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The human gammaherpesviruses Epstein-Barr virus and Kaposi Sarcoma-associated herpesvirus both
contain a glycoprotein (gp350/220 and K8.1, respectively) that mediates binding to target cells and has been
studied in great detail in vitro. However, there is no direct information on the role that these glycoproteins play
in pathogenesis in vivo. Infection of mice by murid herpesvirus 4 strain 68 (MHV-68) is an established animal
model for gammaherpesvirus pathogenesis and expresses an analogous glycoprotein, gp150. To elucidate the
in vivo function of gp150, a recombinant MHV-68 deficient in gp150 production was generated (vgp150�). The
productive viral replication in vitro and in vivo was largely unaffected by mutation of gp150, aside from a
partial defect in the release of extracellular virus. Likewise, B-cell latency was established. However, the
transient mononucleosis and spike in latently infected cells associated with the spread of MHV-68 to the spleen
was significantly reduced in vgp150�-infected mice. A soluble, recombinant gp150 was found to bind specifi-
cally to B cells but not to epithelial cells in culture. In addition, gp150-deficient MHV-68 derived from mouse
lungs bound less well to spleen cells than wild-type virus. Thus, gp150 is highly similar in function in vitro to
the Epstein-Barr virus gp350/220. These results suggest a role for these analogous proteins in mononucleosis
and have implications for their use as vaccine antigens.

Murid herpesvirus 4 is an endogenous pathogen of free-
living rodents of the Apodemus genus, e.g., wood mice (5).
Infection of laboratory mice by murid herpesvirus 4 strain 68
(MHV-68; also called �HV-68) is an amenable model system
for the study of gammaherpesvirus pathogenesis and for the
development of therapeutic strategies against these viruses (4,
13, 28, 33, 34, 48). After intranasal inoculation of mice with
MHV-68, a productive infection occurs in the lung (39). This is
cleared around day 10 to 14 postinfection (p.i.) by CD8� T
cells (17), although the virus persists in a latent form in epi-
thelial cells at this site (38). MHV-68 spreads to the spleen,
where it also becomes latent, predominantly within B lympho-
cytes but also in macrophages and dendritic cells (19, 40, 45,
52).

Spread to the spleen and the establishment of latency is
associated with a marked splenomegaly, an increase in cell
numbers in the spleen (splenic mononucleosis or lymphocyto-
sis) (44), and a subsequent peripheral mononucleosis that is
reminiscent that caused by primary infection of humans by
Epstein-Barr virus (EBV) (42). Splenomegaly and splenic
mononucleosis, which peak at day 14 p.i., are driven by CD4�

T cells (17, 44) and are dependent on MHV-68-infected B cells
in the spleen (45, 51). Concomitant with the splenic mononu-
cleosis is a sharp rise in the number of latently infected B cells,
the resolution of which to a relatively constant baseline level is
achieved by CD8� T cells (17, 41, 51). CD8� T cells, along with

antibody (23, 38), are important in the long-term control of
persistent infection (9, 38, 51).

The infection of cells by herpesviruses is complex and in-
volves the interaction between glycoproteins embedded in the
virion membrane and cell surface ligands (for a review, see
reference 31). Within the gammaherpesvirus subfamily, the
process has been studied in greatest detail with EBV. Here, an
interaction between the virion glycoprotein gp350/220 and
complement receptor type 2 (CR2) on B cells is a critical first
step in B-cell infection by EBV (18). Attachment to epithelial
cells (that lack CR2) is mediated by glycoprotein H (gH) and
entry requires a gH/gL complex (27). However, entry into B
cells requires a complex of gH, gL, and gp42, a glycoprotein
unique to EBV that uses HLA class II as a coreceptor (50).
Although there is no direct sequence homologue of gp350/220,
each gammaherpesvirus contains a gene encoding an analo-
gous glycoprotein in the same relative genomic location. This
positional analog is called gene 51 in herpesvirus saimiri (the
prototypic gamma-2-herpesvirus) and K8.1 in Kaposi’s sarco-
ma-associated herpesvirus (KSHV) (29). It appears that this
glycoprotein may have a conserved function in binding to cel-
lular receptors since K8.1 has been shown to bind to heparan
sulfate and mediate entry into cells (3, 49).

Our previous work has shown that MHV-68 contains a gly-
coprotein (gp150) that is a major constituent of the virion
membrane (35). Further, vaccination with a recombinant vac-
cinia virus expressing gp150 protected mice from mononucle-
osis but not lung infection after intranasal challenge with
MHV-68 (37). MHV-68 gp150 is analogous to the KSHV K8.1
glycoprotein and EBV gp350/220. Both gp350/220 and K8.1
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have been well characterized and are known to be virion mem-
brane glycoproteins that are involved in the binding of virus to
cells. However, other than virus attachment, little is known
about alternative roles of gp350/220 and K8.1 in the virus life
cycle in vivo. The aim of the present study was to study the role
of MHV-68 gp150 in virus infection in the host and to use the
conclusions to shed light on the role of gp350/200 and K8.1.

MATERIALS AND METHODS

Cell culture and virus stocks. Baby hamster kidney cells (BHK-21) were
maintained in Glasgow modified minimal essential medium supplemented with
10% newborn calf serum, 10% tryptose-phosphate broth, 2 mM L-glutamine, 70
�g of penicillin/ml, and 10 �g of streptomycin/ml. The mouse B-cell line, A20,
was maintained in RPMI medium containing 10% fetal calf serum, 50 �M
2-mercaptoethanol, 100 �g of streptomycin/ml, 100 U of penicillin/ml, and 25
mM HEPES. MHV-68 was originally isolated during field studies from the bank
vole Clethrionomys glareolus (6) and was subsequently plaque purified on
BHK-21 cells to obtain clone g2.4 as described previously (16). Viruses were
propagated and titrated by using BHK-21 cells as described previously (39).

