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Gammaherpesvirus 68 (�HV68, or MHV68) is a naturally occurring rodent pathogen that replicates to high
titer in cell culture and is amenable to in vivo experimental evaluation of viral and host determinants of
gammaherpesvirus disease. However, the inability of MHV68 to transform primary murine B cells in culture,
the absence of a robust cell culture latency system, and the paucity of MHV68-positive tumor cell lines have
limited an understanding of the molecular mechanisms by which MHV68 modulates the host cell during
latency and reactivation. To facilitate a more complete understanding of viral and host determinants that
regulate MHV68 latency and reactivation in B cells, we generated a recombinant MHV68 virus that encodes a
hygromycin resistance protein fused to enhanced green fluorescent protein as a means to select cells in culture
that harbor latent virus. We utilized this virus to infect the A20 murine mature B-cell line and evaluate
reactivation competence following treatment with diverse stimuli to reveal viral gene expression, DNA repli-
cation, and production of progeny virions. Comparative analyses of parental and infected A20 cells indicated
a correlation between infection and alterations in DNA damage signaling following etoposide treatment. The
data described in this study highlight the potential utility of this new cell culture-based system to dissect
molecular mechanisms that regulate MHV68 latency and reactivation, as well as having the potential of
illuminating biochemical alterations that contribute to gammaherpesvirus pathogenesis. In addition, such cell
lines may be of value in evaluating targeted therapies to gammaherpesvirus-related tumors.

Gammaherpesvirus 68 (�HV68 or MHV68) is a rodent
rhadinovirus found naturally in European bank voles and wood
mice (6, 7). As a rodent pathogen, MHV68 infection of labo-
ratory mice offers an experimental system to investigate as-
pects of gammaherpesvirus pathogenesis. Following experi-
mental inoculation of laboratory mice, MHV68 undergoes
productive replication at the site of inoculation, which facili-
tates dissemination to distal organs and is followed by quies-
cence or latency, a form of infection where viral gene expres-
sion is restricted and progeny virions are not produced (41, 51,
71). In the case of MHV68, latent infection is established in B
lymphocytes, as well as epithelial cells, macrophages, and den-
dritic cells (19, 56, 58, 74). Latency is maintained for the
lifetime of the host, and latently infected cells retain the ca-
pacity to reinitiate the productive replication cycle, a process
termed reactivation (45, 51, 52).

The genetic malleability of MHV68 enables the identifica-
tion of viral genes involved in specific aspects of viral patho-
genesis by targeted mutagenesis (1). For example, such ap-
proaches have demonstrated the importance of the unique
MHV68 M2 gene product in latency establishment, reactiva-
tion from latency, and promoting B-cell differentiation (24,
26), as well as defining the roles of conserved genes, such as
orf73 (LANA homolog) in latency maintenance (22, 42) or
orf72 (v-cyclin) in replication and reactivation (61, 68, 69).

Paired with the capacity to generate distinct mutations in the
host, or to infect inbred mouse strains with unique and dispar-
ate immunologic properties, MHV68 enables a critical evalu-
ation of virus-host interactions that influence disease and
makes MHV68 infection of mice a powerful system for char-
acterizing gammaherpesvirus pathogenesis.

Despite the fundamental contributions of such in vivo
experiments, the biochemical mechanisms by which MHV68
influences or alters host cells during latent infections, particu-
larly the discrete molecular functions of viral genes in facili-
tating latent infection and recognizing and modulating host
cell responses to various stimuli, remain largely undetermined.
Such studies have been limited by the lack of a robust cell
culture-based system for their evaluation in the context of a
persisting viral infection. To date it has not been possible to
transform primary murine B cells with MHV68, and MHV68
infection and maintenance in cultured B-cell lines is inefficient.
Moreover, only one MHV68-positive tumor cell line (S11) has
been isolated (63). Therefore, comparative analyses of how
viral gene expression influences host B cells relative to unin-
fected cells are limited.

To facilitate MHV68 infection and maintenance in cultured
cells, we generated a recombinant virus that encodes a hygro-
mycin resistance protein fused to enhanced green fluorescent
protein (EGFP). Infection of the mature murine B-cell line
A20 followed by selection with hygromycin resulted in the
establishment and maintenance of MHV68-positive cell lines
(A20-HE) that can be carried indefinitely. Virus reactivation
from A20-HE cells was induced by mitogenic stimulation, in-
cluding phorbol-12-myristate-13-acetate (PMA) treatment and
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cross-linking surface immunoglobulin (Ig), and was character-
ized by increased detection of lytic cycle-associated viral anti-
gens, viral DNA synthesis, and production of progeny virions.
We also found that antimitogenic treatments, including the
DNA damage-inducing drugs etoposide and camptothecin,
elicited expression of viral replication-associated genes. These
data suggest that MHV68 is primed to recognize and respond
to diverse and apparently disparate cellular stimuli. As such,
this tissue culture latency model offers a new opportunity to
evaluate the MHV68-host relationship at a cellular level to-
ward a broader understanding of the discrete biochemical
events that regulate MHV68 latency and reactivation, thus
providing a functional complement to in vivo pathogenesis
analyses.

MATERIALS AND METHODS

Cell culture and viruses. NIH 3T12 fibroblasts, NIH 3T3 fibroblasts, murine
embryonic fibroblasts (MEFs), and Vero-cre cells (42) were cultured in Dulbec-
co’s modified Eagle medium supplemented with 10% fetal calf serum, 100
units/ml penicillin, 100 �g/ml streptomycin, and 2 mM L-glutamine. A20, WEHI-
231, and NSO cells were cultured in RPMI 1640 supplemented with 10% fetal
calf serum, 100 units/ml penicillin, 100 �g/ml streptomycin, 2 mM L-glutamine,
and 50 mM 2-mercaptoethanol (cRPMI). A20-HE cells were selected and cul-
tured in cRPMI containing 300 �g/ml hygromycin B sulfate (Calbiochem). Wild-
type MHV68 was strain WUMS (ATCC VR1465). Recombinant hygromycin
phosphotransferase (Hpt)-EGFP-expressing MHV68 viruses (described in detail
below) were propagated by bacterial artificial chromosome (BAC) transfection
and expansion to P1 stocks in Vero-cre cells. Viral titers for stocks and for growth
and reactivation assays were determined by plaque assays as described previously
(61).

