout the cortex, perivascular cuffing in the superficial cortex, and neuronal degeneration in the cortical pyramidal
layers (laminae 2 and 3); @@, diffuse to moderate meningoencephalitis containing all of the above; @, slight meningitis and localized encephalitis characterized by focal
nodular gliosis and minimal neuronal changes.
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FIG. 7. Localization of viral antigen in brain sections. Animals were inoculated intranasally with either wild-type BHV-5, BHV-5gEA, or BHV-5gE1 as described
in Materials and Methods. The animals were euthanized on days 2, 4, 6, 8, 10, and 12 days postinfection or when they showed neurological signs, and their brains were
processed for immunohistochemical analysis as described in Materials and Methods. Representative sections of the olfactory bulb (A), anterior olfactory nucleus (B),
and piriform cortex (C) are pictured. In this assay, wild-type BHV-5 spread to the olfactory bulb at 4 to 6 dpi; however, labeling in the bulb was first observed at 8 and
6 dpi for the gE-deleted and gE-exchanged BHV-5, respectively. Wild-type BHV-5 spread to the anterior olfactory nucleus and piriform cortex at 8 dpi. gE-deleted
and gE-exchanged BHV-5 took 10 to 12 dpi to spread to these areas. Bar in panel A, 100 wm; bar in panels B and C, 1,000 pm.

ment against this possibility is that BHV-5gE1 formed large
plaques in vitro, which were similar to those of the wild-type
BHV-5. In addition, we showed that gE1, in the BHV-5 back-
bone, formed a complex with the BHV-5 gl. Thus, we have
documented that BHV-1 gE can compensate for BHV-5 gE, in
vitro, with respect to the cell-to-cell spread function and gE-gl
complex formation. However, our in vivo data indicate that
BHV-1 gE does not fully replace BHV-5 gE.

We believe that BHV-5 gE is important for efficient neural
spread and neurovirulence within the CNS. However, it is not
required for initial viral entry into the olfactory pathway. This
is expected since gE is not implicated in virus entry but other
glycoproteins such as gB and gD may be involved (47, 51). We
also believe that the explanation, in part, for the inability of
gEl1 to fully complement BHV-5 neuropathogenesis lies in the
sequence differences between the two gEs. The ectodomain of
BHV-5 gE contains a glycine-rich region (residues 204 to 218;
[H]-GGEGE-GGKGGRGAAK-[OH]) showing divergence to

the corresponding gE1 regions of BHV-1.1 and BHV-1.2. Be-
cause the antibody against the synthesized peptide precipitated
only BHV-5 gE, it most likely constitutes a type-specific
epitope. In the cytoplasmic tail, the acidic domain of gES
(residues S5y to Es3s) is longer than the corresponding acidic
domains of BHV-1.1 and BHV-1.2 gEs. It remains to be seen
whether these and other regions showing sequence differences
are functionally important with respect to gES’s role in differ-
ential neuropathogenesis of BHV-5. Several reports indicated
that specific deletions and alterations of PRV gE sequences
may affect the gE-mediated cell-to-cell spread, neurovirulence,
and neuroinvasive properties of the virus (26, 52; P. J. Husak,
M. G. Eldridge, and L. W. Enquist, Abstr. 24th Int. Herpesvi-
rus Workshop, abstr. 6.020, 1999). The deletion of two amino
acids (Val-125 and Cys-126) at the gE ectodomain resulted in
a reduction of neurovirulence in PRV (26). Earlier, Tirabassi
et al. (52) reported that the cytoplasmic tail of PRV gE is a
virulence determinant, and the ectodomain part is involved in
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FIG. 8. Localization of viral antigen in representative sections showing the amygdala, hippocampus/dentate gyrus, and cingulate cortex. In this assay, wild-type
BHV-5 spread to amygdala (A), hippocampus/dentate gyrus (B), and cingulate cortex (C). However, BHV-5gEA spread only up to piriform cortex (12 dpi) and was
never found in these areas. In BHV-5gE1-infected animals, a few neurons in the amygdala and several neurons in the cingulate cortex were labeled at 12 dpi, but no

labeling was found in the hippocampus/dentate gyrus.

the neuroinvasiveness and cell-to-cell spread. Recent report
(Husak et al., Abstr. 24th Int. Herpesvirus Workshop) indi-
cated that the ectodomain and cytoplasmic tail domains of
PRV gE are involved in the neurovirulence and cell-to-cell
spread, respectively. Thus, the specific roles mediated by the
ectodomain and cytoplasmic tail domain of the gE are still
unfolding.