Generation of a gp150 mutant. A recombinant virus with a mutation in the
open reading frame (ORF) encoding gp150 was constructed by using MHV-68
cloned as bacterial artificial chromosome (BAC) as recently described (1). To
delete a part of the gp150 ORF, a linear PCR fragment containing an FLP
recombinase target-flanked tetracycline resistance cassette was generated from
vector pCP16 with a primer pair that contained 24 nucleotides for amplification
of the tetracycline resistance gene and an additional 50 nucleotides homologous
to the sequences flanking the region to be deleted, corresponding to nucleotide
positions 69472 to 69521 and 70855 to 70904 (47), respectively. This PCR prod-
uct was transferred into the MHV-68 BAC by homologous recombination with
Escherichia coli strain JC8679 (ET-cloning) as described previously (1), leading
to the deletion of nucleotides 69522 to 70854 of MHV-68. Recombinant BAC
plasmids were transfected by electroporation into E. coli strain DH10B and
characterized by restriction enzyme analysis and sequencing.

A revertant BAC plasmid was generated by a two-step replacement procedure
as described previously (1, 26). For that purpose, a 5.3-kb BglII fragment of
MHV-68 (nucleotide positions 67744 to 73044) was cloned into the shuttle
plasmid pST76K-SR (1) and electroporated into E. coli strain DH10B that
already contained the gp150 deletion BAC. Recombinant BAC plasmids were
characterized by restriction enzyme analysis.

Transfection by electroporation of 2 to 3 �g of the recombinant BAC plasmids
into BHK-21 cells resulted in the reconstitution of recombinant viruses express-
ing green fluorescent protein. To remove the BAC vector sequences, rat embry-
onic fibroblasts expressing recombinase Cre (1) were infected, and viral clones
with the BAC vector sequences deleted were purified by limiting dilution with
loss of green fluorescent protein (GFP) expression as a screening marker. DNA
of all reconstituted, recombinant viruses was isolated from infected BHK-21 cells
and analyzed by restriction enzyme digestion. Successful mutagenesis and the
absence of the BAC vector sequences were confirmed by Southern blot analysis.

In vitro infections. Single- and multistep virus growth curves were obtained by
infecting subconfluent BHK-21 cells at a multiplicity of infection (MOI) of 5 or
0.01, respectively. After the virus was allowed to adsorb for 1 h at 37°C, the cells
were washed with medium to remove unbound virus, and fresh growth medium
was then added. At various times p.i., the wells were harvested and infectious
virus was quantified by plaque assay. All infections (per time point) and analysis
of virus production by plaque assay were performed in duplicate.

Infection of mice and analysis of tissues. All animal work was performed
under UK Home Office project license numbers 60/2429 and 40/2483 and per-
sonal license number 60/6501. BALB/c mice were purchased from Bantin and
Kingman (Hull, United Kingdom). Mice were infected intranasally at 4 to 6
weeks of age with 4 � 105 PFU of virus in 40 �l of sterile phosphate-buffered
saline (PBS) under light anesthesia (halothane or isoflurane). In some experi-
ments, as an alternative, mice were infected intravenously with 4 � 105 PFU
MHV-68 in 0.1 ml of PBS in the tail vein. At various times p.i., mice were
euthanized and tissues were harvested for analysis. Plaque assays were per-
formed with BHK-21 cells to detect infectious virus as described previously (39).
The limit of detection of the plaque assay was 10 PFU per organ. An infective
center (IC) assay was used to detect latent virus as described previously (39). The
data were analyzed statistically using two-way analysis of variance with Bonfer-
roni post-tests; P values were set at a 95% confidence interval.

Microarray analysis. RNA isolation, labeling, microarray hybridization, and
data analysis were performed as described previously (15). Briefly, total RNA (25
�g) was isolated and reverse transcribed with 400 U of Superscript II (Life
Technologies) in the presence of Cy3-dCTP (Amersham Pharmacia), followed
by hybridization on MHV-68 75-mer oligonucleotide microarrays which included
all known MHV-68 ORFs. Normalization between arrays was based on spike
RNA corresponding to Bacillus subtilis genes transcribed in vitro.

Quantitative real-time PCR analysis. DNA was extracted from spleen or lung
tissue by using a Qiagen DNeasy kit and quantified by UV spectrophotometry.
Quantification of viral DNA copy number was made by using an Opticon Mon-
itor-2 real-time PCR machine (MJ Research). Amplification was performed in
20-�l reaction volumes with a DyNamo SYBR Green kit (Finnzymes). The
cycling parameters consisted of a hot start at 95°C 10 min, denaturation at 94°C
10 s, annealing at 60°C 20 s, and extension at 72°C 15 s. Melting-curve analysis
was carried out to confirm the specificity of the products between 65 and 95°C
with 0.2°C increments. A portion (205 bases) of MHV-68 M3 gene was amplified
with forward primer CCCCATCATGACTTGTCATC and reverse primer AAA
ACTTGCCCATGCTACT. The MHV-68 genome copy number was estimated
against a standard curve constructed by serial dilution of MHV-68 BAC DNA
(1). The murine ribosomal protein L8 (rpl8) gene (GenBank accession number
AF091511) was used to normalize for input DNA between samples. The stan-
dard curve for rpl8 was constructed by serial dilution of a plasmid containing a
163-bp fragment of rpl8 (pCR2.1/rpl8). Amplifications of pCR2.1/rpl8 were
carried out by using forward primer CAGTGAATATCGGCAATGTTTTG and
reverse primer TTCACTCGAGTCTTCTTGGTCTC. Each sample was tested in
triplicate. Mean viral genome copy numbers were determined from four indi-
vidual mice and were expressed relative to the copy number of L8.

