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SUMMARY

We have isolated two novel gammaherpesviruses, one from a field vole (Microtus agrestis)
and the other from wood mice (Apodemus sylvaticus). The genome of the latter, wood
mouse herpesvirus (WMHYV), was completely sequenced. WMHV had the same genome
structure and predicted gene content as murid herpesvirus 4 (MuHV4; murine
gammaherpesvirus 68). Overall nucleotide sequence identity between WMHYV and MuHV4
was 85 % and most of the 10 kbp region at the left end of the unique region is particularly
highly conserved, especially the viral tRNA-like sequences and the coding regions of genes
M1 and M4. The partial sequence (71913 bp) of another gammaherpesvirus, Brest
herpesvirus (BRHV), which was isolated ostensibly isolated from a white-toothed shrew
(Crocidura russula), was also determined. The BRHV sequence was 99.2 % identical to the
corresponding portion of the WMHV genome. Thus, WMHV and BRHV appear to be strains
of a new virus species. Biological characterization of WMHV indicated that it grows with
similar kinetics to MuHV4 in cell culture. The pathogenesis of WMHV in wood mice was also
extremely similar to that of MuHV4, except for the absence of inducible bronchus-associated
lymphoid tissue at day 14 post infection and a higher load of latently infected cells at 21 days

post infection.
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INTRODUCTION

The most extensively characterized members of the family Herpesviridae that have hosts in
the family Muridae are mouse cytomegalovirus (MCMV) and rat cytomegalovirus (RCMV),
which are classified in the genus Muromegalovirus of the subfamily Betaherpesvirinae, and
murid herpesvirus 4 (MuHV4; also known as murine gammaherpesvirus 68, often
abbreviated to MHV-68 or yHV-68; species Murid herpesvirus 4), classified in the genus
Rhadinovirus of the subfamily Gammaherpesvirinae (Davison et al., 2009; Efstathiou et al.,
1990). Species in the genus Rhadinovirus also represent five herpesviruses of primates and
one of ungulates. However, these viruses are not closely related to MuHV4, and the best
estimate is that the lineages within the genus diverged approximately 60 million years ago
(McGeoch et al., 2005). At least three other murid herpesviruses have been reported,

though these are unclassified at present (Davison et al., 2009).

MuHV4 was originally isolated from bank voles (Myodes glareolus) and yellow-necked field
mice (Apodemus flavicollis) in Slovakia (Blaskovic et al., 1980); reviewed in (Nash et al.,
2001). An epidemiological survey of MuHV4 infection in free-living rodents in the UK
(Blasdell et al., 2003) showed that MuHV4 is endemic in wood mice (but not bank voles),
indicating that the wood mouse is a major natural host for this virus. Recent definitive
molecular data has also shown that MuHV4 is present in free-living yellow-necked field and

wood mice (Ehlers et al., 2007).

In consideration of these observations, a wood mouse infection model was developed as an
alternative to a model utilizing the laboratory (house) mouse (Mus musculus), which has
been used to date for MuHV4 studies (Hughes et al., submitted). In comparison with the
BALB/c laboratory mouse, the features of MuHV4 infection in the wood mouse are: (i) after
intranasal inoculation, viral titres achieved in the lung are approximately 1000-fold lower; (ii)
replication is restricted to scattered alveolar epithelial cells and macrophages within focal

granulomatous infiltrations, rather than being evident as a diffuse, T-cell dominated
3
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interstitial pneumonitis; (iii) latently infected lymphocytes are abundant in inducible
bronchus-associated lymphoid tissue (iBALT); (iv) the spleens of wood mice show reduced
splenomegaly and leukocytosis; (v) well-delineated secondary follicles with classical
germinal centres are formed; and (vi) titres of neutralizing antibody to MuHV4 are

significantly higher.

The present study focuses on the isolation and genetic and biological characterization of a
novel, MuHV4-like virus. Two independent strains were examined, one isolated in the
present study from wood mice in Cheshire, UK and the other from a white-toothed shrew

(Crocidura russula) in Brest, France (Chastel et al., 1994).
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RESULTS

Genomic characterization of WMHV and BRHV

Three distinct viruses were obtained from free-living murids captured in Cheshire, UK. The
isolation and TEM results are summarized in Table 1.

The TEM-positive samples gave rise to PCR products from the DPOL gene, and the TEM-
negative samples did not (data not shown). The sequences of the 213-bp amplicons
originating from WM1, WM2, WM7 and WM8 DPOL were identical to each other, regardless
of the tissue from which the viruses were isolated. These sequences (minus the primers;
160 bp) exhibited 89 % nucleic acid identity and 94 % predicted amino acid sequence
identity to the corresponding region of MuHV4 DPOL. The FV1 DPOL amplicon was also
213 bp in size, and the 160-bp sequence (minus primers) was more closely related to
MuHV4 than any other herpesvirus, at 61 % nucleic acid and 54 % amino acid sequence
identity. The HM4 virus DNA yielded a DPOL PCR product of 231 bp (178 bp minus primers)
that was closely related to MCMV (strain Smith) DPOL, at 99 % nucleic acid and 100 %
amino acid sequence identity. These results confirm the identification of two novel
gammaherpesviruses. The WM isolates were designated WMHV, and the FV1 isolate was

designated field vole herpesvirus (FVHV).

An initial analysis of the coding regions of genes M1, M2 and M3, which had been identified
hitherto only in MuHV4, showed that cognate PCR products were detected in all WMHV
isolates using MuHV4-specific primers, thus confirming the close relatedness of these
isolates to MuHV4 (Fig. 1). In contrast, none of these genes were amplified from FVHYV,
consistent with its more distant relationship to MuHV4. The DNA sequences obtained from
these PCR products for WMHV M7 and M3 were 97 % and 94 % identical to MuHV4 M1 and
M3, respectively, while WMHV and MuHV4 M2 sequences were more divergent, sharing

only 83 % identity.

The complete nucleotide sequence of the WMHV genome was then determined. The
5
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genome structure deduced from the WMHV genome sequence is the same as that of
MuHV4, consisting of a unique region (U) flanked at both ends by multiple direct repeats of a
terminal repeat (TR). In WMHV and MuHV4, the size of U is 118864 and 118211 bp,
respectively, and that of TR is 1244 and 1240 bp. Overall nucleotide sequence identity is 85
%. The predicted gene content of WMHYV is the same as that for MuHV4, as represented by
the most up-to-date annotation (NC_001826). A 71913-bp segment of the BRHV genome
was sequenced. This represented TR (1265 bp; plus a partial copy) linked to the left portion
of U (70439 bp) terminating within ORF53. The BRHV sequence is 86 % and 99.2 %
identical to the corresponding portion of the MuHV4 and WMHV genomes, respectively. The

information used to annotate the genome sequences is shown in Supplementary Table S1.

Fig. 2 shows a representation of DNA sequence identity along the entire WMHV and MuHV4
genomes, and Fig. 3 provides detail on amino acid sequence identity between WMHYV,
BRHV and MuHV4 protein-coding regions. The most highly conserved regions between
WMHYV and MuHV4 include two sets of internal tandem repeats and the region from the left
end of U to the end of the M4 coding region, which includes the eight viral tRNA-like genes
(VtRNAs) (Bowden et al., 1997). Although the vtRNAs are well conserved, there are
functionally relevant differences in the sequences of micro-RNAs (miRNAs) 1, 2, 5, 6 and 9
that are derived from viRNA primary transcripts (Pfeffer et al., 2004)(Fig. 4). The most highly
conserved coding regions at the amino acid sequence level are M4 (98.3 %), ORF43 (97.2
%), M1 (96.9 %) and ORF60 (96.7 %), and the least conserved are ORF73 (67.0 %), ORF51
(68.0%) and M2 (72.8 %). In the comparable sequences, the most highly conserved coding
regions at the amino acid sequence level between WMHV and BRHV are ORF8, ORF28,
ORF29, ORF34, ORF43, ORF44 and ORF46 (each 100 %), and the least conserved are
ORF45 (95.2 %), ORF51 (95.8 %) and M2 (97.4 %). Fig. 5 shows the amino acid sequence

alignments for M1, M3 and M4 (which are related), and also M2, ORF51 and ORF73.
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Biological characterization of WMHV
The relative rates of growth of MuHV4 and WMHYV in NIH3T3 cells were compared by
determining a one-step growth curve as described previously (Macrae et al., 2001), and

were not significantly different (data not shown).

