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Human gammaherpesviruses, Epstein-Barr virus, and human herpesvirus 8/Kaposi’s sarcoma-associated
herpesvirus are important pathogens associated with diseases, including lymphomas and other malignancies.
Murine gammaherpesvirus 68 (MHV-68) is used as an experimental model system to study the host immune
control of infection and explore novel vaccine strategies based on latency-deficient live viruses. We studied the
properties and the potential of a recombinant MHV-68 (AC-RTA) in which the genes required for persistent
infection were replaced by a constitutively expressed viral transcription activator, RTA, which dictates the virus
to lytic replication. After intranasal infection of mice, replication of AC-RTA in the lung was attenuated, and
no AC-RTA virus or viral DNA was detected in the isolated splenocytes, indicating a lack of latency in the
spleen. Infection of the AC-RTA virus elicited both cellular immune responses and virus-specific IgG at a level
comparable to that elicited by infection of the wild-type virus. Importantly, vaccination of AC-RTA was able to
protect mice against subsequent challenge by the wild-type MHV-68. AC-RTA provides a vaccine strategy for
preventing infection of human gammaherpesviruses. Furthermore, our results suggest that immunity to the
major latent antigens is not required for protection.

Human gammaherpesviruses, Epstein-Barr virus (EBV)/hu-
man herpesvirus 4 (HHV-4), and Kaposi’s sarcoma-associated
herpesvirus (KSHV)/HHV-8 are significant pathogens of human
diseases (32). EBV is associated with Burkitt’s lymphoma, naso-
pharyngeal carcinoma, Hodgkin’s disease, and lymphoprolifera-
tive diseases in immunodeficient patients (35). HHV-8 is associ-
ated with Kaposi’s sarcoma, primary effusion lymphoma, and
multicentric Castleman’s disease (9, 11, 12, 53). The life cycle
of gammaherpesviruses involves two distinctive stages, lytic
and latent infection, both of which play critical roles in gam-
maherpesvirus-related pathogenesis. The balance between la-
tency and lytic replication in vivo determines the pathogenic
outcome of the virus, and latently infected cells have the po-
tential to become transformed. Therefore, preventing latent
infection has been a critical task in the field of gammaherpes-
virus research. However, due to the strict host specificity of
human gammaherpesviruses, studies on the vaccine strategies
against human gammaherpesvirus infection have been limited.

Murine gammaherpesvirus 68 (MHV-68), another member
of the Gammaherpesvirinae subfamily, has been used as a
model system to study the virus-host interactions during infec-
tion of gammaherpesviruses. MHV-68 is a naturally occurring
pathogen among wild rodents (3, 5, 6, 44), and its viral genome
has been shown to be closely related to EBV and KSHV (16,
17, 40, 68). In contrast to EBV and KSHV/HHV-8, MHV-68

robustly infects a variety of cell lines as well as laboratory mice.
Therefore, genetic mutagenesis has been extensively con-
ducted on the MHV-68 genome to elucidate the function of
individual viral genes. Furthermore, MHV-68 has provided a
tractable model to examine the efficacy of various vaccine
strategies for gammaherpesviruses. Peptide and subunit vacci-
nation targeting lytic and latency-associated viral proteins re-
duces acute infection in the lungs and peak latency in the
spleens of laboratory mice (37, 46, 55, 57, 65, 73). Similar
effects have also been demonstrated for a vaccine based on
heat-inactivated MHV-68 (1). These vaccine strategies can re-
duce acute MHV-68 infection but do not affect the establish-
ment of long-term latency, which predisposes the host to viral
tumorigenesis.

A vaccine based on a live and attenuated virus allows for the
presentation of the full repertoire of viral antigens in the con-
text of active replication and thus effectively elicits both hu-
moral and cellular immunity. However, the primary concern of
using a live virus as a vaccine for gammaherpesviruses is the
tumorigenicity associated with the establishment of latency.
Several latency-deficient live MHV-68 viruses have been con-
structed and proven to be effective to reduce not only lytic but
also latent infections from a challenge virus (7, 22, 48, 63). One
strategy to create a latency-deficient phenotype is constitu-
tively overexpressing a viral transcription activator (RTA) to
keep the virus constantly in a lytic cycle. RTA is an immediate-
early protein conserved among gammaherpesviruses. It has
been shown that HHV-8 RTA and its homologue in MHV-68
are necessary and sufficient to reactivate their respective vi-
ruses in latently infected cells (15, 24, 38, 39, 47, 59, 74, 75).
MHV-68 RTA has been shown to play an important role in
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controlling latency in vivo (7, 48). A recombinant MHV-68
(C-RTA) virus was previously constructed in our laboratory
with an ectopic RTA expression cassette driven by a cytomeg-
alovirus (CMV) immediate-early promoter inserted at the left
end of the viral genome (48). We have shown that C-RTA is
deficient in establishing latency and has the capacity to protect
mice against a wild-type (WT) MHV-68 challenge infection.
However, latency establishment was detected in a portion of
mice infected with C-RTA virus due to the spontaneous loss of
the RTA expression cassette. Others have also generated a
recombinant MHV-68 virus with enhanced transcription of
open reading frame 50 (ORF50); similar to our C-RTA study,
this virus was attenuated in latency establishment and afforded
protection from a subsequent WT virus infection (7). Another
strategy to construct a latency-deficient live virus is eliminating
a latency-associated gene ORF73 to abolish latency establish-
ment and maintenance of the virus. MHV-68 ORF73 encodes
a homologue of the KSHV latency-associated nuclear antigen
(LANA). KSHV LANA has been shown to be required for
maintenance of viral episomes during latency (2) and capable
of inhibiting lytic replication (34, 36). In MHV-68, disruption
of ORF73 compromised the ability of MHV-68 to establish
latency in the spleen (23, 45). A ORF73-null virus has been
shown to protect mice from a challenge infection of the WT
MHV-68 (22).