Protein expression and purification. A fragment of the gp150 gene encoding
the ectodomain of the mature protein (i.e., minus N-terminal signal sequence,
transmembrane anchor, and endodomain) was amplified from viral DNA by
PCR by using the primers 5�-GGACCATGGGATTTCTGGGGAATCACAAC
TTAG (sense, genome coordinate 69520) and 5�-GCTCTCGAGGGTAGAAA
TGTCTGGAACGG (antisense, genome coordinate 70826). This fragment was
cut with NcoI and XhoI and inserted between the corresponding sites of the His6

fusion expression vector pET22b (Novagen) in frame with a sequence encoding
the pel B leader sequence. The pel B periplasmic leader sequence directs the
fusion protein into the periplasm of the host bacteria and is cleaved on entry.
gp150-His fusion protein was expressed in E. coli BL21(DE3) bacteria containing
this plasmid; protein was extracted from the bacterial periplasm and purified by
using Ni2� charged resin beads (Novagen) according to the manufacturer’s
instructions. To generate a GST-His fusion protein, two complementary oligo-
nucleotides were synthesized that encoded the His6 motif, and this was inserted
in frame with the sequence encoding glutathione S-transferase (GST) in the
vector pGEX-2T (Pharmacia). Protein was purified directly from the bacterial
cytoplasm by using Ni2�-charged resin beads (Novagen) according to the man-
ufacturer’s instructions. Protein concentrations were determined by spectropho-
tometry at 280 nm. For GST, the molar extinction coefficient of 5.4 � 104 M�1

cm�1 had been previously determined (30). For gp150, amino acid analysis was
performed on purified gp150, and from this the concentration of a sample was
determined. From this the molar extinction coefficient was determined to be 7 �
104 M�1 cm�1.

FACS analysis and binding assay. Cells (106) were incubated in 200 �l of
fluorescence-activated cell sorting (FACS) buffer (PBS, 1% bovine serum albu-
min, 0.2% sodium azide) for 45 min, washed, and then incubated at 37°C for 1.5 h
with 50 �l of either 20 �M fusion protein preparation, 50 �l of MHV-68 virus
preparation containing 107 PFU or 50 �l of BHK cell lysate, each diluted in
FACS buffer. Cells were then washed three times in FACS buffer before being
resuspended in 50 �l of rabbit anti-gp150/GST antibody (35), diluted 1:250 in
FACS buffer, and incubated at 4°C for 60 min. Cells were washed as described
above and then incubated with the swine anti-rabbit fluorescein isothiocyanate
antibody (Dakopatts; 30 �l/well, diluted 1:30) for 30 min at 4°C. After this, cells
were washed five times in FACS buffer and then resuspended in 200 �l of 1%
Formol saline. Cells were sorted by using a FACStar (Becton Dickinson) FACS
machine. Events from 10,000 cells were used for analysis. The gate for the
definition of positive cells was positioned such that 1% of the cells with primary
and secondary antibody alone were positive. The amounts of virus and recom-
binant protein used were determined by using preliminary titration experiments
to give optimal signal to noise ratios. The results are presented as the mean � the
standard deviation of three separate determinations.

Virus binding and infection assay. Virus used in these experiments was either
prepared by infection of BHK-21 cells in vitro as described above or derived from
homogenates of lungs harvested from mice infected with recombinant virus
(vgp150�) or revertant virus (vgp150R) at 7 days p.i. The number of virus copies
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was determined by real-time PCR by the method described above. Lymphocytes
were then extracted from uninfected mice and diluted to 2 � 106 cells in fresh,
precooled RPMI medium and exposed to 0.1 copy per cell of either vgp150� or
vgp150R from lung preparations. For the binding assay, the cells and virus were
incubated on a shaking platform at 4°C for 3 h. For the infection assay, the cells
and virus were then incubated on a shaking platform at 37°C for 1 h. The cells
were washed three times in cold PBS to remove any unbound virus particles, and
DNA was extracted by using a Qiagen DNeasy kit. The viral DNA copy number
was determined in relation to copies of mouse rpl8 by quantitative real-time PCR
analysis by using the method stated above. All experiments were carried out in
triplicate, and results are expressed as mean values.

RESULTS

Construction of MHV-68 with a mutation in gp150. To as-
sess directly the function of gp150 in the life cycle of murine
gammaherpesvirus, we generated a recombinant virus
(vgp150�) with a mutation in the gp150 locus by replacing part
of it (coordinates 69521 to 70855) with a tetracycline resistance
cassette. We performed this by using a BAC clone of the virus
and the RecE/T recombination system (1). To exclude effects
due to rearrangements outside gp150, a revertant virus
(vgp150R) was generated with a nonmutated genomic frag-
ment by a two-step replacement procedure. The structure of all
cloned genomes was analyzed by restriction enzyme digestion
with different enzymes and by sequencing the site of mutation
(data not shown). Interestingly, the mutation of gp150 was
found to be nonessential for virus replication in cell culture as
transfection of BAC clones resulted in viral plaques. BAC
sequences were removed from recombinant viruses by passage
through Cre-expressing cells (1). The structure of all recombi-
nant viruses was then analyzed by restriction enzyme digestion
of viral DNA and Southern blotting. As shown in Fig. 1, a
5.3-kbp BglII fragment containing the gp150 ORF in the pa-
rental and revertant virus was replaced by a 6.3-kbp fragment
in the mutant containing the tetracycline cassette.