Fig. 6 shows the features of infection of wood mice by WMHYV in comparison with MuHV4.
Infectious virus was detected in the lungs of wood mice infected with WMHV or MuHV4 at 7
d PI, but not at 14 d PI, and a significantly greater amount of infectious virus was recovered
from MuHV4-infected wood mice at 7 d PI (Fig. 6a). The numbers of leukocytes per spleen
isolated from infected wood mice were similar for WMHV and MuHV4 at all time points PI
(Fig. 6b). There was an increase in the number of leukocytes at 14 d Pl with both viruses,
but this was marginal and transient, and infection with neither virus induced significant
splenomegaly. In WMHV- and MuHV4-infected wood mice, the number of latently infected
cells per spleen increased dramatically from 7 d PI, peaking at 14 d PI (Fig. 6¢); the mean
number of latently infected cells then declined approximately six-fold by 21 d Pl in WMHV-
infected animals and twenty-five-fold in the MuHV4-infected mice, and was largely
unchanced at 28 d PI in both infections. The difference observed at 21 d Pl was statistically

significant (P<0.05).

Histological examination identified broadly similar changes in both WMHV- and MuHV4-
infected wood mice and similar to those reported in detail previously (D.J. Hughes et al.
Submitted). On day 7 PI, mild to moderate perivascular or peribronchial, B cell dominated
lymphocyte infiltration with evidence of B cell emigration from blood vessels was seen
together with multifocal, predominantly perivascular macrophage and lymphocyte (i.e.,
granulomatous) infiltrates. There was a mild to moderate increase in the number of
disseminated T and B cells in the interstitium. Viral antigen was scarce and seen in
occasional alveolar epithelial cells (type | and Il pneumocytes) and in macrophages within

the granulomatous infiltrates. The mediastinal lymph nodes and spleens of these animals
7
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contained primary and secondary follicles and unaltered T cell zones. Rare virus antigen-
positive macrophages were seen in the lymph nodes. At 14 d PI, wood mice infected with
MuHV4 displayed intense perivascular and peribronchial, B cell rich lymphocyte infiltration
with evidence of lymphatic follicle formation (Fig. 7a, b). This has been described previously
as being iBALT (D.J. Hughes, submitted). In contrast, in WMHV-infected animals moderate
multifocal perivascular and peribronchial B cell infiltration and emigration was seen, but
without distinct evidence of follicle formation (Fig. 7c, d). Granulomatous infiltrates were sitill
observed in both groups; these contained macrophages exhibiting viral antigen. Large, well
delineated secondary follicles were observed in the spleens, and virus antigen-positive
macrophages were detected in the red pulp. At 20 d PI, both granulomatous infiltrates and
perivascular and peribronchial lymphocyte infiltrations were still observed in the lungs.
However, the follicle formation that was previously seen in MuHV4-infected wood mice had
subsided. Spleens exhibited smaller secondary follicles than at day 14 PIl. Virus antigen-
laden macrophages were seen in the spleen. In the lung, however, viral antigen expression
was restricted to one individual macrophage in a granulomatous infiltrate in a MuHV4-
infected animal. By day 28 PI, the granulomatous infiltrates were few in number and small,
but a mild to moderate perivascular and peribronchial lymphocyte infiltration remained. This
persisted until day 46 d PI, to a mild degree. Thus, the changes observed were extremely
similar except for the less intense B cell infiltration and absence of iBALT in the lungs of

WMHV-infected mice at day 14 PI.
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DISCUSSION

This study demonstrated the abundance of herpesviruses in natural populations of wood
mice in Cheshire. Two novel gammaherpesviruses (FVHV and WMHV) were isolated.
Previous analyses have concluded that herpesvirus genomes of less than 95 % nucleotide
sequence identity may represent different species (Ehlers et al., 2007). Thus, the degree of
divergence between WMHV and MuHV4, both overall (85 %) and within specific loci (e.g.,
M2 and ORF73) (Figs. 2, 3), is probably sufficient to warrant classification of WMHV as a
new species. Under the current taxonomic scheme, in which murid herpesvirus species are
named after the host family, this would be Murid herpesvirus 7. Although an epidemiological
study of free-living rodents in the UK was unable to distinguish between the two viruses
(Blasdell et al., 2003), a PCR-based study of mice trapped in Germany (Ehlers et al., 2007)
indicated that MuHV4 is present predominantly in yellow-necked field mice (Apodemus
flavicollis), whereas WMHYV is present in wood mice (A. sylvaticus). However, MuHV4 was
detected in some wood mice. Thus, it is possible that the two viruses normally infect different
Apodemus species, but that there is some crossover. The biological characteristics of the
two viruses in the wood mouse model exhibit significant similarities. However, the viruses do
differ in their ability to grow in the lungs, in the development of iBALT, and also perhaps in
the efficiency of reactivation from splenic leukocytes. Interestingly, WMHV was isolated from
trigeminal ganglia as well as spleens, suggesting that this virus may be neurotropic during a

natural infection. This hypothesis warrants further investigation.

The analysis of the sequence of a large portion of the genome of the BRHV genome showed
that the relationship of this virus to WMHYV is sufficiently close (99 % identity) to warrant the
consideration of WMHV and BRHV as strains of the same virus. Given that herpesviruses
are thought generally to have evolved with their hosts (McGeoch et al., 2006), this
relationship was unanticipated, since the wood mouse and white-toothed shrew are
classified in different mammalian orders, Rodentia (family Muridae) and Insectivora (family

Soricidae), respectively. Thus, the claimed insectivore source of BRHV must be viewed as
9
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questionable. It is possible that the virus actually originated from a rodent, either by cross-
infection in the wild or by laboratory contamination, since BRHV was isolated by passage in

suckling mouse brains (Chastel et al., 1994).

Other viruses related to MuHV4 have been characterized, but none thus far has been shown
to be sufficiently divergent from MuHV4 to form a new species. Viruses isolated from bank
voles or yellow-necked field mice at the same time as MuHV4 (MHV-76, MHV-72, MHV-60
and MHV-78) are considered to be strains of MuHV4. MHV-76, although originally
characterized as a novel alphaherpesvirus due to its cytopathic effect in vitro (Ciampor et al.,
1981; Svobodova et al., 1982) and then as a betaherpesvirus (Hamelin & Lussier, 1992),
was conclusively demonstrated to be a gammaherpesvirus (Macrae et al., 2001). MHV-76
proved to be equivalent to MuHV4 with a 9538-bp deletion at the left end of U, which
probably arose during passage of the virus in vivo or in vitro. MHV-72 ORF21 (encoding
thymidine kinase) is identical in sequence to the corresponding MuHV4 gene (Raslova et al.,
2000), and ORF51 (encoding gp150) differs by five nucleotide substitutions (Macakova et
al., 2003). Analysis of 12 other loci has shown that MHV-72 is more divergent from MuHV4
than MHV-76, and that M7, M2 and M3 are absent; nonetheless, MHV-72 and MuHV4 are
highly related (Oda et al., 2005). It seems likely that uncharacterized herpesviruses (MHV-60
and MHV-78) isolated at the same time as MuHV4 may also be strains of MuHV4

(Mistrikova et al., 2000; Nash et al., 2001).