Generation of recombinant viruses. The Hpt-EGFP (HE) fusion protein ex-
pression cassette (nucleotides [nt] 1 to 3130) was cloned by PCR from pHygEGFP
(Clontech) with the following primers: NLHE_US, 5�-TTTACACCTTTACACTC
AATATTGGCCATTAGCCA-3�; NLHE_DS, 5�-AAGCACTCTTGTCACATCC
TTATCGATTTTACCAC-3�. The targeting construct was generated by overlap
extension PCR to insert the HE expression cassette in the antisense orientation into
the PmlI restriction site at nt 46347 in the MHV68 genome (see Fig. 2A, below) (70),
a region previously defined as capable of supporting insertions (43). The flanking
arms for recombination encompassed MHV68 nt 45377 to 47151. The targeting
construct was cloned into pCR-Blunt (Invitrogen), digested with NsiI, and cloned
into pGS284. Allelic exchange was performed utilizing the MHV68 BAC as de-
scribed elsewhere (2, 42). HE-positive BAC colonies were identified by colony
hybridization using a radiolabeled DNA probe from the Hpt-coding region of
pHygEGFP. Candidate HE-positive MHV68 BAC clones initially were screened for
genetic integrity by restriction digestion analysis using the parental wild-type (WT)
BAC as a comparative control. Appropriate recombination for two independently
derived clones, HE 1.1A and HE 2.1A, was further verified by Southern blotting (see
Fig. 2A, below). Two �g of parental MHV68 BAC, HE 1.1A, and HE 2.1A DNA
was digested overnight with BamHI, EcoRV, or HindIII and resolved by agarose gel
electrophoresis. DNA was transferred to a nylon membrane and hybridized with a
32P-labeled, PCR-amplified probe homologous to the flanking arms of the targeting
construct. The genomic position of restriction sites were as follows for WT or HE
BACs, accounting for the 3,130-nt HE insertion: WT, BamHI at nt 42402 and 49939;
HE, BamHI at nt 42402, 48386, and 53069; WT, EcoRV at nt 42579, 46420, and
50210; HE, EcoRV at nt 42579, 49550, and 53340; WT, HindIII at nt 45237 and
49653; HE, HindIII at nt 45237, 48725, and 52783.

Inducing stimuli and drugs. PMA (Sigma-Aldrich) was reconstituted in eth-
anol. Etoposide, camptothecin, staurosporine, and cisplatin (Calbiochem) were
reconstituted in dimethyl sulfoxide. Sodium butyrate and lipopolysaccharide
(LPS; Sigma-Aldrich) were dissolved in phosphate-buffered saline (PBS). Don-
key anti-mouse CD40 and mouse monoclonal anti-Fas were purchased from
Becton Dickinson. Donkey anti-mouse IgG Fab was purchased from Jackson
ImmunoResearch. All treatments were performed at the concentrations indi-
cated in the Results section and figure legends.

Immunoblot analyses. Cells were lysed with alternative RIPA buffer (150 mM
NaCl, 20 mM Tris, 2 mM EDTA, 1% NP-40, 0.25% deoxycholate, 1 mM NaF,
and 1 mM Na3VO4 supplemented with complete mini-EDTA-free protease
inhibitors [Roche]) and quantitated using the Bio-Rad DC protein assay prior to
resuspending in Laemmli sample buffer (32). Samples were heated to 100°C for

10 min and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). Resolved proteins were transferred to nitrocellulose and iden-
tified by immunoblotting with chicken anti-ORF59 (62), rabbit anti-v-cyclin (67),
rabbit anti-MHV68 (73), goat anti-CDK2 (sc-163-G; Santa Cruz Biotechnology),
mouse anti-p53 (1C12), rabbit anti-phospho-S15 (S18 in mouse) p53, or rabbit
anti-phospho-(S/T)Q (Cell Signaling Technology). Immobilized antigen and an-
tibody were detected with horseradish peroxidase-conjugated secondary antibod-
ies and enhanced chemiluminescence reagents (Amersham/GE Healthcare) and
exposed to film.

Immunofluorescence. Untreated or treated cells at ca. 1 � 106/ml were ad-
hered to poly-L-lysine (Sigma-Aldrich)-coated coverslips for 30 to 60 min at room
temperature. Cells were fixed with 10% formalin, washed with PBS, permeabil-
ized, and blocked with 0.1% Triton X-100 (TX100) in PBS containing 5% bovine
serum albumin (blocking buffer). Primary antibodies (goat anti-GFP from Rock-
land Immunochemicals, to increase the sensitivity of detection for Hygro-EGFP,
or polyclonal MHV68 antiserum [73]) were diluted in blocking buffer with 1%
normal donkey serum and incubated for 1 h at 37°C. Cells were washed three
times with 0.1% TX100 in PBS (wash buffer) and incubated with species-appro-
priate Alexa Fluor-conjugated secondary antibodies (488 for Hygro-EGFP or
568 for MHV68 antiserum; Molecular Probes/Invitrogen) diluted in blocking
buffer at 37°C for 45 to 60 min. Cells were washed three times with wash buffer
and once with PBS and mounted on slides using ProLong Anti-fade Gold reagent
(Molecular Probes/Invitrogen). DNA was detected with 4�,6�-diamidino-2-phe-
nylindole (DAPI) in the mounting medium. Images were captured using a Zeiss
Axio A1 Imager fluorescence microscope.

RNA isolation and RT-PCR. RNA was isolated from A20, WEHI-231, or NSO
cells 24 h after infection at a multiplicity of infection (MOI) of 10 PFU/cell using
guanidium isothiocyanate-phenol as previously described (3). Reverse transcrip-
tion-PCR (RT-PCR) for spliced orf50 or orf73 transcripts was performed as
previously described (3, 37). RNA was isolated from A20-HE1 or A20-HE2 cells
prior to or at 8 h and 24 h after treatment with 20 ng/ml PMA, contaminating
DNA was removed by DNase I digestion (Invitrogen), and RNA was reverse
transcribed using SuperScript II (Invitrogen) as previously described (21).
No-RT controls were carried out in parallel. Resulting cDNAs were diluted 1:4
in water. Two �l of cDNA was used in each PCR mixture. Primers for orf6, orf8,
orf9, mK3, orf72, orf73, M1, M3, M4, M6, M8/orf57, and M9 were previously
described (inner primer sets [71]). Primers for orf50 and GAPDH were previously
described (21). Primers for orf25 were 25-1, 5�-CCCATGGCAGTATCTAAAG
AGG-3�, and 25-2, 5�-CGGAGTTGCTCTAACAGTTGTG-3�. Primers for orf45
were 45-1, 5�-AAAGTCTGCTGGGTATCGTCAC-3�, and 45-2, 5�-ATGGGTC
ATCAACTCCAGACTC-3�. Cycling conditions were as follows: 94°C for 2 min,
22 cycles (A20-HE1) or 30 cycles (A20-HE2) at 94°C for 60 seconds, 62°C for 60
seconds, and 72°C for 60 seconds, and 72°C for 2 min. M2 was detected using
nested primer sets (3). Round 1 PCR was performed as above for 30 cycles.
Round 2 was performed using 5 �l of round 1 product as template for the round
2 reaction for 30 cycles as above. S11-derived cDNA was used as a positive
control for M2 amplification.