To confirm a lack of gp150 protein expression in vgp150�,
we performed indirect immunofluorescence analysis on in-
fected BHK-21 cells by using polyclonal antisera to MHV-68
gB and gp150. As seen in Fig. 2, cells infected with either
vgp150� or the revertant vgp150R were positive for expression
of the gB gene but only vgp150R expressed gp150 protein.

Deletion of gp150 does not appreciably affect expression of
other viral genes. To asses whether disruption of gp150 af-
fected expression of other MHV-68 genes, we compared global
viral mRNA expression between vgp150� and wild-type rever-
tant virus by microarray analysis. RNA from BHK cells 24 h
p.i. was hybridized to an oligonucleotide-based DNA microar-
ray containing all known MHV-68 ORFs and control genes as
described previously (15). The results (Fig. 3) showed that,
aside from gp150, there was no appreciable difference in
mRNA expression between the viruses. For this, we have taken
a fourfold difference as being a cutoff, based on previous com-
parisons between microarray and real-time analyses (10, 12).
Any differences seen were far smaller than this cutoff and no
greater than those observed between individual microarray
analyses on wild-type virus. This was true for genes immedi-
ately surrounding gp150 (ORFs 49, 50, 52, and 53; marked by
asterisks), as well as those more distant.

gp150 is nonessential for virus replication in vitro but af-
fects extracellular virus production. During construction of
the virus recombinants we noticed that in the absence of an

overlay of carboxymethyl cellulose or agarose, the plaque mor-
phology of the gp150 mutant was restricted compared to the
revertant and wild-type virus (Fig. 4A). This suggested a pos-
sible defect in release of extracellular virus. To test this hy-
pothesis and to distinguish between virus released from the
surface of infected cells and virus released by cellular lysis,
infected BHK cells were examined by electron microscopic
analysis. The results (Fig. 4B) showed that viral particles were
released from the cell surface of infected cells by both vgp150�
and vgp150R. Thus, the restricted plaque morphology was not
due to an absolute defect in release of extracellular virus from
the cell surface.

To analyze the replication of the gp150 mutant further, we
performed standard in vitro growth curves. The one-step
growth curves of vgp150�, vgp150R, and wild-type MHV-68 on
BHK-21 cells (MOI of 5) were essentially identical (not
shown). Likewise multistep growth curves (MOI of 0.01) be-
tween viruses were similar. We next performed multistep
growth curves and analyzed cell-associated and cell-free virus
separately. The results (Fig. 5A) showed that, although the
curves for cell-associated virus were extremely similar, at 24 h

FIG. 1. Structural analysis of the genomes of recombinant viruses.
(A) Ethidium bromide-stained agarose gel of BglII-digested DNA
isolated from infected cells. Parental BAC virus (Parental), gp150
mutant (vgp150�), and revertant (vgp150R) are shown. (B) Southern
blot analysis of the gel shown in panel A with a digoxigenin -labeled
probe spanning nucleotide positions 68650 to 69407 of MHV-68, rec-
ognizing a 5.3-kbp BglII fragment in the parental BAC virus and in the
revertant virus, respectively, and a 6.6-kbp BglII fragment in the gp150
mutant virus (indicated by white dots in panel A and by an arrowhead
in panel B). Marker sizes (in kilobase pairs) are indicated on the left.
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p.i. and later the titers of extracellular vgp150� were markedly
less (1 to 1.5 log10) than those of vgp150R.

These results indicated that gp150 is not essential for the
production of infectious MHV-68 in vitro but that it has a

role to play in the efficient release of infectious extracellular
virus.

gp150 does not affect productive replication in the lung. To
assess the role of gp150 in vivo, cohorts of BALB/c mice were
infected intranasally with vgp150�, vgp150R, and wild-type
MHV-68. The degree of productive replication in the lungs
was then assessed at selected time points by plaque assay. The
titers of all three viruses were extremely similar and not sig-
nificantly different at all time points, peaking at 6 days p.i. and
being resolved below the level of detection by day 10 p.i. (Fig.
5B). Thus, gp150 does not play a role in the acute infection by
MHV-68 in the lung.

gp150 is important for acute splenic mononucleosis. To
assess the role of gp150 in infection of spleen cells and estab-
lishment of latency, mice were infected intranasally as de-
scribed above and analyzed at selected times p.i. First, the total
spleen mononuclear cell numbers were assessed (Fig. 5C).
Spleen mononuclear cell numbers in mice infected with wild-
type MHV-68 and vgp150R increased to peak at day 14 p.i. and
decreased to a baseline by day 28 p.i. In contrast, there was no
overall significant increase in the spleen cell numbers of
vgp150�-infected mice, and at day 14 p.i. the numbers were
significantly lower than either wild-type or vgp150R-infected
animals (P 	 
0.01). Thus, vgp150� was defective in its ability
to cause production of the typical transient peak in splenic
mononuclear cell numbers (splenic mononucleosis) seen after
MHV-68 infection.

gp150 is important for the early expansion of latently in-
fected cells in the spleen. Next, the numbers of latently in-
fected cells in the spleen were assessed by a virus reactivation
or IC assay (Fig. 5D). The number of IC in mice infected with

FIG. 2. Immunofluorescence analysis of cells infected with
vgp150� and vgp150R. BHK-21 cells were infected with 5 PFU of
virus/cell for 18 h. Slides were then fixed with acetone before the
indirect immunofluorescence staining procedure. Cells were stained
with either rabbit polyclonal antibodies to gB or gp150, and fluores-
cence was then visualized by using a UV microscope. All panels are
shown at the same magnification, and a size bar of 40 �m is indicated
in the first panel.