In order to understand the mechanisms of establishment and
maintenance of gammaherpesvirus latency, efforts have been
made to identify viral genes that are expressed during latency
(14, 18, 19, 26, 32, 41, 49, 51, 69). It has been shown that a
region located at the right end of the viral genomes is tran-
scribed during latency. For example, this latency locus in
KSHV contains ORFs 71 to 73. In addition to analysis of
latency-associated transcripts, studies using MHV-68 mouse
infection model have revealed that several gene products, in-
cluding ORF73 play important roles in latency (10, 13, 23, 25,
30, 45, 56, 67). Among them, ORF72 and a viral bcl-2 homo-
logue, M11, are located adjacent to ORF73 on the MHV-68
genome, and their homologues are also encoded by HHV-8/
KSHV. The gene product of ORF72 is a viral cyclin (v-cyclin)
and has been shown to play a role in reactivation from latency
(27, 67). Moreover, the ability of v-cyclin to promote cell cycle
progression implicates that v-cyclin may contribute to virus-
associated tumorigenesis (61, 66). M11 encoding an antiapop-
totic oncogenic protein v-bcl-2 is actively transcribed in lytically
infected fibroblast cells and latently infected tissues (42, 50,
69). M11 is not required for MHV-68 lytic replication but may
be involved in latency establishment and ex vivo reactivation
(13, 25). More recently, M11 has been shown to inhibit Beclin-
mediated autophagy (33). Based on the above-mentioned
functions of RTA and the latency-associated proteins, we rea-
soned that a combination of overexpression of RTA and de-
letion of the major latency locus (including M11, ORF72, and
ORF73) could further reduce the capacity of the virus to es-
tablish and maintain latency and thus increase the safety of the
virus as a vaccine. Such a recombinant virus was constructed
and studied for its replication kinetics in vivo by both conven-
tional experimental approaches and noninvasive biolumines-
cence imaging. We also demonstrated the efficacy of the re-
combinant virus in preventing lytic and latent infection from
the challenge of WT MHV-68. Since RTA and ORF72, M11

and ORF73 are conserved among other gammaherpesviruses,
our results have significant implications for the development of
live attenuated vaccine viruses for human gammaherpesvi-
ruses.

MATERIALS AND METHODS

Viruses, cells, and plaque assays. WT MHV-68 was originally obtained from
the American Type Culture Collection (ATCC; VR1465). The working stocks of
WT and recombinant MHV-68 (C-RTA and AC-RTA) viruses were generated
by infecting BHK-21 cells (a baby hamster kidney fibroblast cell line; ATCC
CCL-10) at a multiplicity of infection (MOI) of 0.05 PFU/cell. BHK-21 cells were
cultured in complete Dulbecco modified Eagle medium (DMEM) containing
10% fetal bovine serum and supplemented with penicillin and streptomycin.
Virus titers were determined by plaque assays that were performed on mono-
layers of BHK-21 cells overlaid with 1% methylcellulose as described previously
(75).

Molecular cloning. The AC-RTA bacterial artificial chromosome (BAC) plas-
mid was constructed by using homologous recombination in a BAC system as
described previously (31). To construct the suicide shuttle plasmid for the gen-
eration of AC-RTA BAC, a 1.5-kb fragment containing an insertion of triple
restriction enzyme sites of StuI-SpeI-SnaBI located between nucleotides (nt)
102425 and 104869 of the viral genome and ca. 750-bp nucleotides on each side
of the insertion homologous to the viral genome was generated by a two-step
PCR. First, the upstream DNA fragment of nt 102425 was amplified by using the
primers 5�-GAT GAC CAT ATG CAC CTG ATT GGC TAG CAC-3� and
5�-TCA GAT AAG GCC TGG ACT AGT GCT ACG TAA TTT GCC CTT TCC
TCG TTG-3�. The downstream DNA fragment of nt 104869 was amplified with
the primers 5�-GGG CAA ATT ACG TAG CAC TAG TCC AGG CCT TAT
CTG AAA GAG ATA AAG-3� and 5�-GCC AAG TCG ACC ATA TAA ACG
CAC CAT GTG-3�. The restrictions sites in the primers are italicized and
sequences derived from the MHV-68 genome are underlined. The 1.5-kb PCR
fragment was then generated by using the upstream and downstream fragments
as the templates for PCR amplification with the primers 5�-GAT GAC CAT ATG
CAC CTG ATT GGC TAG CAC-3� and 5�-GCC AAG TCG ACC ATA TAA
ACG CAC CAT GTG-3�. The resulting PCR fragment was then cloned into the
SphI-SmaI sites of pSVL to construct pSVL/LAL. An ectopic FLAG-tagged
RTA expression cassette driven by a �-actin CMV immediate-early hybrid pro-
moter/enhancer was inserted into the StuI-SpeI-SnaBI sites of pSVL/LAL with
either a right or a left orientation. The ectopic FLAG-RTA expression cassette
flanked by the MHV-68 sequences was then subcloned into pGS284 by using
NheI and SmaI sites to construct the shuttle plasmid. The resulting plasmid,
pGS284/LAL/AC-RTA, was screened by colony PCR to amplify nucleotides
encoding the ectopic RTA. The positive clones identified by PCR screening were
further confirmed by restriction enzyme digestion.

Construction of AC-RTA and M3-FL/AC-RTA BAC plasmids. The AC-RTA
BAC plasmid was generated by allelic exchange in Escherichia coli using the
donor bacterial strain carrying the shuttle plasmid, pGS284/LAL/AC-RTA, and
the recipient strain harboring the WT MHV-68 BAC plasmid, as described by
Smith and Enquist (52), with modifications. The deletion of the nucleotides
encoding ORF72, M11, and ORF73 and the insertion of an ectopic RTA ex-
pression cassette were screened by colony PCR, and the resultant BAC plasmids
were confirmed by Southern blot analysis. Four clones with left and two clones
with right orientations of the ectopic RTA expression cassette were selected for
further analyses.

M3-FL/AC-RTA was constructed by allelic exchange using the donor strain
with a shuttle plasmid that contained a firefly luciferase expression cassette
inserted at the left end of the MHV-68 genome and the recipient strain harbor-
ing the AC-RTA BAC plasmid (clone 95). The firefly luciferase is driven by the
M3 promoter, which is an early-late viral promoter and highly responsive to RTA
induction (42). The resultant M3-FL/AC-RTA BAC plasmid contained the lu-
ciferase expression cassette inserted into the left end of the viral genome (be-
tween nt 746 and nt 747) without disrupting any known ORFs. The M3-FL/AC-
RTA BAC plasmid DNA was confirmed by Southern blot analysis.

Generation of AC-RTA and M3-FL/AC-RTA viruses. The AC-RTA BAC
viruses were reconstituted by transfection of BHK-21 cells with the AC-RT-
A(BAC) plasmids. All four clones were used to reconstitute the AC-RTA(BAC)
viruses. Based on the similarity of the growth kinetics of these clones, clone 95
with a left orientation of the ectopic RTA expression cassette was chosen to
prepare the working virus stock. For in vivo studies, the BAC sequence insertion
flanked with the loxP sites was removed by cotransfection of the AC-RTA BAC
plasmid (clone 95) with a Cre-recombinase expression vector. Removal of the
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BAC sequence was confirmed by PCR. Similarly, M3-FL/AC-RTA viruses were
reconstituted by transfection of BHK-21 cells with the M3-FL/AC-RTA BAC
plasmid, together with a Cre-recombinase expression vector. The working virus
stock was prepared in BHK-21 cells with an MOI of 0.05.