Cell viability assays. For acute titrations, cells were treated with dimethyl
sulfoxide (vehicle), etoposide, or anti-Fas for 18 h in the presence or absence of
50 ng/ml cidofovir as indicated in Results and the figure legends. For recovery
assays, cells were cultured in the presence of cidofovir for 4 h with vehicle or 25
�M etoposide, pelleted, and rinsed with PBS. Cells were pelleted again, resus-
pended in complete RPMI, plated, and cultured for 1 week in the presence of
cidofovir. Cell viability was assessed using the CellTiter Glo viability assay (Pro-
mega) per the manufacturer’s instructions.

RESULTS

Murine B-cell lines do not support lytic MHV68 replication.
In an effort to establish latently infected B-cell lines, we in-
fected the murine B-cell lines A20 and WEHI-231, the my-
eloma cell line NSO (which were previously demonstrated to
support long-term, persistent MHV68 infection in culture
[57]), and NIH 3T12 fibroblasts as a positive control for lytic
virus replication. In these experiments, while NIH 3T12 cells
supported robust viral replication, viral titers did not increase
over time in the infected A20, WEHI-231, or NSO cell lines
(Fig. 1A). RT-PCR for the spliced latency-associated orf73
transcript (3) indicated that all B-cell lines were infected (Fig.
1B). Moreover, RT-PCR did not detect spliced orf50 tran-
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scripts, a requirement to generate the functional Rta lytic
transactivator protein (46), in the A20 or WEHI-231 cell lines.
In contrast, spliced orf50 transcripts were detected following
infection of the NSO myeloma cell line, consistent with previ-
ous data indicating that the NSO cell line supports persistent
MHV68 replication (57). These data suggest that murine B-
cell lines support latent infection by MHV68.

Generation of a recombinant selectable MHV68. Although
we detected orf73 transcription in the MHV68-infected A20
and WEHI-231 cell lines, several attempts to establish and
maintain MHV68 B-cell lines were not successful. We rea-
soned that, analogous to Epstein-Barr virus (EBV) and Kapo-
si’s sarcoma-associated herpesvirus (12, 18), MHV68 mainte-
nance in transformed B cells may be inefficient due to the
presumed lack of selection pressures on the cells for maintain-
ing viral infection. To facilitate MHV68 maintenance in cul-
tured cell lines, we generated a recombinant virus that encodes
a hygromycin resistance protein fused to EGFP in the MHV68
genome between open reading frames (ORFs) 27 and 29b (Fig.
2A). We previously demonstrated that this locus in the
MHV68 genome supports transgene insertions (30, 43). Ap-
propriate recombination was verified by restriction digestion
and Southern blotting (Fig. 2A). Lytic replication of two inde-
pendently derived transgenic viruses (HE 1.1A and HE 2.1A)
was analyzed relative to wild-type (WT) BAC-derived MHV68
over time following low multiplicity of infection of MEFs. Both
HE 1.1A and HE 2.1A replicated equivalently to WT MHV68
in these experiments (Fig. 2B), indicating the transgenic vi-
ruses are fully replication competent.

Establishment of MHV68-maintaining B-cell lines. We next
tested the capacity of MHV68-HE viruses to infect and persist
in NSO, A20, and WEHI-231 cell lines. Cells were adsorbed
for 2 h with either HE or WT MHV68 viruses at multiplicities
of 10 PFU per cell. Infected cells were then cultured in the
presence of 300 �g/ml hygromycin B sulfate until WT-infected
cells succumbed to selection and HE virus-infected, hygromy-
cin-resistant cells expanded. HE virus-infected NSO cells were

readily selected within 1 week postinfection, while selection of
MHV68-infected A20 cells took approximately 3 weeks to se-
lect at the concentration of hygromycin used. Notably, we were
unsuccessful in establishing MHV68-infected WEHI-231 cell
lines. It is conceivable that WEHI-231 cells, which express
surface IgM but are incapable of class-switch recombination
(53), represent an immature B-cell differentiation stage that
does not support MHV68 latency. This idea is supported in
vivo by the preferential establishment of long-term MHV68
latency in memory B cells (20, 75). In initial analyses, NSO-HE
cells maintained titers of �105 PFU/ml at cellular densities of
ca. 2 � 105 to 5 � 105 cells per ml, and the supernatants
recovered from the A20-HE infected cell lines exhibited titers
that varied between 103 and 104 PFU/ml at densities of ca.
0.5 � 106 to 1.5 � 106 cells per ml. Representative differential
interference contrast and EGFP expression images for selected
HE 1.1A and HE 2.1A-infected A20 cell lines are shown (Fig.
2C). The A20-derived cell lines were pursued for further char-
acterization. The MHV68-infected A20 cells lines are referred
to as A20-HE1 or A20-HE2 (indicative of the BAC-derived
recombinant MHV68 isolate used for infection). For the ex-
periments presented in this report, cells were maintained in
bulk populations.

Reactivation of A20-HE cells. Herpesvirus infections are
characterized by two very distinct stages: a lytic or productive
replication phase, in which viral genes are abundantly and
promiscuously expressed, the viral genome is replicated, and
progeny virions are produced, and a latent or quiescent phase,
in which the viral genome is maintained with limited viral gene
expression. In general, herpesviruses maintain the capacity to
reactivate, or reinitiate the lytic phase, from latency following
exposure to a variety of stimuli. For gammaherpesviruses that
latently infect B cells, these stimuli classically include phorbol
esters, such as PMA (also known as TPA), promitogenic or
differentiation-inducing stimuli such as BCR ligation, or inhi-
bition of histone deacetylases by butyric acid (NaB). We there-
fore tested the capacity of A20-HE1 and A20-HE2 cells to
respond to each of these treatments. We also treated cells with
the bacterial cell wall mitogen LPS, which we previously dem-
onstrated could enhance reactivation of explanted splenocytes
from latently infected mice (44), and agonistic antibodies to
the B-cell costimulatory molecule CD40, which is critical to
memory B-cell development and to limiting persistent MHV68
replication in vivo (29, 75).