The WMHV genome is co-linear with that of MuHV4, and the two viruses have the same
predicted gene content (Figs. 2, 3). The reason for the generally higher degree of
conservation of sequences near the left end of U is not known. Speculative explanations
could centre on selective sweeps in this region of the genome or recombination between a
WMHV-like virus and a virus more closely related to MuHV4. The noncoding sequences in
this region, including the viRNA-like transcripts, are generally highly conserved. However,

there are differences in miRNAs 1, 2, 5, 6 and 9 that are derived from the primary transcripts
10
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of these ViRNAs (Pfeffer et al., 2004) (Fig. 4) . The targets and exact functions of these
miRNAs are not currently known (Pfeffer et al., 2004), but these differences could have
functional consequences and the comparative data could be informative. In addition to
noncoding regions in this locus, the M1 and M4 proteins are highly conserved (Fig. 5). It has
been proposed that the most likely function for the M4 protein is as a modulator of the innate
immune system. M4 is expressed in vitro with kinetics similar to immediate-early genes
(Ebrahimi et al., 2003), and in vivo it is expressed during productive infection but not during
latency (Virgin et al., 1999). M4 does not appear to have a role during the initial stages of
infection in vivo, but is important during establishment of latency in the spleen (Evans et al.,
2006; Geere et al., 2006). M1 has been shown to stimulate a VB4™ CD8" T cell in a way

reminiscent of a superantigen and by doing this facilitate latent infection (Evans et al., 2008).

The M3 protein, which is related to M1 and M4, is also well conserved, but somewhat less
so than the M1 and M4 proteins, particularly towards the N terminus (Fig. 2). The secreted
M3 protein is expressed strongly during lytic infection and probably to a lesser extent during
latency (Simas et al., 1999; Usherwood et al., 2000; van Berkel et al., 1999; Virgin et al.,
1999). In vitro, the M3 protein selectively binds chemokines associated with the antiviral
inflammatory response (Parry et al., 2000; van Berkel et al., 2000). In the laboratory mouse,
M3 was found to have a role in enhancing the amplification of latently-infected B cells by
affecting the CD8+ T cell response (Bridgeman et al., 2001), although this function was not
seen in an independent study (van Berkel et al., 2002). In the wood mouse model, M3 has a
critical role in the amplification of latently-infected B cells in the lung and the formation of
iBALT containing these cells (Hughes et al, submitted for publication). Differences in M3

may therefore account for the lack of iBALT in WMHV-infected wood mice.

The M2 protein is the most divergent of the four proteins encoded by the left end of the
genome, and is associated with latency (Husain et al., 1999). Numerous reports largely

agree that M2 is dispensable for long-term persistence, although MuHV4 recombinants
11



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

lacking a functional M2 gene are less efficient in the establishment of latency following
intranasal infection of mice (Clambey et al., 2002; Jacoby et al., 2002; Macrae et al., 2003;
Simas et al., 2004). It has also been postulated that M2 is required for efficient colonization
of follicle B cells and the development of these cells into memory B cells, a cell type
exploited by MuHV4 for long-term latency (Simas et al., 2004). Given the relationship, and
possible overlap, between the hosts of WMHV and MuHV4, the divergence of the M2 gene
in a region of low overall variation might reflect strong immune selection. Indeed, it has been
shown that an H2-Kd—restricted CD8+ T cell epitope present in M2 (Husain et al., 1999) sets
the latent load during persistent infection of laboratory mice (M. musculus) (Marques et al.,
2008). However, this epitope is not conserved between MuHV4 and WMHV (Fig. 5b),
suggesting that it may not be functional in the Apodemus hosts. The generation of greater
numbers of infective centres (a measure of latency) in the spleens of the WMHV-infected
wood mice at 21 d PI (Fig. 6¢) raises the possibility that M2 may have evolved in this virus to
augment the expansion of latently infected cells during the acute phase of latency.
Experiments to address this hypothesis could involve replacing MuHV4 M2 with WMHV M2
and testing the phenotype in wood mice. Furthermore, numerous PXXP motifs are found
throughout MuHV4 M2 (labelled P1-9, Fig.6¢c), some of which have been shown to
functionally bind SH3-domain containing proteins, such as Vav1 (Madureira et al., 2005;
Rodrigues et al., 2006). Of these, P3, P4 and P5 have not been conserved in WMHV or
BRHV. Recent in vivo analysis showed that mutations of P3, P4 or P5 had no affect on the
establishment of, or reactivation from, splenic latency (Herskowitz et al., 2008). Taken
together, these motifs are unlikely to be important for M2’s signalling function. In a similar
vein, the tyrosine residues at positions 120 and 129 of M2, which have been proven to be
functional (Herskowitz et al., 2008; Pires de Miranda et al., 2008), are conserved in both

WMHV and BRHYV, highlighting their importance for M2’s signalling function.

The second most divergent protein in WMHV and MuHV4 is the virion glycoprotein gp150,

which is encoded by ORF51. It seems likely that, in addition to exhibiting extensive
12
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differences in amino acid sequence, these proteins are predicted to be N-glycosylated
differently in the two viruses (Fig. 5c). Gp150 is a major target for the host antibody
response, so it is likely to be under strong selective pressure (Gillet et al., 2007). However, it
is not clear why this membrane glycoprotein is more variable than others encoded by the

two viruses.

The most divergent protein in WMHV and MuHV4 is encoded by ORF73 (Fig. 5d). In vivo
analyses of an MuHV4 mutant have shown that ORF73 is essential for the establishment
and maintenance of latency (Fowler et al., 2003), and preliminary characterization of ORF73
MmRNAs suggests that their transcription is similar to that of KSHV ORF73 encoding the
protein LANA (Coleman et al., 2005). In a similar way to KSHV-LANA, the MuHV4 ORF73
protein interacts with cellular bromodomain-containing BET proteins leading to activation of
the promoters of G4/S cyclins (Ottinger et al., 2009). The reason for the sequence variability
in ORF73 is not clear. However, EBVY EBNA1 (the functional analogue of rhadinovirus
ORF73 proteins) shows considerable variability between strains (Wrightham et al., 1995),
and this has consequences for EBV-associated disease (Mai et al., 2007; Wang et al.,
2003), the function of EBNA1 as a transcriptional transactivator (Do et al., 2008) and the

CD8+ T cell response (Bell et al., 2008).

In summary, WMHYV is a novel MuHV4-like virus whose study will give further insight into

gammaherpesvirus biology, especially in comparative terms alongside MuHV4.
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METHODS

Cheshire herpesviruses

Isolation and growth. Eight wood mice (WM1 to WM8), a bank vole (BV1), a field vole
(Microtus agrestis; FV1) and six house mice (HM1 to HM6) were captured in Cheshire
during 2002. The animals were killed by cervical dislocation and trigeminal ganglia, lungs
and spleens were removed for virus reactivation. Virus was reactivated from trigeminal
ganglia by explant culture as described previously (Efstathiou et al., 1986). Virus was
reactivated from the spleen by using an infectious centre assay (Sunil-Chandra et al., 1992).
Lung tissue was homogenized and virus recovered as described previously (Stewart et al.,
1998). Mouse NIH3T3 cells (Todaro & Green, 1963) were used for all virus isolation
experiments. Supernatants were examined as negatively stained preparations by

transmission electron microscopy (TEM).

Preliminary sequence analysis. Samples were tested for the presence of herpesvirus DNA
polymerase gene (DPOL) sequences by PCR. Whole-cell DNA from NIH3T3 cells was
purified at 18-24 h post infection (PI) using a QlAamp DNA Mini Kit (Qiagen). PCR was
carried out using the degenerate, deoxyinosine-substituted primers 5-
TGTAACTCGGTGTAYGGITTYACIGGIGT-3' and 5-CACAGAGTCCGTRTCICCRTAIAT-3
(Ehlers et al., 1999). PCR products were inserted into pCR2.1topo (Invitrogen Life
Technologies) and inserts were sequenced from three individual clones per product by Lark
Technologies Inc., UK. Amino acid sequences deduced from the sequences of the PCR
products were compared to known herpesvirus DPOL sequences using BLAST (Altschul et
al., 1997).

To amplify protein-coding DNA from genes M1, M2 and M3, the samples were subjected to
PCR  using primers M1-f/IM1-r  (5-TCATTGAGCAGCGGCGAC-3* and 5'-
GTATTCAGGCTTAGGACTG-3’; 1292 bp), M2-f/M2-r (5-ATGGCCCCAACACCCCCAC-3
and 5-ACTCCTCGCCCCACTCCAC-3;; 577 bp) and M3-f/M3-r (5-

CTCTGGGAGAGCGTCAG-3' and 5-GTTACTGAGTATCAATGATCC-3'; 1251 bp),
14
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respectively. PCR products were sequenced as described above. The sequences obtained,
minus those of the primers, accounted for the entire protein-coding region of each gene but

for a few codons at one or both ends.