DNA extraction, Southern blots, and Western blots. The BAC plasmid DNA
was isolated by using a Qiagen Plasmid Midi kit (Qiagen, Inc., Valencia, CA)
according to the manufacturer’s modified protocol. Southern blot analysis was
performed as described previously (31). Briefly, the DNA digested with the
restriction enzymes was run on 1% agarose gel, transferred onto a nylon mem-
brane, and hybridized with a probe. The membrane was then scanned with a
Storm imaging system (Molecular Dynamics) to detect the signals. For Western
blots, the total proteins were harvested at 1 day postinfection and separated on
a 10% polyacrylamide gel. The proteins were then transferred onto a nitrocel-
lulose membrane and probed with either rabbit polyclonal antibody to ORF26
(1:500) or monoclonal antibody to the FLAG-tag. Anti-rabbit or anti-mouse
immunoglobulin G (IgG) conjugated with horseradish peroxidase (Amersham
Pharmacia Biotech) was used as the secondary antibody. The proteins were
detected by chemiluminescence detection (ECL Plus System; Amersham Phar-
macia Biotech), and the signals were detected by using a Storm imaging system
(Molecular Dynamics).

Viral growth curves. The replication kinetics of WT, C-RTA, and AC-RTA
were assayed in BHK-21 cells. The cells were incubated with viral inoculums at
an MOI of 5 (for single step) or 0.01 (for multiple step) for 1 h at 37°C. After 1 h
of incubation, the inocula were removed, the cells were washed three times with
phosphate-buffered saline (PBS), and fresh medium was added to the culture.
The whole culture (including cells and supernatant) was harvested at various
times postinfection and subjected to three rounds of freezing and thawing. The
lysates were cleared by low-speed centrifugation to remove cell debris, and then
the supernatants were used for plaque assays.

Reverse transcription-PCR and quantitative PCR. Total cellular RNA was
isolated from infected cells by using Tri-Reagent (MRC, Cincinnati, OH). For
reverse transcription-PCR, cDNA was synthesized by using total RNA (1 �g) as
the template and oligo(dT) as the primer. cDNA was then amplified with primers
to ORF31 (5�-CCG ATG CAT GTG ATT GCG CTC TGT TTG-3� and 5�-GGT
TGG CAT GCG TTG GCA TAG ATT GAC-3�), ORF72 (5�-TGG CAA CGA
GGA AAG GGC A-3� and 5�-TAC ACC TGC GAC CTC CAT G-3�), ORF
M11 (5�-TGT TGT GCG TGC GCA GCT A-3� and 5�-TTC GCC AGG GCA
TGC AAC A-3�), ORF73 (5�-GAG ACC CTT GTC CCT GTT G-3� and 5�-CAC
TTG ACC CAC ACC CTT C-3�), and ORF74 (5�-TCT CGG ATC CCA CGA
TGC TTG TCC TGC GGG-3� and 5�-TCT CCT CGA GGA GAT TAG GAG
CTT AGT CTA C-3�), respectively. The nucleotides sequences from the
MHV-68 viral genome are underlined in the primers. To measure the levels of
viral genomes, total DNA was extracted from infected BHK-21 cells or spleno-
cytes by using a DNeasy tissue kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. For quantitative PCR, DNA was amplified by using
primers and probe to the MHV-68 ORF65 and TaqMan Universal PCR Master
Mix (Applied Biosystems, CA) as previously described (48). Amplification and
detection were performed by using an Opticon monitor (MJ Research, Inc.).
Negative controls (no template) were included for each reaction, and 150 ng of
genomic DNA was analyzed in duplicates for each sample. A standard curve was
obtained by measuring 1 to 107 copies of a BAC containing the MHV-68 genome
on a background of 150 ng of uninfected splenocyte DNA. The confident detec-
tion limit was 10 copies/150 ng of genomic DNA.

MHV-68 DNA array analysis. BHK-21 cells were infected with the EGFP/
MHV-68 or AC-RTA virus at an MOI of 2. At different time points postinfec-
tion, RNA was isolated by using Tri-Reagent. DNA array analysis was performed
as described previously (42). Briefly, total RNA (2 �g) was used in a reverse
transcription reaction primed with oligo(dT) in the presence of [�-32P]dATP
using a Strip-EZ kit (Ambion, Austin, TX). The arrays were prehybridized for
5 h before being incubated with the labeled cDNA for overnight at 65°C. The
arrays were washed, and the signal intensity was quantitated by using a Storm
imaging system with ImageQuant software (Molecular Dynamics).

Mice, virus titer, reactivation. The animal studies described here were ap-
proved by the Animal Research Committee at University of California at Los
Angeles. Female BALB/c mice (Charles River Laboratories, Wilmington, MA),
5 to 8 weeks of age, were infected intranasally with 500 PFU of each virus in 20
�l of DMEM. For the vaccination studies shown in Fig. 7, 5- to 8-week-old
female BALB/c mice were intranasally immunized with 500 PFU of either C-
RTA or AC-RTA. The mock-vaccinated control mice were intranasally admin-
istered with DMEM. At 3 months after vaccination, the mice were challenged by
intranasal inoculation of 500 PFU of WT. The virus titers in the lung and viral
reactivation from splenocytes were measured as described previously (48).
Briefly, the lung was homogenized in 1 ml of DMEM, and the virus titers of the

lung homogenates were determined by three independent plaque assays. For
infectious center assays, serial numbers of splenocytes were laid onto BHK-21
cells and after 6 days BHK-21 cells were fixed to determine the numbers of
plaques. The plaques referred to as infectious centers arise as a result of the virus
reactivating from latency. For ex vivo limiting dilution assays, 2 � 103/well of
BHK-21 cells were seeded in 96-well plates. Serial twofold dilutions of spleno-
cytes, starting with 106 cells/well were plated onto BHK-21 cells with 24 wells per
dilution. After 7 days, each well was scored for cytopathic effects, and the
percentage of cytopathic effects per 24 wells was determined per dilution.

Noninvasive imaging. In vivo bioluminescence imaging was conducted by using
an optical IVIS system (Xenogen Corp., Alameda, CA). Female BALB/c mice
were infected intranasally with 5 � 105 PFU of M3-FL/MHV-68 or M3-FL/AC-
RTA. At the indicated times postinfection, the mice were administered intra-
peritoneally with 200 �g of D-luciferin (Xenogen Corp.), which was used for
assaying firefly luciferase enzymatic activity. The firefly luciferase catalyzes D-
luciferin to produce oxyluciferin in the presence of oxygen and cofactors emitting
photons that can be detected by a charge-coupled device (CCD) camera at 562
nm. The mice were then transferred to the IVIS system, and imaging of the
reporter protein was performed multiple times during 5 to 30 min after admin-
istration of D-luciferin.