We initially analyzed A20-HE reactivation by immunoblot-
ting with MHV68 antiserum and polyclonal antibodies to the
viral DNA polymerase processivity factor encoded by ORF59.
We also assessed induction of the MHV68 cyclin homolog
(v-cyclin), which is critical for viral reactivation from latency
(61, 69). A20-HE cells reactivated in response to PMA treat-
ment and BCR cross-linking (anti-Ig) as evidenced by produc-
tion of lytic antigens and detection of ORF59 and v-cyclin (Fig.
3A). Mock-infected and infected NIH 3T3 fibroblasts, which
support lytic MHV68 replication, served as negative and pos-
itive controls for these experiments, respectively. LPS, NaB,
and anti-CD40 treatments did not induce detectable expres-
sion of these antigens at the time points analyzed. Moreover,
CD40 cross-linking appeared to reduce anti-Ig-induced reac-
tivation in these assays, perhaps reflecting a role for CD40
signaling in promoting MHV68 latency and limiting persistent

FIG. 1. Murine B cells do not support MHV68 lytic replication.
(A) Murine B-cell lines A20 and WEHI-231, myeloma cell line NSO,
and NIH 3T12 fibroblasts were infected with MHV68 at an MOI of 10
PFU/cell. Cells were harvested at the indicated times postinfection,
and viral titers were determined by plaque assay. Results are means of
triplicate samples. Error bars represent standard deviations. (B) RT-
PCR analyses of spliced orf50 (Rta) and orf73 (mLANA) transcripts
24 h postinfection. Spliced orf50 transcripts (indicated by arrows) are
associated with and required for lytic replication. Spliced orf73 tran-
script are present during lytic and latent phases of infection.
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virus replication (29, 75). Parallel treatments of the MHV68-
positive S11 lymphoma line did not result in any detectable
increase in expression of the antigens described above (data
not shown), an observation that reiterates the poor reactivat-
ability of the S11 cell line (44).

Immunofluorescence analyses (IFA) with MHV68 anti-
serum and anti-ORF59 (not shown) confirmed that PMA and
anti-Ig cross-linking induced the production of lytic antigens
(Fig. 3B). These stimuli also increase expression of the human
cytomegalovirus immediate-early promoter-driven Hygro-
EGFP fusion protein (note the increase in EGFP “bright” cells
and the correlation with induction of MHV68 lytic antigen
staining) as a potential correlate of virus reactivation. We note
that for untreated A20-HE1 and A20-HE2 cells the levels of
spontaneous reactivation, as quantitated by IFA with MHV68
antiserum, were 1 to 5% and 0.1 to 0.5%, respectively. Reac-

tivating stimuli resulted in positive staining for ca. 80 to 95% of
A20-HE1 cells and 50 to 80% of A20-HE2 cells by 24 h post-
treatment. Additionally, we analyzed viral titers following
treatment with LPS, PMA, or NaB (Fig. 3C). Consistent
with the immunoblotting and IFA, PMA treatment elicited
greater than 10-fold increases in viral titers relative to un-
treated controls for both A20-HE1 and A20-HE2 cells by 48 h
posttreatment, while titers remained relatively unchanged fol-
lowing LPS or NaB treatments. Together, these data demon-
strate that the A20 B-cell line is capable of maintaining hygro-
mycin-selectable recombinant MHV68 genomes in a fully
reactivation-competent state.

To evaluate the kinetics of MHV68 reactivation following
PMA stimulation, we performed a time course analysis of viral
antigen production and viral DNA synthesis. For both A20-
HE1 and A20-HE2 cells, ORF59 and v-cyclin proteins were

FIG. 2. Derivation of recombinant hygromycin-selectable MHV68 viruses and stably maintaining A20 cell lines. (A) A Hprt-EGFP (HE) fusion
protein driven by the human cytomegalovirus immediate-early promoter was inserted into the MHV68 BAC between orfs27 and 29b by allelic
exchange. Fidelity of recombination for two independently derived isolates (HE 1.1A and HE 2.1A) was analyzed relative to the parental MHV68
BAC by endonuclease restriction digestion and Southern blotting. (B) Analysis of recombinant virus replication. HE 1.1A, HE 2.1A, and WT
viruses were generated by BAC transfection into a Cre recombinase-expressing cell line to remove the floxed BAC vector sequences. Recovered
viruses were analyzed in multistep growth analyses following infection of primary MEFs at an MOI of 0.05 PFU/cell. Cells were harvested at the
indicated times postinfection, and viral titers were determined by plaque assay. Results are means of triplicate samples. Error bars represent
standard deviations. (C) Establishment of MHV68-stable A20 cell lines. A20 B cells were infected with HE 1.1A and HE 2.1A MHV68 viruses
at an MOI of 10 PFU/cell and selected with hygromycin (300 �g/ml). Representative immunofluorescence and differential interference contrast
images of derivative A20-HE1 and A20-HE2 cell lines captured at 100� magnification are shown.

VOL. 82, 2008 CELL-CULTURE LATENCY AND REACTIVATION SYSTEM FOR MHV68 7691



rapidly induced upon stimulation and increased in abundance
over time (Fig. 4A). The low-level presence of ORF59 in
unstimulated A20-HE1 cells was likely a consequence of spon-
taneous reactivation in the culture. For A20-HE1 cells, anti-
gens recognized by the MHV68 polyclonal antiserum raised in
MHV68 rabbits was maximal by 18 h posttreatment (as was
v-cyclin detection), while detection of MHV68 antigens was
maximal 24 to 36 h posttreatment for A20-HE2 cells. These
findings suggest that A20-HE1 cells more readily respond to
PMA-mediated induction. Replication of viral DNA, as as-
sessed by quantitative PCR, demonstrated that DNA synthesis
begins between 6 and 12 h poststimulation and peaks at ca.
24 h following PMA treatment (Fig. 4B), which correlated with
maximal detection of MHV68 antigens by immunoblotting
(Fig. 4A). We speculate that the apparently reduced levels of
DNA replication for A20-HE1 cells were a consequence of the
higher levels of spontaneous reactivation and thus increased
basal levels of viral genomes present prior to PMA stimulation.

Analysis of viral transcription in A20-HE cells during reac-
tivation. As a complement to the experiments described above,
we performed RT-PCR analyses of 21 viral genes in A20-HE
cells at 8 h and 24 h following PMA stimulation (Fig. 5).
Several viral genes with roles in virus replication were induced
by PMA, including the single-strand DNA binding protein
(orf6), the viral DNA polymerase (orf9), and the viral lytic
transactivating protein Rta (orf50), as were genes for structural
proteins, including the major capsid protein (orf25) and glyco-
protein B (orf8). Other genes essential for viral replication that
were induced by PMA included the nuclear phosphoprotein
(orf45) (28) and the RNA export protein (orf57) (note that the
oligo set used overlaps with the unique MHV68 gene M8).