Genome sequence analysis. Virus isolated from the WM8 spleen was plaque-purified three
times from infected NIH3T3 cells overlaid with agarose, and a master stock of cell-
associated virus was prepared and titrated. For the purposes of the present study, this virus
was designated wood mouse herpesvirus (WMHV). WMHV was found to be primarily cell-
associated in culture. To prepare virions for DNA extraction, WMHV was grown on a mouse
cell line (afSV1) deficient in the response to a/f interferon. This line was derived by first
generating mouse embryonic fibroblasts (Todaro & Green, 1963) from interferon a/p
receptor knockout mice (Muller et al., 1994). These cells were then transformed by
transfection with a plasmid expressing SV40 T antigen (pVUO) (Kalderon et al., 1982) to
generate an immortal cell line. The resulting cell line was found in preliminary experiments to

release a much higher level of cell-free virus.

Twenty 150-cm? tissue culture flasks of sub-confluent aBSV1 cells were infected with WMHV
at an MOI of 0.01 for 7 d. Virus DNA was then purified as described (Baldick et al., 1997)

and its integrity confirmed by agarose gel electrophoresis.

The DNA was sequenced at the Wellcome Trust Sanger Institute by a standard random
shotgun approach to an average coverage of 12 reads per nucleotide. Tandem repeat
regions in the genome were determined using the program MREPS (Kolpakov et al., 2003),
and the genome ends were inferred by comparison with the MuHV4 sequence (U97553;
(Virgin et al., 1997). The main computer programs used to analyse the sequence were: for
sequence annotation, Artemis (Rutherford et al., 2000), ACT (Carver et al., 2005), and

Sequin (NCBI); for sequence alignment, ClustalWW (Thompson et al., 1994) and Mafft (Katoh
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& Toh, 2008); for DNA sequence analyses, GCG (Accelrys) and EMBOSS (Rice et al.,
2000); for amino acid sequence analysis, GCG, ExPASy (Gasteiger et al., 2003), PTrans
(Taylor, 1986) and Philius (Reynolds et al., 2008); and for similarity searches, BLAST and

FASTA and its relatives (Pearson & Lipman, 1988).

Biological characterization. The growth properties of WMHV were compared with those of
MuHV4 in laboratory-bred wood mice using the procedures described (Sunil-Chandra et al.,
1992). All animal work was performed under UK Home Office Project Licence number

40/2483 and Personal Licence number 60/6501.

Wood mice (Apodemus sylvaticus) were obtained from an out-bred colony established at the
Faculty of Veterinary Science, University of Liverpool (Bennett et al., 1997; Feore et al.,
1997). This colony was obtained from Dr. J. Clarke in 1995, and was derived from captive-
bred colonies that had been maintained for several decades in the Department of Zoology,
University of Oxford, with only occasional introductions of new stock from the wild. Their
general housing and maintenance has been described elsewhere (Clarke, 1998), and at
Liverpool they are maintained under semi-barrier conditions. The Liverpool colony has
suffered no clinical disease, and, although not specified pathogen free (SPF) in the sense
used for most laboratory rodents, all samples tested for the major infections of laboratory
rodents have so far been negative. Of particular relevance to this study, no evidence of
MuHV4 infection has been detected by serology and PCR analysis (Blasdell et al., 2003).
Both male and female wood mice of 5 — 8 weeks of age were used. They were infected
intranasally with 4 x 10° PFU of virus, and the lungs, spleens and bronchial lymph nodes
were harvested at various times Pl. Lung tissue was homogenized, and the lysate was
freeze-thawed three times and used in plaque assays. Leukocytes were purified from the
spleens and counted, and virus reactivation was monitored using an infective centre assay.
Tissues from infected wood mice were routinely processed for histopathological

examination, including immunohistology.
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Brest herpesvirus

Isolation and growth. The herpesvirus (Brest/AN711) isolated from a white-toothed shrew
(Chastel et al.,, 1994) was grown and titrated on baby hamster kidney (BHK) cells as
described (Bridgeman et al., 2001). For the purposes of the present study, this virus was
named Brest herpesvirus (BRHV). To prepare viral DNA, confluent monolayers of cells in
175-cm? flasks were infected at an MOI of 0.01. When CPE was complete at approximately
4 d PI, virions were purified from the medium by Ficoll gradient ultracentrifugation as
described (Lopes et al., 2004). Banded virus was diluted with PBS to a total volume of 30 ml,
and pelleted at 30000 x g for 90 min. The pelleted virus was resuspended in TE buffer
containing 0.5 % (w/v) SDS and 50 ug ml" proteinase K. The mixture was incubated
overnight at 37 °C and extracted with phenol, and the DNA precipitated in ethanol and

dissolved in a small volume of TE, as described above.

Preliminary sequence analysis. Initial cloning involved the generation of a small library of
bacteriophage M13 recombinants containing BRHV Alul fragments, using standard methods.
The inserts in three recombinants were sequenced, and found by BLAST similarity search to
be most closely related to the MuHV4 genome. Respectively, the insert sizes were 148, 145
and 156 bp and exhibited 89.2, 96.6 and 90.4 % nucleotide sequence identity to ORF18,

ORF31 and ORF60.

Partial genome sequence analysis. A cosmid library was generated from BRHV DNA as
described (Cunningham & Davison, 1993). Three overlapping cosmid clones constituting
approximately 70 kbp of the genome were sequenced, the first by a standard random
shotgun approach, and the other two by iterative primer-walking on both strands, based
initially on data generated from the first cosmid or arising from the preliminary sequence

analysis described above. The computer programs used for analysis are listed above.
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Table 1. Isolation of herpesviruses from free-living rodents in Cheshire.

Animal* Tissues Tissues yielding Herpesvirus
harvestedt CPEY particlest
WM1 TG, S, L TG, S +
WM2 TG, S, L S +
WM3 TG, S, L — -
WM4 TG, S, L — -
WM5 TG, S, L - -
WM6 TG, S, L - -
WM7 TG, S, L TG +
WM8 TG, S, L TG, S +
BV1 TG, S, L - -
FV1 S, L S +
HM1 TG, S, L — -
HM2 TG, S, L - -
HM3 TG, S, L — -
HM4 TG, S, L S +
HMS TG, S, L - -
HM6 TG, S, L — —

* WM, wood mouse; BV, bank vole; FV, field vole; HM, house mouse;

followed by a number for each animal.
T TG, trigeminal ganglia; S, spleen; L, lungs; —, no CPE.

I +, particles observed by EM; —, particles not observed by Transmission

Electron Microscopy on negatively stained preparations.
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FIGURE LEGENDS
Fig. 1. PCR amplification of the coding regions of genes (a) M1, (b) M2 and (c) M3 from
viruses isolated from FV1, WM1, WM2, WM7 and WMS8, in comparison with MuHV4. TG,

trigeminal ganglia; S, spleen.

Fig. 2. Variation between the genome sequences of WMHV and MuHV4. The lower part of
the panels represent the genome, commencing in the first panel at the start of U and ending
in the last panel with one copy of TR, which is shown in a thicker format. Protein-coding
regions are depicted by shaded arrows, with connecting introns indicated by white horizontal
bars, and genes encoding the tRNA-like genes (1-8) are shown as arrowheads. Internal
tandem repeats are represented by black horizontal bars. The upper part of each panel
shows the nucleotide divergence (nd) calculated for a 100-nucleotide window, shifted by
increments of 3 nucleotides. A nucleotide position was counted as divergent if it differed

between the two sequences; insertions or deletions were not scored.