The cytoplasmic tail of BHV-5 gE contains two tetrapeptide
YXXL tyrosine motifs. Both the YXXL motifs are conserved

in all three gE sequences (BHV-5 as well as BHV-1.1 and
BHV-1.2). The cytoplasmic tails of several other herpesviruses,
including PRV and varicella-zoster virus, contain similar
YXXL motifs and acidic domains (45, 46, 52). The YXXL
motif have been implicated in tyrosine phosphorylation, medi-
ation of antibody-induced capping and shedding of viral gly-
coprotein, incorporation of gE in the virion envelope, endocy-
tosis, and cycling of gE between the trans-Golgi network and
cell surface (16, 24, 45, 52, 53). Recent reports, also indicate

TABLE 2. Summary of viral spread in the brain and TG after intranasal inoculation

Presence and location of viral antigen”

Virus
OB AON/LOT Pir Hippo Amyg CG LC DR LDT TG
BHV-5 ++ ++++ ++++ ++++ +++ +++ + ++ + +8
BHV-5gEA +b + ++5 - - - - - - +b
BHV-5gE1 + ++° ++2(1) - +° +° - - - +°
BHV-1gE5 - - - - - - - - - +b

¢ Indicated as no labeling (—) or 1 to 25 (+), 30 to 150 (++), 160 to 500 (+++), or >500 (+ + + +) labeled neurons per field at a magnification of X5. Abbreviations:
OB, olfactory bulb; AON/LOT, anterior olfactory nucleus/lateral olfactory tract; Pir, piriform cortex; Hippo, hippocampus; Amyg, amygdala; CG, cingulate cortex; LC,
locus coeruleus; DR, dorsal raphe; LDT, lateral dorsal tegmentum; TG, trigeminal ganglion.

® Lower end of the range; in the case of BHV-5 gE1, one animal had more labeled neurons compared with others and is indicated by (1).
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that herpesvirus gE homologues are multifunctional and are
additionally involved in the efficient maturation and release of
virus from cells (7, 39). We believe that these global functions
of gE are conserved among the alphaherpesviruses, which
would account partially for the restricted transport and repli-
cation of the gE-deleted BHV-5 in the brain of rabbits. We
assume that the slight increases in the neural spread and in the
number of infected neurons in rabbits infected with BHV-5
gEl compared with BHV-5gEA reflect the conserved global
functions of the two gEs. This assumption is supported by the
fact that in BHV-1 the second YXXL motif is important for
cell-to-cell spread function (K. Bienkowska-Szewczyk, M. Ry-
chlowski, and F. Rijsewijk, Abstr. 24th Int. Herpesvirus Work-
shop, abstr. 6.036, 1999). Because both YXXL motifs are con-
served in BHV-1 and BHV-5, they probably are not important
in determining the differential neuropathogenesis of BHV-5.

Considering the role of the cytoplasmic domain as a deter-
minant of PRV neurovirulence (52), the differences observed
between the BHV-1 and BHV-5 acidic domains could be im-
portant with respect to BHV-5 neurovirulence. In addition,
other differences observed at the gES ectodomain also may be
important themselves or may indirectly contribute to the uti-
lization of tyrosine motifs through conformational effects. Fu-
ture work with BHV-5 and BHV-1 recombinants containing
gEs with hybrid cytoplasmic tail domains or recombinants con-
taining site-specific mutations within the ectodomain and cy-
toplasmic tail domain would be needed to address the func-
tional significance of the specific sequence differences.

In rabbits, BHV-1gES5 failed to invade the olfactory pathway.
In PRV, the loss of US9 resulted in reduced virulence and
spread in the rat eye model (A. D. Brideau and L. W. Enquist,
Abstr. 24th system. Int. Herpesvirus Workshop, abstr. 10.005,
1999). Since in BHV-1gES5 the US9 gene was deleted, the
failure of the virus to invade the CNS could be a consequence
of the USY deletion. We are currently pursuing additional
experiments to address the role of US9 in BHV-1 and BHV-5
differential neuropathogenesis.
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