We also detected several genes whose expression during
MHV68 latency in vivo was demonstrated by RT-PCR (41, 71)
or RNase protection assays (4, 49). The MHV68 homologs
of K3 (mK3) and the latency-associated nuclear antigen
(mLANA; orf73) genes with roles in modulation of host im-
mune or cell defense responses and contribution to the estab-
lishment of latent infection (5, 8–10, 21, 22, 42, 54, 55) were
PMA inducible. Although levels were low prior to PMA stim-
ulation, we noted that orf73 transcripts were readily detected
following infection of A20 cells with WT MHV68 using splice-
specific nested primer sets (Fig. 1). Also induced by PMA
treatment were genes that influence host colonization (M4)
(15) or reactivation upon explant of latently infected cells,
including M1, v-cyclin (orf72), and v-bcl2 (M11) (13, 23, 38, 61,
69). PMA treatment also induced transcription of the multi-
functional M2 gene, which influences both latency establish-
ment and reactivation, particularly in B cells, perhaps through
modulating host regulatory signaling cascades (24, 26, 34, 35,FIG. 3. Induction of A20-HE cell reactivation. (A) Immunoblot

analysis for lytic cycle-associated antigens following B-cell-activating
stimulation. A total of 5 � 105 A20-HE cells per ml were treated as
follows: 10 �g/ml LPS, 20 ng/ml PMA, 2 mM NaB, 5 �g/ml anti-
immunoglobulin G (�-Ig), 2.5 �g/ml anti-CD40, or the combinations
indicated at the same concentrations. Mock-infected or infected (MOI,
5 PFU/cell, 24 h postinfection) NIH 3T3 fibroblasts served as respec-
tive positive and negative controls. Cells were harvested 24 h after
treatment. Forty �g of total protein for A20-HE cell samples (12.5 �g
for 3T3s) was resolved by SDS-PAGE followed by immunoblot anal-
ysis for the indicated proteins. The nonspecific band was included as a
loading control for A20-HE samples. (B) Immunofluorescence analy-
sis following stimulation. A20-HE cells were treated with the indicated
stimuli as in panel A and processed for immunofluorescence micros-
copy 24 h after treatment. Cells were stained with antibodies to GFP

and MHV68 antisera. DNA was detected with DAPI in the mounting
medium. Magnification, �100. (C) Virus production following stimu-
lation. A20-HE cells were treated with the indicated stimuli as for
panel A. Cells were harvested at the indicated times posttreatment,
and viral titers were determined by plaque assay. Data represent the
fold increase in titer following treatment relative to mock-treated
controls. Results are means of triplicate samples. Error bars represent
standard deviations.
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40, 50). Finally, we detected induction of genes for M6 and M9,
unique MHV68 genes whose functions are unknown.

We did not detect transcripts before or after PMA treatment
for orf36, a viral kinase required for replication in primary
macrophages (59), orf49, a coactivator for Rta-mediated gene
expression (33), orf74, a viral G-protein-coupled receptor ho-
molog (72), M3, a viral chemokine sequestration protein and
determinant of pathogenesis (64–66), or the unique M12 gene
(70). However, we acknowledge that failure to detect these
transcripts may be due to limitations of the assay.

Induction of MHV68 gene expression by antimitogenic
stimuli. The cellular tumor suppressor protein p53 is a se-
quence-specific transcription factor that we recently demon-
strated promotes MHV68 gene expression and lytic replication
(21). Tarakanova and colleagues also reported that the DNA
damage sensing kinase, ataxia telangiectesia mutated (ATM),
an enzyme that phosphorylates and activates p53 and other
targets, critically regulates MHV68 replication in macrophages
(59). In addition, treatment of EBV-positive lymphoid and
epithelial tumors with several p53-inducing chemotherapy
drugs induced lytic viral gene expression (16, 17). Thus, we
reasoned that MHV68 reactivation might be inducible by DNA
damage/p53 activating stimuli. To test this hypothesis, we
treated A20-HE cells with several known DNA damage and

p53-inducing stimuli, including etoposide (topo-isomerase II
inhibitor), camptothecin (topo-isomerase I inhibitor), stauro-
sporine (general kinase inhibitor), and cisplatin (DNA damage
by platinum adducts). Both A20-HE cell lines exhibited induc-
tion of ORF59 by immunoblot analysis following treatment
with the topo-isomerase inhibitors and staurosporine, with the
more reactivation-responsive A20-HE1 cells displaying more
robust viral protein expression than A20-HE2 cells (Fig. 6A).
Similarly, v-cyclin induction was readily detected for treated
A20-HE1 cells, but only following camptothecin treatment of
A20-HE2 cells at this time point, although 50 �M etoposide
treatment did elicit detectable v-cyclin induction in separate
experiments (data not shown). Consistent with these results,
etoposide treatment increased production of MHV68 proteins
in A20-HE cells as determined by IFA using MHV68 anti-
serum (Fig. 6B). Notably, the toxicity of the drugs tested in
these experiments prevented analyses of viral replication by
plaque assays. Quantitative PCR, however, indicated a less-
than-twofold amplification of viral genomes over negative con-
trols following 24 h of etoposide treatment, while PMA treat-
ment elicited efficient viral DNA replication (Fig. 6C). These
data suggest that MHV68 has the capacity to recognize and
respond to DNA damage stimuli by initiating viral gene syn-

FIG. 4. Induction time course following PMA treatment. A20-HE cells (5 � 105 per ml) were treated with 20 ng/ml PMA and harvested at the
indicated times posttreatment. (A) Total protein (A20-HE1, 32 �g; A20-HE2, 50 �g) was resolved by SDS-PAGE followed by immunoblot analysis
for the indicated antigens. Cellular CDK2 was used as a loading control. (B) Total DNA (200 ng) was analyzed by quantitative PCR for the
presence of viral genome using orf50-specific primers. Data represent the fold increase following PMA treatment relative to untreated controls as
a ratio of orf50 to GAPDH. Results are means of triplicate samples. Error bars represent standard deviations.
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thesis, but viral gene expression in response to such stimuli did
not result in efficient virus replication.