FIG. 3. Transcriptome profiles of vgp150� and vgp150R. Cells were infected with viruses for 18 h before extraction of total RNA and analysis
by DNA oligonucleotide microarray. The histogram shows median signal intensity on an arbitrary scale above background (mean plus two standard
deviations of five negative control genes). The data were normalized against spiked RNA. Each datum point is the median signal intensity (n 	
3). Data are shown for vgp150� (�) and the wild-type revertant vgp150R (■). The positions for data pertaining to gp150 are indicated by an arrow
above the profiles and those pertaining to surrounding genes by asterisks below the profiles.
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both vgp150R and wild-type MHV-68 were similar, peaking at
day 14 p.i. and resolving to a baseline at 28 days p.i. Although
IC were observed in vgp150�-infected mice and peaked at 14
days p.i., the number was significantly lower than with the
other two viruses at days 10 (P 	 0.01) and 14 (P 	 0.001) p.i.
In spite of the lower numbers observed at day 10 and 14 p.i.,
the long-term (baseline) level of IC established in vgp150�-
infected mice was similar to that seen in mice infected with
wild-type and revertant viruses. No preformed infectious virus
was seen in these assays; thus, the number of IC was represen-
tative of the number of cells that can be reactivated from
latency. Thus, although vgp150� was able to establish latency
in the spleen, the initial typical spike in reactivatable latency
was much reduced.

To check that there was no defect in the ability of the gp150
mutant virus to reactivate from latency, resulting in lower es-
timates of latently infected cells, we determined the viral ge-
nome copy number in the spleens of infected mice by quanti-
tative real-time PCR. We have previously shown that genome
copy number correlates directly with the number of latently
infected cells in MHV-68-infected mice as determined by a
limiting dilution reactivation assay (46). The results are shown
in Fig. 5E. At day 14 p.i., it was found that viral DNA copy
number in spleens obtained from mice infected with wild-type
MHV-68 and vgp150R were �10-fold higher (1 copy in 103

copies of L8) than in vgp150�-infected animals (1 copy in 104

copies of L8). This finding indicated that, with all three viruses,
viral DNA copy number was in good agreement with the IC
assay. Thus, the reduced peak of IC at days 14 p.i. caused by
vgp150� was due to a reduced number of latently infected cells
and not a defect in reactivation.

gp150 is not involved in the spread from lungs to spleen. We
surmised that one reason for the decreased mononucleosis and
spike of latency in the spleens of mice infected with vgp150�
was that there was a defect in its ability to traffic from the lung
to the spleen. To address this, we infected mice with vgp150�
and vgp150R via the intravenous route. This technique delivers
the virus more directly to the spleen without the need to
replicate in the lungs and traffic through secondary lymphoid
tissue. Spleens from infected mice were analyzed for mononu-
clear cell number and IC at day 7 p.i., since this is the time at
which the peak of splenic latency occurs in mice infected via
the intravenous route (39). The results (Fig. 6) showed that the
numbers of mononuclear cells and IC were extremely similar
to those seen at 14 days p.i. after intranasal infection with both
vgp150� and vgp150R. Thus, there were significantly lower
numbers of spleen mononuclear cells (P 	 0.005) and IC (P 	
0.004) in vgp150�-infected mice. This indicated that gp150 did
not play a role in the spread of virus from the lung to the
spleen.

FIG. 4. Plaque morphology and electron microscopic analysis of infected cells. (A) BHK-21 cells were infected with either vgp150R or gp150�,
as indicated, at an MOI of 10�4. After 4 days the cells were fixed with formol saline and stained with toluidine blue. (B) BHK-21 cells were infected
with either vgp150R or vgp150�, as indicated, at an MOI of 5 for 24 h. Cells were then fixed with glutaraldehyde, negatively stained with uranyl
acetate, and examined by transmission electron microscopy. Magnification, �10,000. Each panel shows an image of part of an individual infected
cell. The positions of virus particles (V), extracellular space (E), cytoplasm (C), plasma membrane (PM), and nucleus (N) are as indicated.
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gp150-deficient virus can still infect B cells. To determine
whether vgp150� had an altered cellular tropism in the spleen,
mice were infected intranasally with vgp150� and vgp150R,
and spleens were harvested at 14 days p.i. Spleen cells were
then fractionated into CD19� (B lymphocytes) and CD19�

cells (non-B cells) by using magnetic cell sorting (MACS) as

described previously (14). The purity of the separated fractions
was tested by FACS analysis and found to be �95%. The two
cell fractions were analyzed for the presence of latent virus by
using the IC assay. As shown in Fig. 7, as before, the overall
numbers of IC were more than 10-fold greater in vgp150R-
infected than in vgp150�-infected mice (3.3 � 104 versus 1.1 �

