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Productive replication of Epstein-Barr virus occurs in discrete sites in nuclei, called replication compart-
ments, where viral DNA replication proteins and host homologous recombinational repair (HRR) and mis-
match repair (MMR) factors are recruited. Three-dimensional (3D) surface reconstruction imaging clarified
the spatial arrangements of these factors within the replication compartments. Subnuclear domains, desig-
nated BMRF1 cores, which were highly enriched in viral polymerase processivity factor BMRF1 could be
identified inside the replication compartments. Pulse-chase experiments revealed that newly synthesized viral
genomes organized around the BMRF1 cores were transferred inward. HRR factors could be demonstrated
mainly outside BMRF1 cores, where de novo synthesis of viral DNA was ongoing, whereas MMR factors were
found predominantly inside. These results imply that de novo synthesis of viral DNA is coupled with HRR
outside the cores, followed by MMR inside cores for quality control of replicated viral genomes. Thus, our
approach unveiled a viral genome manufacturing plant.

Epstein-Barr virus (EBV), a human lymphotropic herpesvi-
rus with a linear double-stranded DNA 172 kb in length (2),
infects resting B lymphocytes, inducing their continuous pro-
liferation without production of virus particles, this being
termed latent infection. Productive infection, which occurs
spontaneously or can be induced artificially, is characterized by
expression of lytic genes, leading to virus production. The EBV
genome is amplified 100- to 1,000-fold by viral replication
machinery composed of BALFS DNA polymerase, BMRF1
polymerase processivity factor, BALF2 single-stranded-DNA
(ssDNA) binding protein, and BBLF4-BSLF1-BBLF2/3 heli-
case-primase complex in discrete sites in nuclei, which are
called replication compartments (9, 13). With progression of
productive replication, the replication compartments become
enlarged and fuse to form large globular structures that even-
tually fill the nucleus in late stages (9).

We have previously reported the architecture of the EBV
replication compartments (9). The BZLF1 oriLyt binding pro-
teins show a fine, diffuse pattern of distribution throughout the
nuclei at immediate-early stages of induction and then become
associated with the replicating EBV genome in the replication
compartments during lytic infection. The BMRF1 proteins
show a homogenous, not dot-like, distribution in the replica-
tion compartments, coinciding with the synthesized viral DNA.
In contrast, the BALFS5 Pol catalytic protein, the BALF2 sin-
gle-stranded-DNA binding protein, and the BBLF2/3 protein,
a component of the helicase-primase complex, were colocal-
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ized as distinct dots distributed within replication compart-
ments, representing viral replication factories.

The BMRF1 protein is a major phosphoprotein abundantly
expressed during EBV productive infection (7, 26), associating
with the BALFS polymerase catalytic subunit with one-to-one
stoichiometry to enhance its polymerase processivity (41).
Judging from immunostaining data, together with the finding
that almost all expressed BMRF1 proteins bind to viral ge-
nome DNA, the factor has been assumed not only to act as a
polymerase processivity factor but also to protect the viral
genome after synthesis. In addition, it can transcriptionally
activate the BHLF1 promoter (48) and enhance BZLF1-me-
diated transcription of the BALF2 promoter (33).

It has been suggested that DNA replication is coupled with
DNA recombination to generate large branched head-to-tail
concatemers of replication intermediates during herpesvirus
genome replication (4, 44, 49). We previously showed that
homologous recombinational repair (HRR) factors such as
replication protein A (RPA), RadS1, Rad52, and the Mrell/
Rad50/Nbsl (MRN) complex are recruited and loaded onto
the newly synthesized viral genome in replication compart-
ments (23). HRR is an accurate repair process known to be
mediated by the MRN complex, RPA, members of the RADS52
epistasis_group of gene products such as Rad51, Rad52, and
Rad54, and phosphorylated BRCA1 and BRCA2 (5, 24).
Knockdown of RPA32 and Rad51 by RNA interference sig-
nificantly prevents viral DNA synthesis (23), indicating an
HRR involvement in viral DNA synthesis.

We have also previously demonstrated that proliferating cell
nuclear antigen (PCNA), the PCNA loader complex (RF-C),
and a series of mismatch repair (MMR) proteins such as
MSH2, MSH6, MLHI1, and PMS2 can be assembled to Ep-
stein-Barr virus replication compartments (10). MMR works
primarily to correct mutations by removing base-base and
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small insertion-deletion mismatches that arise during DNA
replication, and it is mediated by MSH heterodimers (MSH2-
MSH3 and MSH2-MSH6) and MLH heterodimers (MLH1-
PMS2 and MLH1-MLH3) (18, 20). PCNA, which was origi-
nally characterized as a DNA sliding clamp for replicative
DNA polymerases, interacts with MSH2-MSH6 or MSH2-
MSH3 complexes, searching for mispairs on newly replicated
DNA (8, 14, 19). RF-C recruits PCNA (the clamp) and loads
it onto DNA in the presence of ATP (clamp loading), with this
being required for MMR (47).

In other herpesviruses such as herpes simplex virus type 1
(HSV-1) and human cytomegalovirus (HCMV), viral replica-
tion compartments are also formed in the infected nuclei dur-
ing the productive replication, and HRR factors, including the
MRN complex and Rad51, are reported to be recruited to the
replication compartments (27, 29, 36, 37, 46). Furthermore,
Taylor and Knipe reported that the HSV-1-encoded single-
stranded-DNA binding protein ICP8 interacts either directly
or indirectly with HRR and MMR factors (37). Also, HSV-1
alkaline exonuclease UL12 has recently been shown to interact
specifically with the MRN complex (3).