ELISA. Nunc Maxisorp plates were incubated with purified MHV-68 virions
disrupted by 0.05% Triton X-100 at a concentration of 5 �g/ml for overnight at
4°C. The plates were washed several times with PBS containing 0.05% Tween
and blocked with 1% bovine serum albumin in PBS for 1 h at room temperature.
Serial fivefold dilutions of sera, starting from 1:100, were added to the coated
plates and incubated for 1 h at room temperature. After several washes, virus-
specific antibody was detected by adding horseradish peroxidase (HRP)-conju-
gated anti-mouse IgG antibody (GE Healthcare Bio-Sciences Corp., Piscataway,
NJ) and orthophenylenediamine (Sigma) as the substrate for HRP. The optical
absorbance at 405 nm was read by an enzyme-linked immunosorbent assay
(ELISA) reader. The virus-specific antibody titer was defined as the highest
dilution that gives a reading above the average of three 1/50 normal mouse serum
samples included in the same plate. For each plate, a standard immune serum
was included to compare the titers obtained from different plates.

Flow cytometry analysis. Tetramer staining was performed as previously de-
scribed (65). Briefly, lungs and spleens were harvested from infected mice, and
lymphocyte populations were prepared. Spleen homogenates were enriched for
T cells by panning with goat anti-mouse IgG (Jackson Immunoresearch). Cells
were stained with allophycocyanin-conjugated Db/ORF6487-495 or Kd/M291-99

tetramers and fluorescently labeled anti-CD8 antibodies. For intracellular
gamma interferon (IFN-�) staining, T cells were stimulated for 5 h ex vivo with
M291-99 peptide-pulsed congenic (Thy1.1) splenocytes in the presence of brefel-
din A and then permeabilized and stained for intracellular accumulation of
IFN-� by using a Cytofix/Cytoperm kit (BD Biosciences). All major histocom-
patibility complex class I-peptide tetramers were generated by the Trudeau
Institute Molecular Biology Core. Monoclonal antibodies specific for CD8 (clone
53-6.7) and IFN-� (clone XMG1.2) were purchased from eBiosciences (San
Diego, CA). All data were collected on a FACSCanto II flow cytometer (BD
Biosciences) and analyzed by using FlowJo software (Tree Star).

RESULTS

Disruption of latency-associated genes and insertion of an
ectopic copy of RTA in an MHV-68 (BAC) vector. To eliminate
the capacity of MHV-68 to establish latency, we chose to re-
place a cluster of latency-associated genes, including ORF72,
M11, and ORF73, with an ectopic copy of RTA by using the
BAC system as described in Materials and Methods. The
genomic structure of the resulting BAC DNA, MHV-68/
�LAL/AC-RTA (AC-RTA), was analyzed by Southern blot
with a probe hybridized to the regions flanking the deleted
ORFs. It was predicted that in the BamHI digestion the probe
would detect a single fragment of 5.2 kb from the WT BAC
DNA, whereas it would detect two fragments of 1.7 and 5.1 kb
from the AC-RTA BAC DNA. In the digestion of NsiI, two
DNA fragments of 1.3 and 4.7 kb would be detected from WT
BAC DNA, whereas fragments of 1.1 and 6.4 kb would be
detected from AC-RTA BAC DNA (Fig. 1A). Four clones of
AC-RTA were obtained, and their BAC DNAs were analyzed.
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Digestion of these clones with either BamHI or NsiI yielded
the expected patterns (Fig. 1B and C). The BAC DNAs of
these clones were then transfected into BHK-21 cells to recon-
stitute the AC-RTA viruses. To further confirm the removal of
ORF72, M11, and ORF73 from the genome of AC-RTA, we
examined viral gene expression by reverse transcription-PCR
analysis on RNAs isolated from cells infected with either WT

or AC-RTA. The PCR products are expected to be 942, 797,
566, 999, and 1,021 bp for ORF31, ORF72, M11, ORF73, and
ORF74, respectively. As shown in Fig. 1D, ORF72, M11, and
ORF73 were not expressed from the AC-RTA virus, whereas
the expression of ORF31 and ORF74 was detected.

Simultaneous deletion of three latency-associated genes and
insertion of an ectopic copy of RTA do not compromise in vitro
viral replication kinetics. After obtaining the AC-RTA viruses,
we examined whether the ectopic RTA is expressed by West-
ern blot analyses of the cell lysates using an antibody against
the FLAG tag. As shown in Fig. 2A, all four clones of AC-RTA
expressed FLAG-tagged RTA (Fig. 2A), and clone 95 was
chosen for further studies. We also examined the expression of
a capsid protein, ORF26, and found that the ORF26 expres-
sion was upregulated in cells infected with the AC-RTA virus
compared to WT (Fig. 2B). This increase in the ORF26 ex-
pression was also observed in cells infected with C-RTA. Fur-
thermore, the plaques formed by the AC-RTA virus were
significantly larger than those formed by WT (Fig. 2C) and

FIG. 1. Construction and confirmation of the AC-RTA virus.
(A) Schematic representation of the structure of the AC-RTA ge-
nome. Shown on the top is the right end of the viral genome, including
latency-associated and adjacent ORFs, represented by the solid black
boxes with orientations indicated. The restriction enzyme sites of
BamHI (Bm) and NsiI are indicated by solid lines and arrows. The
open box represents the expression cassette of FLAG-tagged RTA
driven by the human �-actin/CMV hybrid promoter/enhancer (AC)
with left-orientation. In the AC-RTA virus, the region from ORF72 to
ORF73 (nt 102425 and 104869) is replaced by the FLAG-tagged RTA
expression cassette. The regions where the probe is derived for South-
ern blot analysis are shown as gray boxes. Also shown are the expected
sizes of the DNA fragments resulted from restriction digestions of the
WT or recombinant AC-RTA BAC plasmid DNA detected by the
probe. (B, C) Southern blot analysis of the BAC plasmid DNAs di-
gested with BamHI (B) or NsiI (C). The arrows on the right of the
panels indicate the expected DNA fragments from the digestions.
Seven clones (lanes 3 to 9) were included for analysis and four of them
(lines 6 to 9) generated the expected fragments from the digestion of
the AC-RTA BAC plasmid. (D) Reverse transcription-PCR analysis of
WT and AC-RTA transcripts. RNA was isolated from BHK-21 cells
infected with either the WT or AC-RTA virus and used for cDNA
synthesis with oligo(dT) as a primer. The cDNA products were ana-
lyzed by PCR using primers amplifying the region of ORF31, ORF72,
M11, ORF73, or ORF74.