Fig. 3. Divergence between the amino acid sequences of predicted protein-coding regions in
WMHV, BRHV and MuHV4. The histogram illustrates sequence divergence (% non-identity)
between the amino acid sequence of predicted protein-coding regions in WMHV and MuHV4

(grey bars, all coding regions) and BRHV and WMHYV (black bars, coding regions to ORF52)
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Fig. 4. Alignments of the predicted nucleotide sequences of the tRNA-like genes and
miRNAs from MuHV4 and WMHYV. A diagrammatic representation of the genomic region
showing the relative positions of these non-coding RNAs is shown at the top. The positions
of the M7-M3 ORFs and viral tRNA-like transcripts (t1-t8) are shown by arrows. The
positions of the miRNAs (miR-M1-1 through M1-9) derived from primary transcripts of the
tRNA-like RNAs are shown by vertical lines. Sequence alignments of the tRNA/mIRNA
transcripts are shown below. The sections processed to generate the tRNA-like molecues
are shaded grey and pre-miRNAs are shaded blue. The positions of the A and B box of the
RNA Polymerase Il promoters are shown by open boxes, as are the positions of the
processed miRNAs. The positions of the anti-codons in the tRNAs are shown in blue type.
Differences between MuHV4 and WMHYV are shown in red type. Data for MuHV4 are from

(Bowden et al., 1997) and (Pfeffer et al., 2004).

Fig. 5. Alignments of the predicted amino acid sequences of (a) M1, M3 and M4, (b) M2, (c)
ORF51, and (d) ORF73. Each individual alignment consists of the sequences from MuHV4,
WMHV and BRHV, with residues that differ from the consensus (or from each other in the
case of ORF73) shaded grey. In (a), the alignments for M1, M3 and M4 are aligned with
each other because these three proteins are related via the residues in bold type; each
sequence contains a predicted signal peptide (lower case). In (b), the positions of PXXP
motifs (P1-P9), tyrosine residues 120 and 129 and the CD8 CTL epitope (CTL) are
indicated above the M2 sequence. In (c), the bold residues indicate potential N-linked
glycosylation sites in gp150 encoded by ORF51. In (d), the positions of the Brd4- and Brd2-

interacting domains of the ORF73 protein are shown above the sequences.
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Fig. 6. Virological analyses of WMHV infection of wood mice. Wood mice (three per time-
point) were infected intranasally with 4 x 10° PFU of MuHV4 or WMHV. Bars represent
standard deviation from the mean; the asterisk represents statistically significant differences
between species (p<0.05). (a) Infectious virus recovered from the lung at 7 and 14 d PI.
Titres were measured by plaque assay on NIH3T3 cells. (b) Mean leukocyte numbers per
spleen. (c) Infective centre assay of the level of latency in splenocytes. Infectious virus titres
in the samples were analysed in parallel and were subtracted from the total infectious

centres.

Fig. 7. Cellular response to WMHV and MuHV4 infection in the lungs of wood mice at 14 d
Pl. (a & b), Infection with MuHV4; (a) Intense peribronchial focal lymphocyte infiltration with
evidence of lymphatic follicle formation (F). B, bronchiole. HE stain. Bar = 50 uym. (b) Focal
perivascular B cell infiltration with lymphatic follicle formation (F). A, artery. Staining for the B
cell marker CD45R, avidin biotin peroxidase complex method, Papanicolaou's haematoxylin
counterstain. Bar = 20 pM. (¢ & d) Infection with WMHYV; (c) Moderate peribronchiolar focal
lymphocyte infiltration (arrows). B, bronchiole. HE stain. Bar = 20 ym. (d) Artery with focal B
cell-dominated (CD45R-positive) perivascular lymphocyte infiltration (arrows). There is

evidence of B cell rolling and emigration (arrowheads). Bar = 20 um.
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Hughes et al. Fig. 5

MuHV4 M1 mglatlcllseilggs........ iaHWPSVVNIETYPFPEDDTKEDMRDY LFLVONCLLODNFNATYCSDSFEKLDKRSHFTLPDTCNVKTTFLVNY
(Ea) WMHV M1 mwlatlcllseilggg........ iaYWPSVVNIETYPFPEDDTKEDMRDYLFLVONCLLODNENATYCSDSFEKLDKRSHFTLPDTCNVKTTFLVNY