To assess whether the failure of etoposide to trigger viral
DNA replication reflected increased sensitivity of the A20-HE
cell lines to etoposide-induced cell death, we performed drug
titration experiments (Fig. 7). At the concentrations tested,
these analyses did not reveal a substantial difference in cellular
viability due to etoposide treatment (Fig. 7A), which indicates
that the presence of latent or induced viral genes did not
acutely influence cellular survival or death. Moreover, these
data indicate that the 25 �M concentration of etoposide used
to induce gene expression in Fig. 6 was not overtly cytotoxic,
and therefore the data suggest that failure to replicate viral
DNA was not a consequence of induction of host cell death. A
similar titration performed in the presence of the herpesvirus
lytic replication inhibitor cidofovir, a nucleoside analog that
inhibits DNA chain elongation, enhanced etoposide cytotoxic-
ity for both infected and uninfected cells (Fig. 7B). These data
further suggest that viral replication-dependent late gene syn-
thesis and/or progeny virion production did not directly con-
tribute to either cell death or survival in these experiments
(Fig. 7B). Additionally, both parental A20 and A20-HE cells
were equally sensitive to direct induction of apoptosis by stim-
ulation with a Fas-specific monoclonal antibody (Fig. 7B).

Potential uncoupling of DNA damage signals in MHV68-
infected B cells. The capacity to specifically cleave, remove,
and then repair large sections of chromosomes to generate
functional antigen receptors is a defining characteristic of B
cells and T cells. DNA damage response (DDR) proteins en-
force cell cycle checkpoints to facilitate these events or trigger
apoptosis or senescence when the process goes awry (27). As a
pathological consequence, inactivation of specific DDR pro-
teins in mice promotes the accumulation of chromosomal
translocations between the IgH and c-myc loci, a growth-pro-
moting mutation in humans that is strongly associated with
Burkitt’s lymphoma (11, 47). Given this disease association,
the utilization of lymphocytes as latency reservoirs, and the
finding that MHV68 gene expression was induced by DNA
damage stimuli, we reasoned that the presence of MHV68 in B
cells might influence the capacity of an infected cell to respond
to DNA damage stimuli. To test this hypothesis, parental A20

FIG. 5. Transcription of viral genes following PMA stimulation.
RNA was isolated from A20-HE cells before or 8 h and 24 h post-
treatment with 20 ng/ml PMA. RT-PCR was performed using primers
for the indicated viral transcripts or cellular GAPDH as a control. The
plus or minus signs indicate the presence or absence of RT in the
cDNA reactions. The asterisk for M2 denotes that nested reactions
were performed.

FIG. 6. Induction of lytic antigens by DNA damage stimuli.
(A) A20-HE cells (5 � 105 per ml) were treated with etoposide (25
�M), camptothecin (2 �M), staurosporine (20 �g/ml), or cisplatin (100
�M). PMA (20 ng/ml) and untreated cells served as respective positive
and negative controls. Cells were harvested 24 h posttreatment. Total
protein (50 �g) was resolved by SDS-PAGE followed by immunoblot
analysis for the indicated viral or cellular (CDK2) antigens.
(B) A20-HE cells were treated with 50 �M etoposide and processed
for immunofluorescence microscopy 24 h posttreatment. Cells were
stained with antibodies to GFP and MHV68 antisera. DNA was de-
tected with DAPI in the mounting media. Magnification, �100.
(C) Total DNA (200 ng) was analyzed by quantitative PCR for the
presence of viral genome using orf50-specific primers. Data represent
the fold increase following 24 h of stimulation with PMA (20 ng/ml) or
etoposide (25 �M) relative to vehicle-treated controls. Results are
means of triplicate samples. Error bars represent standard deviations.
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cells and A20-HE1 and A20-HE2 cells were treated with eto-
poside to induce a DDR. Analysis of p53 phosphorylation on
S18 by immunoblotting did not reveal any overt inhibition of
p53 phosphorylation due to MHV68 infection and confirmed
activation of upstream DNA damage-signaling cascades in
treated cells (Fig. 8A), as did the presence of phosphorylated
ATM and Chk2 (data not shown) regardless of infection status.
In contrast, a time course immunoblot analysis using antisera
specific for phosphorylated ATM or ATR (ATM and Rad3-
related) target motifs [P-(S/T)Q] demonstrated that, although
detection of undefined 35-kDa and 30-kDa protein species was
similar in infected and uninfected cells at 1 and 2 h after
etoposide treatment, infected cells exhibited reduced phosphor-
ylation of the 35-kDa protein and complete disappearance of
the 30-kDa protein at 4 and 6 h posttreatment, while these
bands became more pronounced in uninfected A20 cells (Fig.
8B). Notably, detection patterns were similar in both unin-
fected and infected cells in both vehicle and cisplatin-treated
samples (data not shown). These data suggest that, while the
DDR is activated in MHV68-infected B cells, the propagation
of the response is altered in the presence of MHV68.

Given the apparent alterations in DDR signaling, we rea-
soned that the MHV68-infected A20 cell lines would exhibit
reduced capacities to recover from transient DDR induction
compared to the parental uninfected A20 cell line. To assess
this possibility, A20 and A20-HE cells were pulsed with eto-

poside for 4 h, drug was washed out, and the cells were allowed
to recover in culture. After 1 week, the viability of treated cells
was measured in comparison to cells treated in parallel with
vehicle alone. While uninfected A20 cells treated with etopo-
side recovered and maintained viability at levels comparable to
the vehicle control cultures, both A20-HE1 and A20-HE2 cell
lines exhibited dramatic reductions in viability following eto-
poside treatment (46% and 26%, respectively) relative to the
vehicle control-treated cultures (Fig. 8C). These data indicate
that the presence of MHV68 negatively impacts host cell via-
bility following limited treatment with a chemotherapeutic
drug in the presence of cidofovir.

DISCUSSION

In this report we describe the generation of a recombinant
MHV68 that expresses a hygromycin phosphotransferase-

FIG. 7. Infection-related sensitivity to etoposide. A20 and A20-HE
cells were treated with vehicle or etoposide at the indicated concen-
trations in the absence (A) or presence of cidofovir (50 ng/ml) (B). Cell
viabilities were determined 18 h posttreatment and are expressed as
the percentage of viable cells with treatment relative to vehicle-treated
controls. Anti-Fas (2.5 �g/ml in the presence of 10 �g/ml cyclohexi-
mide) was included as a control for cell death induction in panel B.
Results are means of triplicate samples. Error bars represent standard
deviations.