FIG. 2. Protein expression and in vitro replication of the AC-RTA
virus. (A) Expression of the FLAG-tagged RTA by AC-RTA. BHK-21
cells were infected with four individual clones of AC-RTA. Cell lysate
was harvested at 24 h postinfection to examine FLAG-tagged RTA
(F-RTA) by Western blot analyses with anti-FLAG monoclonal anti-
body. (B) Protein expression of AC-RTA. Cells were infected with
either WT, C-RTA, or AC-RTA at an MOI of 1, and the lysates were
harvested at 24 h postinfection for Western blot analyses with the
mouse anti-FLAG antibody (top panel) and anti-�-actin antibody
(bottom panel). The membrane was then stripped and reprobed with
the rabbit polyclonal anti-ORF26 antibody (middle). The sizes of pro-
tein markers are indicated on the left of the panels. (C) Plaque mor-
phology of WT, C-RTA, and AC-RTA. Each image represents one
well of a plaque assay performed on BHK-21 cells with similar titers of
the viruses. (D and E) Single- and multiple-step growth curves of WT,
C-RTA, and AC-RTA. BHK-21 cells were infected with individual
viruses at an MOI of 5 (D) or 0.1 (E). The whole culture (supernatant
and cells) was harvested at the indicated times postinfection for mea-
suring the virus titers by plaque assays.
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similar to those formed by the C-RTA virus (48), indicating that
the AC-RTA virus replicated or spread faster than WT. Next, we
compared the replication ability of the AC-RTA virus in BHK-21
cells with WT and C-RTA viruses by performing growth curve
analysis. In the single-step growth study, the three viruses repli-
cated almost indistinguishably from each other (Fig. 2D). How-
ever, in the multiple-step growth experiment, AC-RTA replicated
and produced higher titers than did the WT virus at 48, 72, and
96 h postinfection (Fig. 2E). The C-RTA virus also replicated to
a higher level than the WT (Fig. 2E), which was consistent with
our previous report (48). The results indicate that the modifica-
tions introduced in the AC-RTA virus do not reduce, but rather
enhance, viral replication in vitro.

We then conducted a genome-wide analysis of viral gene
expression using arrays generated in the laboratory with DNA
fragments derived from individual MHV-68 ORFs (42). The
viral gene expression profile of C-RTA was previously carried
out in comparison to a recombinant virus that has an enhanced
green fluorescence protein (EGFP) expression cassette in-

serted at the left end of the genome (EGFP/MHV-68) (42).
Here, we performed a similar comparative analysis with RNA
harvested at different times after infection. As shown in Fig. 3,
the most significant difference was observed at 5 h postinfec-
tion at which time the majority of the 85 viral genes were
enhanced with folds of increase ranging from 2 to 7, and the
most highly activated viral genes (�6-fold) were the ORFs
encoding the structural proteins (ORF67, -64, and -68). As
expected, at all time points examined, RTA was highly ex-
pressed from the AC-RTA virus, which contains an ectopic
RTA expression cassette driven by a strong promoter. Consistent
with the role of RTA in activating transcription, overexpression of
RTA increased viral gene expression during infection of the AC-
RTA virus, a phenotype similar to that of the C-RTA virus (42).
The increase in the viral gene expression became moderate and
less significant at later times postinfection.

Acute infection of AC-RTA in the lung is attenuated. Intra-
nasal inoculation of MHV-68 into mice produces an acute
productive infection in the lung, which is cleared by the im-

FIG. 3. Comparison of viral gene expression profiles. RNA was harvested from BHK-21 cells infected with either AC-RTA or EGFP/MHV-68
(MOI 	 2) at 5, 8, 12, or 24 h postinfection and used to generate labeled cDNA probes as described in Materials and Methods for hybridization
to the MHV-68 viral DNA arrays. The signal from each viral DNA spot was normalized against the cellular GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) signal on the same membrane. The fold of induction was calculated by dividing the normalized values of the AC-RTA arrays with
those of the EGFP arrays. These values and their corresponding MHV-68 ORFs at different times postinfection are shown by bar graphs, and the
bars are ordered based on the descending total fold of increase. The paired t test was used to analyze statistical significance of the differences (black
bars, P 
 0.01, light blue bars, P 
 0.05, light yellow bars, P � 0.05).
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mune system within 2 weeks after infection. Generally, we did
not observe any sickness in BALB/c mice infected with 500
PFU of the WT. In mice examined over times after infection
with AC-RTA or C-RTA, there was no detectable loss in their
body weights (Fig. 4A). Next, the virus titers in the lung at
various times postinfection were determined by plaque assays.
The AC-RTA virus replicated similarly and generated compa-
rable titers to WT and the C-RTA virus for the first 3 days after
infection (Fig. 4B). However, the virus titers of AC-RTA de-
clined after day 3 postinfection, whereas replication of the
other two viruses continued until day 7, resulting in a nearly
100-fold difference in the peak titers between AC-RTA (day 3)
and WT or C-RTA infection (day 7). The results clearly indi-
cated an attenuation of AC-RTA in the acute lung infection. A
higher inoculation dose of 105 PFU did not overcome the
attenuation of AC-RTA in the lung (data not shown).

We also examined the copy number of viral genomes by
real-time PCR. Consistent with the results of virus titers, the
levels of viral genomes in the mice infected with AC-RTA

reached the peak at day 3 and then decreased afterward, while
those in the mice infected with C-RTA continued to increase
until day 5 postinfection (Fig. 4C). Consequently, there was
almost 100-fold less viral DNA in the lungs of mice infected
with AC-RTA compared to that in the lungs of mice infected
with C-RTA, which shows that acute infection of AC-RTA in
the lung is attenuated.

AC-RTA virus fails to establish latency in the spleen. After
being cleared from the lung by the host immunity, MHV-68
establishes latency in the spleen with a peak viral load at day 14
(20, 58, 60). At this peak time of viral latency, the mice exhibit
a mononucleosislike symptom due to an amplification of lym-
phocytes, which causes a significant increase in the spleen
weight (splenomegaly) (64). We thus examined the spleen sizes
of infected mice over time. For WT and C-RTA, viral infection
led to a gradual increase in the spleen weights, starting from
day 11 and reaching the peak at day 14 (Fig. 5A). Nevertheless,
the spleens of mice infected with C-RTA were significantly
smaller than those infected with the WT. In contrast, we saw
no increase in the spleen sizes of mice infected with AC-RTA,
indicating that AC-RTA does not induce mononucleosis-like
splenomegaly. To determine the viral latent load in the spleen,
single cell suspensions were obtained from the spleens har-
vested at days 14, 21, and 42 postinfection. We first quantified
the levels of viral genomes in the splenocytes by real-time PCR
using primers specifically to amplify a region in ORF65 (48).
Overall, �10-fold fewer viral genomes were detected in the
splenocytes from the mice infected with C-RTA than those
from mice infected with the WT (Fig. 5B). Importantly, in cells
from mice infected with AC-RTA, the levels of viral genomes
were below the detection limit at all time points examined.

To further examine viral latency in the spleen, the spleno-
cytes were used for bothinfectious-center (Fig. 5C and E) and
ex vivo limiting-dilution (Fig. 5D and F) assays (60, 70). None
of the five mice infected with AC-RTA had any detectable viral
reactivation in the spleen at either the peak time, day 14
postinfection (Fig. 5C and D), or a later time, day 21 postin-
fection (Fig. 5E and F). In agreement with the previous study
that latency of the C-RTA virus was attenuated in the spleen,
�100-fold less viral reactivation was detected at day 14 postin-
fection in the splenocytes from mice infected with C-RTA
compared to those from the mice infected with the WT. At day
42 postinfection, �10 infectious centers per 107 splenocytes
could be detected in the mice infected with WT, but no infec-
tious centers were detected in the mice infected with either the
C-RTA or AC-RTA virus (data not shown). Taken together,
while infection of C-RTA still leads to a low level of latency in
the spleen, infection of AC-RTA results in no detectable la-
tency.