FIG. 5. Biological characterization of viruses. (A to D) Data were obtained from infections with vgp150� (squares), vgp150R (triangles), and
parental wild-type virus (circles). All infections of mice (BALB/c female) were intranasal with 4 � 105 PFU of virus. In all panels, where indicated,
bars represent the standard deviation from the mean, and asterisks represent a statistically significant difference from the revertant value. (A) In
vitro multistep growth curve comparing replication of viruses in BHK-21 cells (MOI of 0.01). Titers were determined for both cell-associated (■
and Œ) and cell-free (� and ‚) virus. The data are representative of two independent experiments, each performed in duplicate. (B) Virus
replication in the lung. The data shown are the mean virus titers obtained from four mice per group at each time point. (C) Total spleen cell
number within infected mice. The data are the mean cell numbers obtained from four infected mice per group at each time point. (D) Latently
infected cells in the spleens of infected mice as determined by IC assay. The data from four mice per group are shown at each time point. No
preformed infectious virus was detected in this assay (data not shown). (E) Data obtained from real-time quantitative PCR analysis of the amount
of viral DNA present relative to the amount of cellular L8 gene DNA present in spleen samples at 14 days p.i. The data were compiled from three
separate analyses of four individual mice infected with either vgp150� or vgp150R as indicated.
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103, respectively). However, in both cases, the same proportion
(99%) of IC was present within the CD19�-B-cell subpopula-
tion. The distribution of vgp150� within different cell types in
the spleen during mononucleosis therefore appeared to be
similar to that of wild-type MHV-68 (40) in that the majority of
IC were associated with B lymphocytes. This indicated that
gp150 is not essential for infection of B cells and hence latency
in B cells, but that its presence increases the frequency of
latently infected cells during splenic mononucleosis.

gp150 binds to B cells but not epithelial cells in vitro. Due to

the deficit in B-cell infection, we wanted to determine whether
gp150 was involved in binding selectively to B cells. To make a
preliminary investigation of the role of gp150 in binding of
virus to either B cells or epithelial cells, we made a soluble
recombinant form of gp150 in E. coli. This consisted of the
intact ectodomain of gp150 (i.e., without the N-terminal signal
sequence, transmembrane anchor and carboxy-terminal do-
main) with the addition of a His6 fusion tag at the carboxy
terminus to enable purification on Ni2� charged resin. A bac-
terial system was chosen because of the high levels of protein
that can be produced. Although a glycoprotein, gp150 is not
highly glycosylated, containing only two potential N-linked gly-
cosylation sites (35). Thus, we did not believe that the lack of
glycosylation in E. coli would be a major problem. The purified
recombinant protein (gp150-His) had an apparent molecular
mass of 120 kDa on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (results not shown), which was in good agree-
ment with that predicted for the gp150 ectodomain (35). Using
this system we were consistently able to purify soluble recom-
binant gp150 at a level of ca. 1.3 mg/liter. As a control we
produced and purified a GST-His6 (GST-His) fusion protein in
a similar fashion.

To assess binding of gp150 to cells, we used either a murine
epithelial cell line, C127, that was known to support MHV-68
infection (35) or primary CD19� murine B cells purified by
MACS as described above. Recombinant gp150-His, GST-His,
MHV-68 virus preparation, or control lysate from BHK-21
cells was incubated with the cells. Binding was then detected by
FACS analysis with an antiserum generated in rabbits to a
gp150-GST fusion protein. This reagent was known to contain
high levels of antibodies to both gp150 and GST (35) and was
therefore capable of detecting virus, recombinant gp150, and
GST. The results of this analysis are shown in Fig. 8. As
expected, MHV-68 bound in a specific fashion to epithelial
cells (Fig. 8A) with ca. 60% of the cells being positive. In
contrast, a much smaller percentage (ca. 10%) of cells were
positive for gp150 binding, and this binding was not specific
since the GST fusion protein bound to an equivalent percent-
age of cells. When splenic B cells were analyzed (Fig. 8B), it
was found that MHV-68 again bound in a specific fashion,
although the proportion of cells positive was much lower (ca.
10%). A similar proportion of cells bound recombinant gp150
protein as virus, this time in a specific fashion since only �1%
of B cells were positive for GST-His binding. These results
demonstrated that MHV-68 was able to bind to both epithelial
cells and B cells, but to a higher proportion of the former. In
contrast, gp150 only bound in a specific fashion to B cells.

gp150 influences the binding of MHV-68 to lymphocytes in
vitro. Although the above in vivo and protein binding results
strongly suggested a role for gp150 in B-cell infection, we had
not formally proved this. To determine whether gp150 had a
direct role in binding of virus to B cells, we compared the
ability of either vgp150� or vgp150R to bind to either A20, a
murine B-cell line, or freshly isolated mouse spleen cells. The
level of binding was determined by incubating equal amounts
of virus, as defined by DNA copy number, at 4°C with cells and
then assessing the relative copy numbers bound by quantitative
PCR.

In the first set of experiments we used virus prepared in vitro
in BHK-21 cells. Surprisingly, the results showed that vgp150�

FIG. 6. Characterization of latent infection in the spleen after in-
travenous infection. Mice (BALB/c female) were infected with 4 � 105

PFU of either vgp150� of vgp150R via the intravenous route for 7
days. (A) Total spleen cell number within infected mice. The mean cell
numbers obtained from four infected mice per virus are shown. (B) La-
tently infected cells in the spleens of infected mice as determined by IC
assay. Data from four mice per group are shown at each time point. No
preformed infectious virus was detected in this assay; thus, the number
of IC is representative of the number of latently infected cells. In both
panels, bars represent the standard deviation from the mean, and
asterisks represent a statistically significant difference from the rever-
tant value.