BRHV M1 mwlatlcllseilggg........ iaYWPSVVNIETYPFPEDDTKEDMRDYLFLVONCLLODNENATYCSDSFEKLDKRSHFTLPDTCNVKTTFLVNY
MuHV4 M3 maflstsvlikceilllagglaesltlgLAPALSTHSSGVSTQSVDLSQIKRGDEIQAHCLTPAETEVTECAGI LKDVLSKNLHELOGLCNVKNKMGVPW
WMHV M3 mafqtpsmlikceilllvgvvaesTSIGLRPALTTYSSGVTITQSVDLSQIKRGAEIQAHCLTPAETEVTECASILKDVLAQNLHELQGLCNVKNKMGAPW
BRHV M3 mafqgtpsmlikceilllvgvvaesTSIGLRPALTTYSSGVTTQSVDLSQIKRGAEIQAHCLTPAETEVTECASILKDVLAQNLHELOQGLCHVSNKMGAPW
MuHV4 M4 mgplgrpwaasfgffflavwslaTPTPGEDDDIPVKIHRLTFVKGLVPDVTGGS.SYYVCVYPSRKLFCTPTRWKDLSRFLNSETLNQVCSARTIYSVVP
WMHV M4 mgplgrpwamsfgffflavislatptpgEDDDIPVKIHRLTFVKGLVPDVTGGS.SYYVCVYPSRKLFCTPTRWKDLSRFLNSETLNQVCSARTIYSVVP
BRHV M4 mgplgrpwaasfgffflavislatptpgEDDDIPVKIHRLTFVKGLVPDVTGGS.SYYVCVYPSRKLFCTPTRWKDLSRFLNSETLNQVCSARTIYSVVP
MuHV4 M1 N.RHKYGIFKFESRLPLPTMASATSGRVIKVLVLAEAGR. . . . PNKRHWANLAMVTYSNVVRLTDENAKFRTRFSRIWSVTLDRHEVDLDLTF . . . AGFL
WMHV M1 N.RHKYGMFKFESRLPLPTMASATSGRVIKVLVLAEAGR. . PWKRHWANLAMVTYSNVVRLTDLNAKFRTREFSRIWSVTLDRHEVDLDLTF . . . AGFL
BRHV M1 N.RHKYGMFKFESRLPLPTMASATSGRVIKVLVLAEAGR. . . . PANKRHWANLAMVTYSNVVRLTDLNAKFRTRFSRIWSVTLDRHEVDLDLTEF . . .AGFL
MuHV4 M3 VSVEELGQEIITGRLPFPSVGGTPVNDLVRVLVVAESNTPEETPEEEFYAYVELQTELY TFGLSDDNVVETSDYMTVWMIDIPKSYVDVGMLT . . .RATE
WMHV M3 VSVEELGQEIITGRLPFPSVGGTPVNDLVRVLVVAESNTPEETPEEEFYAYVELQTGLY TFGLADANVVYASEYMT IWMIDIPRSYVDDGMLT . . . RATF
BRHV M3 VSVEELGQEITAGHLPFPSVGGTPVNDLVRVLVVAESNTPETTPDEEFYAYVELQTELY TFGLADANVVYASEYMT IWMIDIPKSYVDVGMLT. . .RATF
MuHV4 M4 VEMLRIISLPLPPEIKS.IVGGSIRSQYVSFPTFISLHPAKLPIWKSFANLKVSMKFRSSQWEVAFSVVSKTDYAITYWAEIPGFLIHESATINLINQPL
WMHV M4 VEMLRIISLPLPPEIKS.IVGGSIRSQYVSFPTFISLHPAKLPIWKSFANLKVSMKFRSSQWEVAFSVVSKTDYAITYWAEIPGFLIHESATINLINQPL
BRHV M4 VEMLRIISLPLPPEIKS.IVGGSIRSQYVSFPTFISLHPAKLPIWKSFANLKVSMKFRSSQWEVAFSVVSKTDYAITYWAEIPGFLIHESATINLINQPL
MuHV4 M1 FAAPESVQLTLLMDYVPTFTWCGQI . SLNDPDLPVPSFQAIRTLPVMCEP. . . . MWRYLNGODFHHQDGCHQESK . WWNPTHIIPRLNPGTES. . . HNIT
WMHV M1 FAAPESVQLTLLMDYVPTFTWCGQI . SLKDPDLPVPSFOQAIRTLPVMCFEP. . . . MWRYLNGODFHHQDGCHQESN . WWNPTHIIPRLNPGRES. . . HNIT
BRHV M1 FAAPESVQLTLLMDYVPTFTWCGQI . SLKDPDLPVPSFQAIRTLPVMCEP. . . .MWRYLNGQDFHHQDGCHQESN.WWNPTHIIPRLNPGTES. . .HNIT
MuHV4 M3 LEQWPGAKVTVMIPYSSTFTWCGELGAISEESAPQPSLSAR. . . SPVCKN. .SARYSTS .KFCEVDGCTAETG.MEKMSLLTP. . .FGGPP. . .QQAK
WMHV M3 LEQWPGAKVTVMIPYSSTFTWCGEIGAISEESAPQPSLSAR. . . SPVCKN. .SARYSTS .KFCEVDGCTAETG.MEKMSLLTP. . .FGGPP. . .Q0QAK
BRHV M3 LEQWPGAKVTVMIPYSSTFTWCGEIGAISEESAPQPSLSAR. . .SPVCKN. . ..SARYSTS.KFCEVDGCTAETG.MEKMSLLTP. . . FGGPP. . .QQAK
MuHV4 M4 LALYADLHVDMVMRLTDKFIYCQTY . TLOQOKNLTDPRTGKRPTSSVLIPSPHVKNCQIRRRNETHFVDTCSSAWDNY TSEAHNISRNSSSRGSNATQLVN
WMHV M4 LALYADLHVDMVMRLTDKFIYCQTY . TLQOKNLTDPRTGKRPTSSVLIPSPHVKNCQIRRRNETHEFVETCSSAWDNY TSEAHNISRNSSSRGSNITQLVN
BRHV M4 LALYADLHVDMVMRLTDKFIYCQTY . TLQOKNLTDPRTGKRPTSSVLIPSPHVKNCQIRRRNETHFVETCSSAWDNY TSEAHNISRNSSSRGSNVTQLVN
MuHV4 M1 LNTCVCHVKYNDLQELDTAHRIKILTISNFFGFYKPLYVLVTYFGSSDVNVEGQAPPLQYCVVFIHRGNYGFFRTRQRGDPDCPCHFSLG. .RDEIVLVG
WMHV M1 LNTCVCHVKYNDLKELDAAHRIKILTISNFFGFYKPLYVLVTYFGSSDVNVEGPAPPLQYCVVFIHRGNYGFFRTRQRGDPDCPCHFSLG. .RDELVLVG
BRHV M1 LNTCVCHVKYNDLQELDAAHRIKILTISNFFGFYKPLYVLVTYFGSSDVNVEGPAPPLQYCVVFIHRGNYGFFRTRQRGDPDCPCHFSLG. . RDELVLVG
MuHV4 M3 MNTCPCYYKY.SVSPLPAMDHLILADLAGLDSLTSPVYVMAAYFDSTHENPVRPSSKLYHCALQMTS . HDGVWTSTS . . SEQCPIRLVEGQSQNVLQVRV
WMHV M3 MNTCPCYYKY.SVSPLPAMDHLILADLAGLDSLTSPVYVMAAYFDSTHENPVRPSSKLYHCALQMTS . HDGVWTSTS . . SEQCPIRLVEGQSRNVLQVLV
BRHV M3 MNTCPCYYKY.SVSPLPAMDHLILADLAGLDSLTSPVYVMAAYFDSTHENPVRPSSKLYHCALQMTS . HDGVWTSTS . . SEQCPIRLVEGQSRNVLQVLV
MuHV4 M4 ITANPCTLPT.LWDNWPCYTNYRSSPVPEIVIHENILLEGRAIYIIYHQIGLFDQPRLCVATFWMSK. . .. .. EETLLMQLDYPCEVSVEKKGKKFFEIKS
WMHV M4 ITANPCTLPT.LWDNWPCYTNYRSSPVPEIVIHENILLEGRAIYIIYHQIGLFDQPRLCVATFWMSK. . .. .. EETLLMQLDYPCEVSVEKKGKKFLIKS
BRHV M4 ITANPCTLPT.LWDNWPCYTNYRSSPVPEIVIHENILLEGRAIYIIYHQIGLFDQPRLCVATFWMSK. ... .. EETLLMQLDYPCEVSVEKKGKKFLIKS
MuHV4 M1 HYVDVKRIVGITIFFDGQEHRISYLGKLSRAAVVGDDTTNKITIFPGQQS

WMHV M1 HYVDVKRIVGITIFFDGQEHRISYLGKLSRAAVVGDDTTNKIFEFPGQQS

BRHV M1 HYVDVKRIVGITIFFDGQEHRISYLGKLSRAAVVGDDTTNKIFFPGQQS
MuHV4 M3 APTSMPNLVGVSLMLEGQQYRLEYFGDH

WMHV M3 APTSMPKLVGVSLMLEGQQYRLEYFGDH

BRHV M3 APTSMPKLVGVSLMLEGQOYRLEYFGDH
MuHV4 M4 VVSMYHAISMVTFIWEYGIEIYDFLE

WMHV M4 IVSTYHAISMVTFIWEYGIEIYDFLE

BRHV M4 IVSTYHAISMVTFIWEYGIEIYDFLE

Pl P2 P3/4 CTL P5
MuHV4 M2 MAPTPPQGKIPNPWPGGCSONPVLWGDGTDGNYRPSEPWILGQVPCDQREPHPSGNKNSSSTSGGRPQRPPLPRTREPKTIRRGFNKLRSTLKS PWKPRP
(t)) WMHV M2 MAPTPPQGKIPNQWPGGSSQNPVLWGDGTDGHNSPKEPWILGQVPCDHRGGHPAGNKNSSSTSGGKPHRRSWPRWRVPVSLKARFHKFRSTIRSPRNIE .
BRHV M2 MAPTPPQGKIPKOWPGGSSQNPVLWGDGTDGHNSPKEPWILGQVPCDHRGGHPAGNKNSSSTSGGKPHRRSWPRWRVPVSLKARFDKFRSTIRSPRNTE .
120 129 P6 P7 P8 P9

MuHV4 M2 SPVPSPEEVNPAGSPEENIYETANSEPVYIQPISTRSLMMLDSGSTDSPENLGPPTRPLPKLPNQHPMNPEIRLPIIPPSKCHKGFVEWGEE

WMHV M2 NPGPRPEEGNPAESPEENIYDALNNEPLYIQPICSNSSMMLDSGSTGSTESLGAPTRPLPKLPTQHPMNPDIFLPIIPPSKCHKGFVEWGEE

BRHV M2 NPGPRPEEGNPAESPEENIYDALKNEPLYIQPICSNSSMMLDSGSTGSTESLCAPTRPLPKLPTQHPMNPDIFLPIIPPSKCHKGEFVEWGEE

WMHV ORF51 MCGVKPIVKCFLLFHIINFLGTYNVGWVPGTPLCAAQAVDGITSREMEINATLAPSSGATLSLLVTLSNNNPPTAMRPPVAQNGESVSIDNSSAPASDPT

((:) MuHV4 ORF51 MCGVKSLAKCFLLFQIISFLGNHNLVWVPGAALGAAETVEGITSREMEINATKAPSSGATESLLVTLSNNNPTTIMRPPVAQNGESVHKDARSASASDPT
BRHV ORF51 MCGVKPIVKCFLLFHIINFLGNYNVGWVPGTLLCAAQAVDGITSREMEINATLAPSSGATLSLLVTLSNNNPPTAIRPPVAQNGESVSIDNSSAPASDPT