AC-RTA virus replication is concentrated in the inoculation
site. To systemically monitor virus replication in vivo, we used
a noninvasive bioluminescence imaging approach. This is
achieved by introducing an expression cassette of firefly lucif-
erase driven by a viral M3 promoter into the MHV-68 genome
and imaging the luciferase activity in mice with a cooled CCD
camera after injection of luciferin (29). The firefly luciferase
expression cassette (M3-FL) was engineered into the genomes
of WT and AC-RTA using a BAC mutagenesis system. The
resultant viruses, M3-FL/MHV-68 and M3-FL/AC-RTA, were
individually used to infect mice. At the indicated times postin-

FIG. 4. Replication of AC-RTA virus in the lung. (A) Body weights
of BALB/c mice infected with 500 PFU of C-RTA or AC-RTA. The
data were compiled from three mice infected with C-RTA (f) and five
mice infected with AC-RTA (Œ). (B) Virus titers in the lungs. The
lungs were removed from infected mice at the indicated times postin-
fection, and the tissue homogenates were used for plaque assays to
determine the virus titers. (C) Quantitation of the viral DNA in the
lungs. The copy numbers of viral genomes in the tissue homogenates
were measured by TaqMan quantitative PCR using a probe and prim-
ers to ORF65.
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fection, three mice in each group were examined for the lucif-
erase expression with a CCD camera and the representative
images are shown in Fig. 6. The luminescence signals in the
mice infected with M3-FL/MHV-68 (the left mouse in the
images) were first detected in the nasal/oral areas and lungs as
early as day 3, peaked at day 7, and then cleared off from these
sites by day 14 postinfection. There were no signals in the
spleen until day 14, the peak time of viral latency, after which
the signals gradually reduced and became minimally detectable
by day 21 postinfection. The kinetics of the luminescence sig-
nals in the lung and spleen were consistent with the virus
replication kinetics obtained with virological methods (Fig.
4B). Thus, the bioluminescence in vivo imaging provides a valid
approach to monitor the progression of viral infection in live
mice.

Using this noninvasive method, we found a different pattern

of bioluminescence in the mice infected with M3-FL/AC-RTA
compared to those infected with M3-FL/MHV-68. The signals
in mice infected with M3-FL/AC-RTA were largely limited in
the nasal/oral area where the virus was inoculated and re-
mained detectable for over 14 days after infection. It was also
noted that the signals were reduced between day 7 and day 11
postinfection but then increased again between day 11 and day
14 postinfection. This increase was observed for all of three
mice infected with M3-FL/AC-RTA (data not shown). We
then examined the presence of the virus by PCR and found
that the viral genomes were detected in the brain tissues of
mice infected with M3-FL/AC-RTA, as well as in those of mice
infected with M3-FL/MHV-68 (data not shown). This is not
surprising since it was previously reported that MHV-68 can
gain access to the central nervous system after intranasal in-
oculation (62). The viral DNA was at a lower level in the brain
tissues of mice infected with M3-FL/MHV-68, which is prob-
ably the reason for that bioluminescence imaging was unable
to detect any luciferase activity. Nevertheless, the signals in the
head area of mice infected with M3-FL/AC-RTA were sub-
sided after 3 weeks postinfection. In addition to the head area,
there were limited luminescence signals detected in the lung at
day 3 postinfection. No luminescence signals were detected in
the spleen area. These observations agrees with the virological
result in which the titers of AC-RTA in the lung peaked at day
3 postinfection and declined thereafter (Fig. 4B) and are also
consistent with the latency result that no detectable viral DNA
was found in the spleen at weeks 2, 3, and 6 postinfection of
AC-RTA (Fig. 5B). The bioluminescence work further sup-
ports the conclusion that the AC-RTA virus is not only atten-
uated in the acute lung infection but also greatly compromised
in its ability to establish latency in the spleen.

AC-RTA virus protects mice against WT MHV-68 challenge.
Previously, we showed that C-RTA afforded protection against
challenge infections of WT MHV-68 (48). With an additional
deletion of several latency-associated genes, AC-RTA dis-
played attenuated replication in the lung and undetectable
establishment of latency in the spleen; such results raised a
question whether AC-RTA was capable of eliciting protective
immunity from subsequent challenge infections. To answer this
question, we vaccinated mice with 500 PFU of AC-RTA and
then 90 days later challenged them intranasally with 500 PFU
of the WT. We assayed the virus titers in the lung harvested at
day 7 postchallenge (the peak time of acute infection). As
shown in Fig. 7A, the mice vaccinated with either C-RTA or
AC-RTA had virus titers below the detection limit after chal-
lenge infections, indicating that vaccination of AC-RTA was
equally effective as vaccination of C-RTA in providing protec-
tion. We then examined the establishment of latency at day 14
after challenge (the peak of latency in the spleen) and did not
detect any reactivating virus in the AC-RTA-vaccinated mice
using an infectious center assay or ex vivo limiting dilution
assay (Fig. 7B and C). In comparison, the mock-vaccinated
mice had an average of 973 infectious centers per 107 spleno-
cytes after challenges of WT; a low but detectable level of
reactivating virus could be found in the WT-challenged mice
that were previously vaccinated with C-RTA (Fig. 7B and C).
We also measured the copy number of viral genomes in the
splenocytes by real-time PCR. The levels of viral DNA were
below the detection limit in the samples from WT-challenged

FIG. 5. Latent infection of AC-RTA in the spleen. (A) The spleen
weights of mice infected with 500 PFU of WT, AC-RTA, or C-RTA.
(B) Quantitation of the viral DNA in the splenocytes from WT-,
C-RTA-, or AC-RTA-infected mice. Total DNA was isolated from
splenocytes, and 150 ng of genomic DNA was used for TaqMan quan-
titative PCR assays. The dotted line represents the limit of confident
measurement per 150 ng of DNA. (C to F) Levels of reactivating
viruses in the spleens of mice infected with WT, AC-RTA or C-RTA.
The single cell suspensions were obtained from the spleens harvested
at day 14 (C and D) and at day 21 (E and F) postinfection. The
reactivating viruses were measured by infectious center assays (C and
E) and ex vivo limiting dilution assays (D and F). In panels C and E,
the numbers of infectious centers from individual mice are shown, and
the solid lines represent the averages of infectious centers in each
group of mice. In panels D and F, the symbols represent the averages
and the standard deviations are shown as error bars. The data in each
panel were compiled from three mice infected with WT or C-RTA and
from five mice infected with AC-RTA.
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mice that were previously vaccinated with AC-RTA, while an
average as high as 4,402 copies of viral genomes per 150 ng of
genomic DNA was found in the mock-vaccinated mice (Fig. 7D).
Prior vaccination with C-RTA reduced the burden of viral ge-
nomes by 10-fold (346 copies/150 ng of genomic DNA) (Fig. 7D).