FIG. 8. Altered DNA damage signaling in MHV68-infected A20
cells. (A) A20 and A20-HE cells were treated with vehicle for 6 h or
etoposide (50 �M) for the indicated times. Total protein was resolved
by SDS-PAGE followed by immunoblot analyses for S18-phosphory-
lated p53 or total p53 as a loading control. (B) A20 and A20-HE cells
were treated with etoposide (50 �M) for the indicated times. Total
protein (50 �g) was resolved by SDS-PAGE followed by immunoblot
analyses with phosphorylated-(S/T)Q motif antisera or total p53 as a
loading control. (C) A20 and A20-HE cells were treated with vehicle
or etoposide (25 �M) in the presence of cidofovir (50 ng/ml). After 4 h,
cells were washed and then cultured in the presence of cidofovir. After
1 week, cell viabilities were determined and are expressed as the
percentage of viable cells with treatment relative to vehicle-treated
controls. Results are means of quadruplicate samples. Error bars rep-
resent standard deviations.
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EGFP fusion protein. We utilized this virus to establish long-
term infection of the surface IgG-positive, mature murine B-
cell line A20, and we designated the derivative lines A20-HE
cells. We showed that MHV68 in A20-HE cells is maintained
as a reactivation-competent entity, responding to PMA and
BCR cross-linking with increased expression of lytic cycle-
associated viral proteins, viral DNA synthesis, and production
of progeny virus. We also examined the transcription of several
viral genes involved in replication/reactivation and host mod-
ulation following PMA treatment. Additionally, we provided
evidence that DNA damage-inducing drugs elicit expression of
MHV68 replication-associated proteins but did not lead to
detectable viral DNA replication. Finally, we demonstrated
that the presence of MHV68 correlates with alterations in
DNA damage signaling and increased sensitivity to death fol-
lowing limited treatment with etoposide. Taken together these
data offer a general characterization of a novel MHV68 cell
culture latency system and highlight its utility for understand-
ing viral alterations in host cell homeostatic pathways during
latency and reactivation.

Reactivating stimuli. As an initial characterization, we
tested the capacity of A20-HE cells to reactivate following
treatment with a variety of different stimuli. In these experi-
ments, robust lytic induction occurred following treatment with
PMA and anti-Ig cross-linking, but not by sodium butyrate,
LPS, or anti-CD40 cross-linking. By no means were these ex-
periments definitive, and we consider them an initial depiction
of potential responses to classically utilized stimulations that
initiate lytic gammaherpesvirus replication from latently in-
fected B-cell lines. Upon the generation of additional cell lines,
however, we think it quite likely that MHV68-harboring cell
lines will exhibit differential responsiveness to inducing stimuli,
as has been repeatedly demonstrated for EBV cell lines.

Nonetheless, reactivation in response to PMA and anti-Ig is
certainly analogous to other gammaherpesvirus latency sys-
tems, as is the low level of spontaneous reactivation we ob-
served in A20-HE cells. We think it interesting that the differ-
ences in spontaneous reactivation and responsiveness to
stimulation observed for A20-HE1 and A20-HE2 cell lines
reflect slightly altered homeostatic set points in cellular and/or
viral gene expression. This might also be due to differences in
viral genome copy number. The quantitative PCR presented in
Fig. 4 and 6 indicated ca. 10-fold more viral genome in A20-
HE1 than A20-HE2 cells without stimulation (data not
shown), although the contribution to such an increase by the
higher level of spontaneous reactivation cannot be accounted
for in this assay.

In addition to analyzing viral replication following PMA
stimulation, we analyzed the basal and induced transcription of
genes with known roles in lytic replication, latency, and reac-
tivation, as well as several unique MHV68 genes with unknown
functions. The roles of transcribed genes with previously de-
scribed functions in vivo were described above. Given the pre-
viously mentioned percentages of spontaneous reactivation
and the detection of transcripts from viral genomic regions that
encode structural genes without induction, we think it prema-
ture to comment on potential latency programs in A20-HE
cells. However, some interesting observations deserve addi-
tional comment. Consistent with a role in episome mainte-
nance, we readily detected spliced orf73 transcripts by nested

RT-PCR early after nonproductive infection of A20 cells. Im-
portantly, however, it should be noted that orf73 transcripts are
not detected in all latently infected cell types in vivo, suggesting
that such a function may not be an absolute requirement for
long-term latency (3, 41, 49, 71). Indeed, the PMA-inducible
nature of orf73 transcription may reflect a prominent role in
facilitating reactivation in a manner analogous to that de-
scribed during lytic replication in fibroblasts (21).

Detection of M2 in this assay necessitated nested RT-PCR
(3), which indicates that M2 expression is low and might oth-
erwise be deleterious to the host cell or to viral replication,
perhaps through uncoupling of DNA damage signals (34), as
we generally described in Fig. 8. In agreement with this idea,
we are unable to reliably detect M2 protein expression prior to
or following PMA induction. Consistent with requirements for
M2 functions in B cells, the M2 transcripts detected were
spliced, which would enable production of the presumed func-
tional M2 polypeptide. Spliced M2 transcripts are not pro-
duced during lytic infection of murine fibroblasts (unpublished
data) but are present in the S11 tumor cell line and in some
latently infected cells in vivo (3, 25).

Finally, the relative abundance of the M9 transcript in non-
induced cells is of some interest and is consistent with previous
analyses of MHV68 latency programs that demonstrated tran-
scription from the M9 locus in vivo (4, 41, 49, 71) and in S11
cells (25). Whether the detected RT-PCR products reflect M9
transcripts or transcription of another gene remains to be de-
termined. As such, cloning and mapping these transcripts will
be required and may reveal a critical molecule involved in
MHV68 latency in B cells. In general, it is important to con-
sider that certain viral genes may be required or transcribed
only in particular cell types, in specific cellular differentiation
states, or in response to explicit reactivation stimuli. Potential
assay limitations aside, failure to detect genes such as M3,
orf36, orf49, orf74, or M12 may echo this point. These ideas are
further emphasized by the apparent restriction of M2 splicing
to B cells and the requirement for ORF36 for MHV68 repli-
cation in macrophages (59), and most convincingly by the cell-
type-specific transcription patterns demonstrated in vivo by
Marques and colleagues (41). MHV68-infected A20 cells,
which are surface IgG positive, conceivably represent a mem-
ory B-cell-restricted transcriptional program for latency and
reactivation.