FIG. 7. Spleen type containing latently infected cells. Mice
(BALB/c female) were infected intranasally with 4 � 105 PFU of either
vgp150� or vgp150R for 14 days. Splenic B lymphocytes were then
separated from other spleen cells by positive selection by MACS with
CD19 microbeads. The numbers of latently infected cells were then
determined by IC assay. Data from four mice per virus are shown. No
preformed infectious virus was detected in this assay; thus, the number
of IC is representative of the number of latently infected cells. Bars
represent the standard deviation from the mean. Numbers above the
bars represent the percentage of the observed mean total IC for each
virus.
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bound substantially better than vgp150R to both A20 B cells
and splenocytes (data not shown). Similar results were ob-
tained when the relative levels of vgp150� and vgp150R bound
and internalized after 4 h of infection at 37°C were compared
(data not shown).

We surmised, based on evidence with EBV, that there may

be differences in the capacity of virus to bind to lymphocytes
depending on the cell type from which it was derived (8). Thus,
in a subsequent set of experiments we tested infectious virus
derived from the lungs of infected mice at 7 days p.i. The
majority of productively infected cells at this time p.i. in the
lung are alveolar epithelial cells (39). Thus, most of the virus
should be derived from this cell type. The results (Fig. 8C)
showed that vgp150� bound less well to splenocytes than did
the wild-type vgp150R. Similar results were obtained when the
levels of virus bound and internalized after 4 h of infection at
37°C were compared.

These results demonstrate that, although not essential,
gp150 derived from infected lungs enhances the binding of
MHV-68 to splenocytes. However, the cellular source of the
virus is critical in determining the influence of gp150 on bind-
ing.

DISCUSSION

The human gammaherpesviruses EBV and KSHV both con-
tain a glycoprotein (gp350/220 and K8.1, respectively) that
mediates binding to target cells. However, there is no direct
information on the role that these glycoproteins play in the
pathogenesis of viral infection in vivo. MHV-68 particles con-
tain an analogous glycoprotein, termed gp150 (35). The aim of
the present study was to mutate the gene encoding gp150 so as
to generate a virus deficient in gp150 and test the effect of this
mutation on viral pathogenesis in a mouse model system. To
do this, a recombinant MHV-68 was made wherein the major-
ity of the gp150 gene (vgp150�) was replaced by a tetracycline
resistance cassette. This virus did not express gp150, and the
expression of other virus genes was not adversely affected as
shown by global microarray analysis. The gp150 mutant virus
replicated normally in vitro but displayed a partial defect in the
extracellular release of virus. Likewise, the productive replica-
tion of vgp150� in the lungs of infected mice was similar to
wild-type virus. The transient splenic mononucleosis and spike
in latently infected cells associated with spread of MHV-68 to
the spleen was significantly reduced in the absence of gp150,
but the mutant virus was able to infect and become latent in B
cells. We determined that a soluble, recombinant gp150 bound
specifically to B cells but not to epithelial cells in culture. In
line with this, virus defective in gp150 bound less well to
splenocytes in vitro.

The nonessential nature of gp150 for virus infection in vitro
in BHK-21 cells was not surprising since it had been shown that
the analogous protein from EBV, gp350/220, was also nones-
sential in culture (22). The fact that the absence of gp150 did
not influence the total growth kinetics in either one or multi-
step growth curves suggests that it does not play a fundamental
role in virus binding to cells or cell-to-cell spread in BHK cells.
Likewise, since intracellular infectious virus levels are similar
in its absence, it does not seem likely that gp150 plays a sig-
nificant role in virion maturation. However, a partial defect in
cell-free virus production by vgp150� suggests that gp150 plays
a role in release from the infected cell surface. This is a novel
observation, and it is possible that the analogous EBV gp350/
220 and KSHV K8.1 may fulfill similar functions. Further stud-
ies are needed to dissect the exact nature of the role of gp150
and analogous glycoproteins in extracellular virion release.

FIG. 8. Binding of MHV-68 and gp150 to cells. (A and B) Cells
(106/well) were incubated with equimolar concentrations (20 �M) of
fusion protein (gp150-His or GST-His), 107 PFU MHV-68, or BHK
cell lysate (BHK) as a virus-negative control for 1.5 h at 37°C in the
presence of sodium azide. Binding was detected by using a combina-
tion of rabbit anti-gp150-GST antibody, followed by swine anti-rabbit
fluorescein isothiocyanate-conjugated antibody. Cells were formalde-
hyde fixed and analyzed by FACS. The marker for positive staining was
positioned at 1% of staining with primary and secondary antibody
alone. The bars denote the standard deviation of triplicate samples.
(A) C127 murine epithelial cells; (B) primary B cells. (C) A total of 2
� 106 fresh mouse spleen cells were incubated with the indicated
viruses at either 4°C or 37°C. After a washing step, the DNA copy
number of bound virus was determined by quantitative PCR analysis.
Numbers represent the mean of three determinations.
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As for in vitro productive replication, gp150 was redundant
for the acute replication of MHV-68 in the lungs of infected
mice (Fig. 5B). Thus, gp150 is not important for the entry of
virus into pulmonary epithelial cells, the primary site of acute
MHV-68 productive replication (39), as well as spread within
this location. Given that there was a partial defect in cell-free
virus production with vgp150�, these results also strongly sug-
gest that cell free virus does not play a major role in the acute
pulmonary infection.