Next, we sought to determine whether intranasal vaccination
was able to protect mice from the subsequent challenge via an
intraperitoneal route. The mice were first mock infected or
infected intranasally with either WT or AC-RTA, and 4
months later they were challenged intraperitoneally with the
WT virus. The latent viral loads in the spleens of mice at 14
days postchallenge were assessed by infectious center assays. In
contrast to the mock-vaccinated mice where thousands of in-
fectious centers per 107 cells were detected, there were no
detectable reactivating viruses in mice vaccinated with WT or
in those vaccinated with AC-RTA (Fig. 7E). These results
clearly demonstrated that AC-RTA can prevent the establish-
ment of latency by the challenged WT virus and thus provides
a better vaccine virus candidate than C-RTA. Since AC-RTA

does not have ORF72, M11 or ORF73, our data suggest that
these three genes are not required to elicit an immunity that
can protect mice from latency establishment of MHV-68.

Both cellular and humoral immune responses are elicited by
infection of AC-RTA. Since AC-RTA was capable of inducing
protective immunity in mice against subsequent challenge, we
examined humoral and cellular immunity elicited by the AC-
RTA virus. Virus-specific IgG was detected by ELISA in the
sera collected from mice infected with AC-RTA at 6 weeks
postinfection (Fig. 8A). Although the antibody titers appeared
lower compared to the titers in the sera from WT-infected
mice, the difference does not reach statistical significance (P 	
0.07, Student t test). To measure virus-specific T-cell re-
sponses, we used tetramer staining of a well-characterized lytic
epitope identified in C57BL/6 mice derived from ORF6 (p56)
(54). At day 21 postinfection, both AC-RTA and WT elicited
CD8-responses to ORF6 in the spleen (Fig. 8B and C). There-
fore, our data indicate that infection of AC-RTA elicits both
T-cell and antibody responses against lytic antigens.

FIG. 6. Bioluminescence imaging of firefly luciferase in mice infected with M3-FL/MHV-68 or M3-FL/AC-RTA viruses. Mice were infected
with 5 � 105 PFU of M3-FL/MHV-68 or M3-FL/AC-RTA. On each panel, the mouse shown on the left was infected with M3-FL/MHV-68 and
the one shown on the right was infected with M3-FL/AC-RTA.The bioluminescence imaging of luciferase expression was performed on the same
mice at different days postinfection (as labeled under each panel). Representative images obtained from a 5- to 30-min acquisition are shown. The
pseudocolor scale shows the relative photon flux on each image. Note that the minimum and maximum values for photon flux differ among the
images.
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Because AC-RTA does not establish any detectable latency,
we next examined whether the cellular responses to latent
antigens following infection were affected. A tetramer of a
previously identified latent epitope in BALB/c mice derived
from M2 was used for this study (28). Although infection of
WT generated M2-specific CD8 responses in the spleen as well
as in the lung at day 20 postinfection, there was very little
M2-specific response elicited by infection of AC-RTA (Fig. 8D

and E). Similar results were obtained by using intracellular
IFN-� staining (Fig. 8F and G), suggesting that AC-RTA does
not induce significant cellular immunity to latent antigens.

DISCUSSION

We and others have previously shown that overexpression of
RTA significantly decreases, but not completely eliminates,
latency of the virus in the spleen (7, 48). However, a further
reduced capacity of establishing latency is essential for the
development of a live attenuated virus as a vaccine for gam-
mherpesviruses. Therefore, we constructed a recombinant vi-
rus that has an RTA expression cassette driven by a highly
active promoter inserted into the genome with a simultaneous
deletion of ORF72, M11, or ORF73, which are essential for
viral latency and reactivation (13, 23, 25, 27, 45, 67). In this
report, we showed that this recombinant virus, AC-RTA, is
replication-competent in vitro but attenuated in the acute in-
fection of the lung and has no detectable latency establishment
in the spleen. As a result, AC-RTA serves as an ideal strategy
for vaccination against gammaherpesviruses. Next, we demon-
strated that immunization of AC-RTA is able to reduce latency
from a subsequent WT challenge infection to a level below the
detection limit. In addition, we have shown that AC-RTA is
able to efficiently induce virus-specific IgG and CD8 T-cell
responses to a lytic epitope. Our findings suggest that with an
efficient approach for genetic engineering of herpesviruses, it
may be possible to apply a similar strategy to construct a
live-attenuated human herpesvirus devoid of latency that can
provide sufficient immunity to prevent infection.

Upregulation of RTA enhances viral gene expression and in
vitro lytic replication in fibroblasts. However, after intranasal
infection of mice, viral replication of AC-RTA in the lung was
compromised compared to that of WT in that the virus titers in
the AC-RTA-infected mice decreased after 3 days, whereas in
the WT-infected mice the titers continued to increased until 7
days after infection (Fig. 4B). This earlier decline of AC-RTA
infection in the lung may result from a deficit associated with
in vivo replication of the virus or a more vigorous immune
response induced by the virus. Our previous C-RTA virus, with
intact latency-associated genes, replicated comparably to WT
in the lung until day 7 but was cleared faster afterward (48).
Another recombinant virus with RTA overexpression had a
similar phenotype of faster clearance (43). One clue about the
mechanism underlying the earlier decline of AC-RTA infec-
tion in the lung comes from the bioluminescence imaging re-
sult; compared to WT infection, AC-RTA infection produced
much stronger signals in the nasal/oral area where the virus
was inoculated (Fig. 6). Since the expression of luciferase is
under the control of a RTA-responsive viral M3 promoter, the
enhancement clearly indicates that overexpression of RTA up-
regulates luciferase expression and most likely MHV-68 viral
genes as well. This upregulation of viral gene expression may in
turn initiate an earlier and stronger antiviral immune response
that limits infection of AC-RTA. Alternatively, simultaneous
deletion of ORF72, M11, and ORF73 may affect acute viral
infection in the lungs. It has been shown that the lack of
ORF72 or M11 causes no effects on viral acute infection in the
lungs. However, recent studies have implicated that ORF73
may be required for efficient viral lytic replication (21, 45). To