Induction of viral gene expression by DNA damage-inducing
drugs. In experiments presented here, we demonstrated that
stimulating infected A20 cells with several cytotoxic drugs
that induce DDR promoted viral gene expression, a finding
that demonstrates a parallel functional response to EBV-in-
fected tumors (16, 17). For all but cisplatin, these treatments
are capable of inducing double-strand DNA breaks and p53
activation, presumably via the ATM pathway. Cisplatin, how-
ever, a chemotherapeutic agent that forms platinum adducts
on DNA and promotes single-strand DNA breaks that lead to
p53 activation via ATR signaling pathways, did not result in
viral gene expression (ORF59, v-cyclin, or lytic antigens) in
these assays. These characteristics suggest that ATM-directed
signaling pathways, and not ATR, are recognized for reactiva-
tion by MHV68 in latently infected B cells, although additional
experimentation is required to definitively make this point.
These findings support our previous demonstration that eto-
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poside treatment enhanced orf50 transcription and v-cyclin
translation in MHV68-infected 3T3 fibroblasts (21). The data
also correlate with the demonstration that the efficiency of
MHV68 replication in primary macrophages depends on the
presence of ATM. Although the mechanism of such depen-
dence is not yet clear, numerous reports have demonstrated
herpesvirus recruitment of and/or requirement for DNA dam-
age-related signaling molecules within replication complexes
(31, 36, 39). A20-HE cells offer a new opportunity to probe the
functional significance of DDR proteins in herpesvirus reacti-
vation.

Although utilization of DDR proteins for replication now
seems a common herpesvirus theme, it is interesting that DDR
signals would directly induce gammaherpesvirus gene expres-
sion given the latency tropism of gammaherpesviruses for lym-
phocytes. Indeed, the capacity to break and remove large re-
gions of “unnecessary” DNA is part and parcel of a B cell’s
capacity to generate functional antigen receptors and secreted
antibodies, and aberrations in DDR pathways can have patho-
logical consequences (27). DNA damage-signaling checkpoints
through activated ATM halt cell cycle progression to limit
potential mutagenic recombinations while these processes oc-
cur (11). Failure to appropriately recombine leads to signal
amplification, sustained p53 activation, and ultimately apopto-
sis. Hence, we think it quite likely that pathogens that es-
tablish long-term, latent infections in B cells are primed to
respond to, and perhaps alter or suppress, DNA damage-
signaling events.

Functional consequences of MHV68 infection to DDR. In its
simplest form the function of a DDR is to recognize, respond
to, and repair genetic lesions that might otherwise promote
heritable mutations. Central to this idea is that failed repair
and prolonged activation of DDR molecules should promote
cell death or permanent cell cycle exit to ultimately limit the
propagation of potentially harmful mutations. Therapeutic ap-
plications of these principals involve DDR induction paired
with pharmacologic targeting of specific molecules in the
DDR, thereby blocking the response, to enhance the efficacy of
several cancer treatments (for a description of an experimental
application, see reference 48). Although uninfected and in-
fected A20 cells did not differ dramatically in their acute sus-
ceptibility to etoposide treatment (Fig. 7), a recovery experi-
ment, wherein both parental and infected A20 cells received a
short burst of etoposide prior to long-term culture, suggested
that MHV68-infected B-cell tumor lines are less capable of
recovering normal growth characteristics following limited
drug treatment (Fig. 8C). This finding is analogous to EBV-
positive gastric carcinomas (17) and Kaposi’s sarcoma-associ-
ated herpesvirus-positive lymphomas (14) being more suscep-
tible than uninfected cells to treatments with 5-fluorouracil
and cisplatin or glycyrrhizic acid, respectively.

In the EBV studies, pairing chemotherapy with antiviral
drugs substantially enhanced cell death in culture and tumor
reduction in vivo. Thus, we note that reduced viability of
A20-HE cells was observed in the presence of cidofovir, which
we included in the experiment to limit death due to reactiva-
tion, even though 24-h treatment with etoposide did not induce
viral DNA replication (Fig. 6C). Although we do not yet know
the mechanism of death for MHV68-infected cells in these
assays, we propose two possibilities which are not mutually

exclusive. First, it is conceivable that viral gene expression
alone is toxic to the induced host cell. In agreement with this
idea, we previously demonstrated that mLANA-null MHV68
exhibited a robust increase in lytic viral gene expression even
when viral replication was inhibited by cidofovir treatment
(21), and the “hyperexpression” phenotype in these experi-
ments correlated with dramatically enhanced cell death. The
second hypothesis posits that virus-mediated alterations in the
normal cellular response to damaged DNA, as demonstrated
in Fig. 8, result in failure to repair damaged DNA, the physi-
ologic consequence of which is cell death.

As discussed above, we think it likely that viral responsive-
ness to DNA damage signals offers a potential mechanism for
reactivation when a host cell is unsuitable for long-term la-
tency. As such, uncoupling the DDR may diffuse in the short-
term strong apoptotic signals that would otherwise limit prog-
eny virion production. Additionally, as MHV68 requires ATM
and uses a viral kinase encoded by ORF36 to induce H2AX
phosphorylation for efficient replication in primary macro-
phages, alterations in the DDR cascade may reflect viral com-
mandeering and utilization of host DNA damage kinases and
repair proteins to facilitate viral replication (59), essentially
rendering them nonfunctional to the host cell. Understanding
the biochemical basis for dysregulated signaling might further
define mechanisms of gammaherpesvirus-induced transforma-
tion when the host cell is not killed as a result. Perhaps such
events occur and promote MHV68 reactivation in the transi-
tion from viral tRNA-positive lesions in atypical lymphoid
hyperplasia to tRNA-negative lymphomas observed following
MHV68 infection of �2-microglobulin knockout mice (60). A
promutagenic, but noncytopathic, reactivation event might of-
fer a potential explanation for the proposed “hit-and-run”
model of MHV68-associated transformation.

Potential utility of a cell culture-based system to study
MHV68 latency and reactivation. The data presented and dis-
cussed here provide a basic characterization of MHV68 main-
tenance and reactivation following infection and selection of a
mature murine B-cell line by recombinant MHV68. A20-HE
cells not only offer a much more robust and malleable system
than the MHV68-positive S11 lymphoma line for evaluating
viral genes and cellular signaling cascades that influence reac-
tivation, but also they offer the capacity for direct evaluations
of virus-specific alterations in cellular homeostasis by compar-
ison to the parental, uninfected A20 line. The derivation of
additional cell lines will further benefit these definitions. Such
comparative systems potentially offer important new tools for
not only identifying the basic biochemical pathways influenced
by gammaherpesvirus infection with ready translation into nat-
ural primary infections, but also evaluating means of specifi-
cally targeting these pathways in rational therapeutic applica-
tions aimed at minimizing off-target toxicity. These cellular
reagents additionally offer the potential for in vivo modeling by
injection into an immunocompetent syngeneic host where, un-
like modeling human gammaherpesvirus tumor therapy in
SCID mice, these experiments would allow the simultaneous
evaluation of the host immune response in facilitating clear-
ance and/or tumor escape mechanisms upon incomplete reac-
tivation in response to DNA damage induction therapy.
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