In contrast to the acute infection in the lung, the transient
splenic mononucleosis and spike in latently infected cells that
follows acute lung infection was significantly influenced by the
lack of gp150 (Fig. 5C and D). This indicated either a defect in
spread from the initial pulmonary focus to the spleen or a
deficiency in the ability to infect relevant target cells in the
spleen. Bypassing the lung infection by using intravenous in-
oculation excluded the former (Fig. 6). Although a number of
cell types within the spleen are infected by MHV-68 (20, 52),
infection of B cells is critical for the development mononucle-
osis and the spike in latency (38, 44, 45, 51). The proportions
of B and non-B cells infected in the absence or presence of
gp150 were similar, showing that an alternative spleen cell
population was not targeted in its absence. Thus, our results
strongly suggest that the observed reductions in the peak of
mononucleosis and latency were most likely due to a defect in
the ability to infect target B cells. A reduced mononucleosis
and latency spike, followed by longer-term latency were still
established by the gp150 mutant virus. Thus, although impor-
tant for these functions, gp150 is not essential. This fits well
with observations with the EBV analog gp350/220, which has
been shown to be influential but not essential for the infection
of B cells in vitro (22).

The positional analogs of MHV-68 gp150, EBV gp350/220
and KSHV K8.1, are involved in the infectious process by
binding to target cells. K8.1 appears to interact with cellular
heparan sulfate present on a range of target cells, but it is not
yet known how essential K8.1-heparan sulfate reactions are for
infection, particularly on lymphocytes (3, 49). The EBV gp350/
220 binds to CD21 present on B cells (18) and is important but
not essential for EBV infection of these cells (22). With both
EBV and KSHV there are other glycoproteins known to be
involved in infection. Specifically, the EBV gH/gL/gp42 com-
plex binds to HLA class II (21, 24, 25, 32), the BMRF2 gene
product binds integrins (43) and the KSHV gB binds to inte-
grins (2). We show here that MHV-68 gp150 binds specifically
to B cells and not epithelial cells in vitro and that gp150
enhances the binding of virus derived from lung tissue to
splenocytes. Thus, gp150 would appear to be more similar in
function to EBV gp350/220 than to K8.1. MHV-68 gp150, like
gp350/220, enhances but is not essential for lymphocyte infec-
tion, which implicates other glycoprotein-receptor interactions.
Here, complexes involving gH and gL are likely to be involved.
gB is another candidate. However, the MHV-68 gB, like EBV
gB, is unusual in that it does not contain the consensus [RX(R/
K)RS] cleavage site present in most other herpesvirus gB mol-
ecules, and it is largely retained in the endoplasmic reticulum
with only a small proportion, if any, being incorporated into
virions (7, 36). Thus, MHV-68 gB is unlikely to be a major
player in binding to target cells. The question of the molecules

involved in MHV-68 binding to target cells is therefore com-
plex and requires further study.

The in vitro binding data support our in vivo data showing a
role for gp150 in MHV-68 pathogenesis in the spleen and not
the lung. MHV-68 gp150 was shown to be important for the
transient sharp increase in both spleen mononuclear cell and
latently infected B-cell numbers, presumably by increasing the
chances of B-cell infection in vivo. Extrapolation of these data
to EBV pathogenesis suggests that in turn, gp350/220 may not
be essential for infection or latency in vivo but may influence
the development of clinically apparent EBV-associated mono-
nucleosis by increasing the proportion of B cells that are in-
fected.

Viral binding studies in vitro identified that the cellular
source of MHV-68 was critical in determining the influence of
gp150 on binding. Thus, whereas gp150-deficient virus derived
from mouse lungs bound less well to splenocytes than did the
wild type, the situation was reversed when virus derived from
BHK-21 fibroblasts was used. This implies that there is a fun-
damental difference in the glycoprotein composition between
virions derived from the two sources. Alveolar epithelial cells,
not fibroblasts, are the principal natural source of infectious
MHV-68, and so the binding results with this cell type are more
reflective of the situation in vivo. Differences in the binding
could be due to the specific type or relative proportion of
glycoprotein species incorporated or the biochemical modifi-
cation of glycoprotein species. There is a precedence for the
former in that EBV derived from epithelial cells contains a
high proportion of gH/gL complexes that contain gp42 and
preferentially infect B cells, whereas virions originating from B
cells contain a higher proportion of gH/gL complexes without
gp42 and preferentially infect epithelial cells (8). Alternatively,
we have observed differences in the glycosylation of MHV-68
gp150 depending on the context and cell type (J. P. Stewart,
unpublished observations) which could affect the binding ca-
pacities of this protein. Clearly, as in EBV, the cellular source
of virions can affect the binding properties of MHV-68 to
target cells, and great care should taken in choosing an appro-
priate source for study.

While this study was under review, another study detailing a
MHV-68 gp150 mutant was published (11) that confirmed
many of our in vitro findings but differed fundamentally in that
the gp150 mutant did not display any phenotypic difference
from the wild type in vivo. The reasons for these differences are
not immediately clear. However, the mutations made in gp150
by de Lima et al. would enable part of the protein to be
expressed, and it is possible that this is somehow influencing
the in vivo phenotype.

MHV-68 gp150 is clearly not essential in our laboratory
system for all aspects of viral pathogenesis but plays a role in
enhancing various aspects of the process. Since gp150 is ap-
parently involved in the production of cell-free virus, it may be
that it would naturally play a more important or essential role
in spread from host to host. We have never been able to
demonstrate spread from one animal to another in the labo-
ratory, and therefore we currently do not have a system with
which to test this hypothesis.

It has been suggested that EBV gp350/220 would be a good
candidate antigen for a vaccine against EBV. We have previ-
ously observed that vaccination with a recombinant vaccinia
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virus expressing gp150 had a negative impact on acute splenic
mononucleosis and latency but did not affect the initial infec-
tion in the lung or long-term latency (37). These exactly par-
allel the results with vgp150�. Taken together, this adds weight
to the view that although an EBV vaccine based on gp350/220
might be expected to be effective against mononucleosis, pro-
tection against latency and subsequent tumorigenesis may re-
quire a different strategy.
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