FIG. 7. WT virus challenge in mice vaccinated with AC-RTA virus.
For panels A to D, BALB/c mice were mock vaccinated or vaccinated
intranasally with 500 PFU of C-RTA or AC-RTA. At 3 months post-
vaccination, mice were challenged intransally with 500 PFU of the WT
virus. (A) Virus titers in the lungs at 7 days postchallenge. The lung
homogenates were obtained, and the titers were determined by using
plaque assays. The titers of individual mice are shown, and the average
of each group is indicated by an adjacent solid line. The detection limit
of plaque assays is shown by a dotted line. (B and C) The levels of
reactivating viruses at 14 days postchallenge. Single cell suspensions of
splenocytes were prepared; the reactivating viruses were quantitated
by infectious center assays (B) and ex vivo limiting dilution assays (C).
In panel B, the number of infectious centers of each individual mouse
is shown and the average of each group is represented by an adjacent
solid line. In panel C, the symbols represent the averages, and the
standard deviations are indicated as error bars. (D) Quantitation of
viral DNA in the spleens harvested at 3 and 14 days postchallenge.
Total DNA was isolated from splenocytes and used for TaqMan quan-
titative PCR assays. The dotted line represents the limit of confident
measurement per 150 ng of DNA. The data were compiled from four
WT-challenged mice that were mock or C-RTA vaccinated and five
mice that were AC-RTA vaccinated. For panel E, BALB/c mice were
mock vaccinated or vaccinated intranasally with 104 PFU of WT or
AC-RTA and, at 4 months postvaccination, the mice were challenged
intraperitoneally with 500 PFU of the WT virus. (E) The levels of
reactivating viruses in the spleen of mice at day 14 after intraperitoneal
challenge were quantitated by infectious center assays.
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FIG. 8. Humoral and cellular responses in the infected mice. (A) Virus-specific IgG titers. BALB/c mice were intranasally infected with 500
PFU of WT or AC-RTA and at 6-week postinfection, the sera were collected for ELISA. The averages and standard deviations were generated
from three mice for each group. (B and C) CD8 T-cell responses to ORF6487-495 (p56). C57BL/6 mice were intranasally infected with 400 PFU
of WT or AC-RTA virus and, 21 days later, CD8� T cells were harvested and stained with Db/ORF6487-495 tetramer. Representative dot plots are
shown are in panel B, and the percentages of CD8� T cells bound with ORF6 (p56) tetramer for individual mice are shown in panel C. The dotted
line is the level of tetramer staining of uninfected mice. (D to G) The CD8-T cell responses to M291-99. BALB/c mice were intranasally infected
with 400 PFU of WT or AC-RTA virus and, 20 days later, CD8� T cells were harvested from spleen or lungs and stained with Kd/M291-99 tetramer
(D and E). Panel D shows representative dot plots, and the percentages of M2-bound CD8� T cells from individual mice are shown in panel E.
The dotted line is the level of tetramer staining of uninfected mice. Statistical significance of the differences were analyzed by using the Student
t test (spleen, P 	 0.0250; lung, P 	 0.0029). The M2-specific responses were also analyzed by intracellular cytokine staining (F and G). CD8� T
cells were stimulated for 5 h ex vivo with M291-99 peptide-pulsed congenic (Thy1.1) splenocytes in the presence of brefeldin A and then
permeabilized and stained for intracellular accumulation of IFN-�. Panel F shows representative dot plots, and the percentages of CD8� T cells
that are IFN-�� minus the unstimulated background controls from individual mice are shown in panel G. Statistical significance of the differences
were analyzed by using the Student t test (spleen, P 	 0.0012; lung, P 	 0.0004).

2462 JIA ET AL. J. VIROL.



distinguish these possibilities and determine whether the at-
tenuation of AC-RTA is mediated by the immune response, we
will need to perform an infection kinetic study in immunocom-
promised mice.

Lack of latency is a prerequisite for using a live virus as a
vaccine for gammaherpesviruses. Nevertheless, it is generally
thought that persistent infection can constantly restimulate the
immune system. Thus, it is a concern whether a latency-defi-
cient virus can generate a long-term immunity to provide pro-
tection against WT infection. However, it has been shown that
chronic exposure to antigens can cause functional impairment
in antigen-specific CD8-T cells (71) and have negative effects
on the development of memory T cells (72). In the present
study, we showed that a single vaccination with the AC-RTA
virus provides protection against the WT MHV-68 challenge 3
months after vaccination. The data suggest that the immune
protection stimulated by a transient acute infection can be
long-lived.

The result that AC-RTA is able to inhibit latency establish-
ment from a subsequent challenge infections suggests that im-
munity targeted to ORF72, M11, and ORF73 is not required
for protection and not even required for preventing the estab-
lishment of latency. This is somewhat surprising, since only a
few viral genes are expressed during latency, including ORF72,
M11, and ORF73. Nevertheless, it is well known that one
important strategy for herpesviruses to persist for a lifetime in
the host is the utilization of multiple immune evasion mecha-
nisms. Therefore, even though some viral genes are expressed
in latently infected cells, they may not be detectable for the
immune system, as has been proven the case for ORF73 (4).
Although another latency-associated antigen, M2, is not de-
leted from AC-RTA, the T-cell analysis showed that very little
M2-specific CD8 response was elicited by AC-RTA compared
to WT (Fig. 8D to G). Since AC-RTA is able to afford pro-
tection against challenge infection of the wild-type MHV-68,
the immunity targeted to M2 perhaps does not play a role in
the protective effects of AC-RTA.

Herpesviruses, with an enormous coding capacity, encode
several genes to evade or modulate the immune responses for
their survival in the host. For optimal use as a vaccine, elimi-
nating viral genes that are responsible for inhibiting the host
responses may improve their immunogenicity. One example
for MHV-68 is the K3 protein, a homologue of KSHV K3,
which downregulates the expression of major histocompatibil-
ity complex I on the infected cell surface by a ubiquitin ligase
function (8). In vivo studies have found that the frequency of
virus-specific CD8� cytotoxic T cells was increased in mice
infected with the K3-deficient MHV-68 (56). Thus, removal of
K3 may enhance T-cell responses induced by a vaccine virus.
Previously, we and others have conducted systemic mutagen-
esis on the MHV-68 genome with the goal of enhancing our
understanding of the virus-host interactions. The knowledge of
the function of individual genes and an efficient genetic mu-
tagenesis system of MHV-68 will allow us to have a rational
design of a live attenuated virus as a vaccine and test candi-
dates in mouse infection models. Although MHV-68 infection
of mice may not recapitulate all aspects of KSHV or EBV
infection of humans, MHV-68 has provided us with an impor-
tant experimental model for testing some proof of principles in
vaccine strategies for gammaherpesviruses. Furthermore, con-

sidering that MHV-68, EBV, and KSHV share at least 80%
sequence homology, and many proteins required for lytic rep-
lication and functions required for latency are conserved, the
results obtained from MHV-68 can have significant implica-
tions to human gammaherpesviruses. As we have shown here,
a strategy of overexpressing a viral immediate-early transcrip-
tional activator (RTA) and deleting latent genes can be used
with human gammaherpesviruses to generate a latency-defi-
cient virus as a safe vaccine approach. It remains unclear
whether sterilizing immunity to prevent herpesvirus infection
in humans can be achieved by vaccination. However, one
should recognize that a vaccine that can reduce the viral latent
load would be still valuable to minimize the burden of virus-
associated diseases.
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