MuHV4 ORF51 TSEPTSPGEEPTEA...... DPKAAPSAGHVGETEPESPTPLPATPKPSSQEDNPTMT PPTAEPPTSNADVSTEHVDETEPESPTELPPTPEPDTPTTPE
WMHV ORF51 TSNPSSPEEAPTAAPITPIPTSTAAQSAEHVGETDSEAPTPLPTTPKPSSQEDEPTMTSPTETPPTTTAAISTEQDDETEPESPAPPPATPEP. .. ... E
BRHV ORF51 TSNPSSPEEAPTTAPITPIPTSTATQSAEHVGETDSEAPTPLPTTPKPSSQEDEPTMTPPTETPPTTTAAISTEQDDETEPESPTPPPATPEP. . .E

MuHV4 ORF51 TTTPSQONQEDEPTLTTS...... SSDAPADTS|. DTSPPKQEDDPVKPTESKPQAEPKDNSPSDVPETADSPTDPASPTVELTPPTEPPTPETVSPADSPV
WMHV ORF51 TTTPTKNQEDEPTINTSDQGDDSSSDIPAGTPGPTTPPKQETETTKPVDSKPQVEPNDSAPSDIPETSDSTPTPV. . ... . TDPTSPPSVEETSPAEPST
BRHV ORF51 TITPTKNQEDEPTINTSDQGDDSSSDIPAGTPGPTTPPKQETETTKPVDSKPQPEPNDSAPSDIPETSDSTPTPA. . .. .. TDPASPPSVEETSPAEPST

MuHV4 ORF51 PQPTAPAEPSKPEPTPPVDPPATEPNTPADPSTPESTPPTDPPAPQPTPPAEPSNPEPTPPVDPPATPPNIPADPSTPESTPPADPPAPQPTRPAEPSTP
WMHV ORF51 PDSTPPADPPAPQPTPPAEPSTPDSTPQDEPSTPDSTPPADPPAPQPTPPAEPSTPESTPPADPPAAQPTPQAEPSTPDSTSPSDPPASQPTLPEKP. . .
BRHV ORF51 PDSTPPADPPAPQPTPPAEPSTPDSTPPAEPSTPDSTPAADPPAPQPTPPAEPSTPDSTPPADP . ¢ v vt v vt e oneenneennns PASQPTLPEKP. . .

MuHV4 ORF51 EPSTPAKAPAPEPTPPPSGPSMTPEATPPSTAGPGAETETPDGDTTTQPASPOQTTAPMHPVPDISTLLWIRPTIAIILIFLLMIIFHIMYCVCLHE
WMHV ORF51  ........ PSPEPMTPQSGPAITPEIATPSTTEPGAGKDASMGATTTQAASALTTKPMRVVPDVSTMLWIRPTVAIVLIFLLMSIFHIMYCVCLHE
BRHV ORF51  ........ PSPEPMTPQSGPAITPEIATPSTTESGAGKEASMGDTTTQAASALT TKPMRVVPDVT TMLWIRPTVAIVLIFLLMSIFHIMYCVCLHE

Brd4
(j MuHV4 ORF73 MPTSPPTTRNTTSGKTRSGCKRRCEFNKP-AAMPPKRRRAPKRPAPPPPPGCQGDEESS——=——-——--——-= OGIEMEN P PSE PMP PEEEE st S
WMHV ORF73 MPTSPPTTRNTTSGKTRSGCKRRCYKKPQASMPSKKRRPVKRPAPPPPPSPPGDQDEESLLGESSHTEERPEQSEERQSPPKQPIPPEPSPTTPLKETPT

MuHV4 ORF73 PTLPSSPVPPSSPVHEPPSPSPPPAPPSPD----VDVEGLDVGETDDPGPPPPKR--YSRYQKPHNPSDPLPKKYQGMRRHLOVTAPRLFDPEGHPPTHF
WMHV ORF73 SDPPSPPAPPSTPVPPPOSPSPIPAPPSPDPSSDVDVEGLDEQGGDDGPPPAKKAPSYPRYQKPYNEKSTLPAKYRGMRNHMVIAAPRLFDPERPAPTHF

Brd2
MuHV4 ORF73 KSAVMFSSTHPYTLNKLHKCIQSKHVLSTPVSCLPLVPGTTQQOCVTYYLLSFVEDKKOAKKLKRVVLAYCEKYHSSVEGTIVKAKPYFPLPEPPTEPPTD
WMHV ORF73 KSAVMFSCTKPYSLTKLHKVLQSKQVVTSTVSCLPEVPGGQPTLVKYFILSFVENKKLAKMLRKVVLTYCAKFHSNIDGTIVKAKPWFPLPG-===TPTD

MuHV4 ORF73 PEQPSTSTQASGTQHGPTASLDAGAEQGATGSPGSSPGOQOGOGSQT
WMHV ORF73 PEQPSTSAQVSGTTQSPAASPEASTEQPATV-============--



—
Log4o PFU per lung m
N

Log,¢ leukocytes per spleen

—
0
~

Logyg i.c. per spleen

43 - WMHY

] 1 MuHV4
35
2]
15
oL <

N\ & N\
7dPI 14 d Pl
9_
-o— WMHV
—— MuHV4

8_
7_
6 T T T T

0 7 14 21 28

dPI
~o— WMHV
44 -+ MuHV4
*

3,
2,
14
0 15 T T T

0 7 14 21 28

dPI

Hughes et al., Fig. 6



MuHV4

Hughes et al Fig. 7




uonepisdeous YNQ uojuad e jo aoe|d ul xaaA pisded auo je pajedo| Jawedapop uiajoud |epod pisdeo ey4H0
sisauaboydiow uoLIA /7N uiejoud yuswnbay Zr4H0
uonesiidas VNG jungns asewd-aseoljay 0440
uoisn} auelquiaw ‘sissusboydiow uouin N uiajoidooA|6 adojaaus yum paxa|dwod ‘sujewop aueiquiawsuel) g ‘uisjoid sueiquiaw ¢ adA} N ui8)01dooA|6 adojaAaus 65440
sisauaboydiow uouIn pajeroosse-adojaaus uigjolid juswnba) pajejfisuAw 8¢440
Buisseooid YNQ aseajonuoquAxoap /€440
uonejfioydsoyd uisjoud L2z Md aseuy ulgjoid aujuoalyy/auLas Juswnbal 9¢440
sisauaboydiow uouIn 11N utsjold JuswnBay Ge440
umouxun G671N uisjod €440
sisauaboydiow uouIA Aqissod 911N uiejoud Juswinbay €€480
Jodsuel} pisdes ‘uonepisdeoua YNQ pejeroosse-pisded /171N uieoud jJuswnbay Buibesoed YN 2€480
umouxun 267N utejoud 1€440
umouxun 167N uiejoid 0€440
uonepisdesus YNQ ulewop ased |y ue sulejuod | Jungns aseuiwa) Buibesoed YN 62440
uofjejnBbas sunwiwi uiajold sueiquiaw | adAy 0G| uIej01dooA|6 adojaaua 8zZ4H0
peauds |[90-0}-||90 uigyoid sueiquiaw g adAy 8 u19)o1dooA|b adojarus /2440
sisauaboydiow pisdeo suojuad pue suoxay pisded Joauuod o} | yungns xa|duy pisded yum |:z paxajdwod Z yungns xa|du pisdeo 9zZ440
sisauaboydiow pisdeo suojuad w.oy sa1dod G ‘suoxay wioy sa1dod 9 uiajoud pisdeo ofew Gz4H0
umouyun /87N utejoid uouIA 2440
umouxun 881N uejoid €2440
peauds [|92-0}-||90 ‘Aijua |80 7 uiey01dooA|6 adojaaus yym paxajdwos ‘usbosny sueiquisw a|qissod ‘uigjoid suelquiaw | adA} H uigjoidooA|b adojaaus 22440
wisijogejawl apposjonu Llevle aseuny suipiwAy} 12440
umouyun 21N uisjoud Jesjonu 02440
uonepisdeous YNQ awouab ay} suielas pue pisdes ay} sazijiges A|qissod {sao1an Jeau pisded uo pajedo) Gz1n uejold Juswnba) buibesoed YN 61440
uoie|nbas suab sauab aje| Jo uolssaidxa o} palinbal 621N uieyoud 81440
sisauaboydiow pisded | /6°LZ V€ (snuiwuay 9 Jesu paddid ‘utejoud Jo uspurewsl) uiejoid pjoyess Joulw ‘(uoibal [euiwlel-N) asesjoid sules osesjoud uoneiniew pisded /1440
sisauaboydiow pisdeo snuiwJe} O Jeau paddi|o uiejold pjoyeos pisded | G /1440
umouyun 1duosuesy 1440 jo uoibal-g Aq papoous uisjoid |eonayjodAy NE L ujoid NEL
uole|nBal sunwiwiy -OHIA saye|nBasumop ‘Jabuly QHd B Sulejuod ‘sulewop auelquiawsuel) Z ‘uiejold saueiquaw ¢ adA} HIN L' dIN @sebl| uinbign €3 21440
umouxun ddna 119 uejoid uouIA 11440
umouxun ddna 019 uejoid 01440
uoneoydal YNA LrLrLe uungns anfjejes ssesswiAjod YNG 6440
peauds [|99-0}-||92 ‘Aljud |92 ojeyd|ns ueleday adepns ||99 spulq ‘uabosny sueiquaw a|qissod ‘uisjoid sueiquiaw | adA} g uiejoudooA|b adojeaus 8440
uonepisdeous YNQ Z Jlungns aseuiwa) buibeyoed YNQ /480
uonejnbai auab A|qissod ‘uonesidas YNQ J9buly-ouIz e suieyuod uigjoud Buipuig-yNQ papuelis-a|buls 9440
uonenbas sunwiwi sulewop YOS Jnoj sulejuod ‘uieoldooA|b adojaaus | adAy 400 urajoud |0J3u09 Juswa|dwod 440
uonenbas sunwiwi urajoud pajaioss ‘apndad [eubis e suiejuod LN N uiejoud Buipuig-sunjowayd PN
uonenbas sunwiwi uiajoud pajaioss ‘apndad [eubis e suiejuod LN SN uisyoud Buipuig-sunjowayd en
Aouaje| ‘uoie|nBas sunwiwi uoljenuaIayIp pue uonesajjoid [|90 g ul PAAJOAUI (UISJ0IdODUO ABA UM S}OBISIUI 2N ursjoud N
umouyun uiajold pajesoas ‘apndad [eubis e sulejuod LA LI\ uiejoud LA

Ayanoy ‘ou 93 uonduosaq Ajjwe4y Loweu uidjoid

saouanbas awouab yAHNN Pue AHINM @Yl 8lejouue 0] pasn UolewIoju| 'S d|qel




sosnuinsadisyewweb Jo jasqgns e 0} ol10ads auab e Aq papooug
(sesnuinsadiayewweb Jo J0)saoUe UB WOl pajiayul “a°1) ausab ewweb e Aq papoou]
(sesnuiasadiayewweb pue -ejaq Jo J0}saoue ue woly paysayul "a°1) suab ewwebe}aq e Aq papoou]
(sesnuinsadiayewweb pue -ejaq ‘-eyd|e Jo Jo}jsaoue ue wodj pajiayul "o'1) sausb 8100 e Aq popoou]

AL

sasnJiAsadiay ||e Jo} piepue)s [euoisinoid e aie saweu uislold ,

umouxun 1vyvOd V69 ujoid | vYGZ4¥0
umouxun 1vyvOd gag/o uejoid | g6/440
umouxun 1Vdvod 06/9 usjoid Juswnbsy | 062440
Buyjieubis Jenjaoesul sulewop auelquiawsued) /2 ‘uisjoid sueiquisw ¢ adAy ¥0do /9 uisjoid aueiquiaw /440
Kouaje| usjoud Buusy)s)-swosowosyd VNV usbijue sesjonu €/440
sisoydode z-109 L LI\ Joreinbau sisoydode LLA
uone|nbai 8j9A0 |80 ulpho ¢.440
ssaube Jesjonu urejoud sueiquiaw g adAy ssaibe Jesjonu yum sjoesiul ulejoud eulwe| ssaibs Jesjonu 69440
Hodsueuly pisded Ajqissod ‘uonepisdesus YN Z€1n uiejoud Bbuibexoed wNQ 89440
uonepisdeosus yYNQ Z Hungns aseujwa) buibesoed YN yim sjoelajul €e1n uejoud Buibeyoed YNQ | V29440
ssaubs Jeajonu utejoud euiwe| ssaibs Jeaonu yym sjoelajul uiejoud aueiquiaw z adA) ssaibs Jesjonu 19440
umouxun 6v71N uisjoid 99440
yodsuely pisdeo Ajqissod ‘sissuaboydiow pisded suoxay pisded uo Ajjeusaixa pajeso) uiejoud pisdeo |lews G94H0
podsuel; pisded (uoiBai [euiwia)-N) aseajold oyoads-unpinbign {2¢7N udoid JuswnBa) yum paxas|dwod ugjo.d juswnbay able 9440
sisauaboydiow uouIA uiajoud Juawnba} abie| yum paxajdwos /€1 utejold juswnbay €9440
sisauaboydiow pisdeo suojuad pue suoxay pisded J0auuod o} Z yungns xa|duy pisded yum g:| paxajdwod | yungns xa|duy pisdeo 29440
wisljogejow apRoajonu VYL | Jungns asejonpal aplosjonuoqL 19440
wisljogejaw apnoajonu VYL Z lungns asejonpal apliosjonuoqu 09440
uoneoydal YNQ urejoud Buipuig-yNasp yungns Ayaisseooud asesswAjod YNQ 65440
uoisny aueiquaw A|gissod sulewop aueliquawsuely || ‘uigjold sueiquaw ¢ adAy 1N uiejoid adojanaus 85440
\ Kjleuonduosuesy-isod sjoaye }SOW SPBXa ‘SNONU WOy YNYW
Jodsuel} pue wsijogelaw YNy ‘uoije|nbas ausb snuiA spodxa (Buiolids yNYw-a1d syqiyul ‘wse|dojfo pue snajonu usamiag sanys ‘uidjoid Buipuig-yNY d3an AR NEE el e [EU UL 48440
uoneoldal YNA jungns asewud asewnd-aseolay 96440
sisausboydiow uouIn 161N usjold Juswinbey G640
wisijogejsw epposjonu €C1'9¢ dyna asejeydsoyduy suipunixosp 5440
uoisny auelquiaw ‘sisauaboydiow uouia W u1ej01dooA|6 adojaaus ypm paxajdwod ‘uiejoid sueiquiaw | adAy N uigjo1dooA|6 adojanus €6440
umouyun 2G9 uiejoid uouIA 25440
JusWIYOENE |89 uigjo.id sueiquisw | adAy 0G¢ uIe)01dook|6 adojaaus 16480
Aouaye ‘uonenbai susb ey uiejoud 05440
uone|nbals susb ey uiejoid ypm sajesadood 69 uiejoud 67440
umouyun 8O u1ajold jJuswnbay 8440
peaids |[92-0}-|[89 ‘Aljua |90 H uigjoidooA|6 adojaaua yym paxajdwoo 7 uieyoidooA|6 adojarus I¥4€0
Jledal yNG £€TTe ose|As0oA|6 yNQ-|1oein 9v4d0
umouxun Sv9 ulejoid yuswinbey Sv440
uonesidas VNG jungns aseol|ay asewlid-asedlay Y440




This is an author manuscript that has been accepted for publication in Journal of General Virology, copyright
Society for General Microbiology, but has not been copy-edited, formatted or proofed. Cite this article as appearing
in Journal of General Virology. This version of the manuscript may not be duplicated or reproduced, other than for
personal use or within the rule of ‘Fair Use of Copyrighted Materials’ (section 17, Title 17, US Code), without
permission from the copyright owner, Society for General Microbiology. The Society for General Microbiology
disclaims any responsibility or liability for errors or omissions in this version of the manuscript or in any version
derived from it by any other parties. The final copy-edited, published article, which is the version of record, can be
found at http://vir.sgmjournals.org, and is freely available without a subscription.