Here we examined the spatial arrangements of viral DNA
replication factors and cellular HRR and MMR factors in
the replication compartments by means of confocal laser
scanning microscopy and three-dimensional (3D) surface
reconstruction imaging. BMRF1-rich subnuclear domains,
designated BMRF1 cores, could be identified inside the
replication compartments. As a result, each replication com-
partment was partitioned into two subdomains, outside and
inside the BMRF1 core. We here present data demonstrat-
ing that viral DNA replication and viral genome maturation
are assigned to outside and inside subdomains, respectively.

MATERIALS AND METHODS

Cell culture. Tet-BZLF1/B95-8 cells were maintained in RPMI 1640 medium
supplemented with 1 pg/ml puromycin, 250 pg/ml hygromycin B, and 10%
tetracycline-free fetal calf serum (Clontech) at 37°C in a humidified 5% CO,
atmosphere. To induce lytic EBV replication, the tetracycline derivative doxy-
cycline was added to the culture medium at a final concentration of 4 pg/ml.
When blocking lytic replication, phosphonoacetic acid (PAA), a herpesvirus
DNA polymerase-specific inhibitor, was added to the culture medium at a final
concentration of 400 pg/mi.

Antibodies. Anti-BALF?2 and anti-BMRF1 rabbit polyclonal antibodies were
as previously prepared (10, 40, 42). Anti-BALFS5 protein-specific rabbit antibod-
ies (43) were affinity purified with BALF5 protein coupled-Sepharose 4B as
described previously (15). An anti-EBV EA-D-p52/50 (BMRF1 gene product)
protein-specific mouse monoclonal antibody, clone name R3, was purchased
from Chemicon Inc. 5-Chloro-2'-deoxyuridine (CldU)-labeled DNAs were de-
tected with anti-5-bromo-2'-deoxyuridine (anti-BrdU) rat monoclonal antibody
clone BU1/75 (ICR1), purchased from Abcam. The anti-BrdU antibody clone
BU1/75 (ICR1) does not cross-react with 5-iodo-2'-deoxyuridine (IdU). Anti-
pRPA32 §4/S8, -BRCA1 §1524, and -Mrell rabbit polyclonal antibodies were
purchased from Abcam and anti-Rad52 antibodies from Cell Signaling. Anti-
PCNA mouse monoclonal and rabbit polyclonal antibodies were purchased from
Transduction Laboratories and Abcam, respectively, and anti-MSH2, -MSH3,
and -MSH6 monoclonal antibodies were obtained from Transduction Laborato-
ries and BD Biosciences. The secondary goat anti-rabbit, anti-rat, and anti-
mouse IgG antibodies conjugated with Alexa 488 or 594, a Zenon mouse IgG
labeling kit (Alexa 594), and a Zenon rabbit IgG labeling kit (Alexa 594) were
obtained from Molecular Probes.

Immunofluorescence analysis. All staining procedures except for extraction
and incubation with primary antibodies were carried out at room temperature.
For immunofluorescence ‘experiments, cells were washed with ice-cold phos-
phate-buffcred saline (PBS) and extracted with 0.5% Triton X-100-mCSK buffer
[10 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) (pH 6.8), 300 mM
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sucrose, 1 mM MgCl,, I mM EGTA, 1 mM dithiothreitol, 1 mM phenylmeth-
ylsulfonyl fluoride, 0.5% Triton X-100) on ice for 10 min. Muitiple protease
inhibitors (Sigma; 25 pl/mi), 200 pM Na;VO,, and 20 mM NaF were also added
to the buffer. Cells were fixed with 70% ethanol for 24 h at —20°C, washed with
PBS containing 0.1% normal goat serum and 0.01% Tween 20, permeabilized
with 0.5% Triton X-100 in PBS for 15 min, blocked for 1 h in 10% normal goat
serum in PBS, and then incubated overnight with the primary antibodies diluted
in PBS containing 0.1% normal goat serum and 0.01% Tween 20. The samples
were then incubated for 1 h with secondary goat anti-rabbit, anti-rat, and anti-
mouse IgG antibodies conjugated with Alexa Fluor 488 or 594. For MSH2,
MSHS3, and MSH6 staining, anti-MSH2, -MSH3, and -MSHG6 antibodies were
directly labeled with a Zenon tricolor mouse IgGl labeling kit purchased from
Molecular Probes. Also, for BALF2, BRCA1 $1524, and Rad52 staining, anti-
BALF2, -BRCA1 81524, and -Rad52 antibodies were directly labeled with a
Zenon tricolor rabbit IgG1 labeling kit purchased from Molecular Probes. Cells
were incubated with Alexa Flour 594-labeled anti-MSH2, -MSH3, -MSHS6,
-BALF2,-BRCA1 $1524, and -Rad52 antibodies for 45 min at room temperature
and washed three times with PBS, followed by a second fixation with 4% para-
formaldehyde solution in phosphate buffer for 15 min at room temperature. All
the primary antibodies were employed at a 1:100 dilution, and the secondary
antibodies were employed at a 1:500 dilution. All washes after antibody incuba-
tion were performed with PBS containing 0.1% normal goat serum and 0.01%
Tween 20. The slides were mounted in ProLong Gold antifade reagent with
4’ ,6'-diamidino-2-phenylindole (DAPI) (Molecular Probes) and analyzed by flu-
orescence confocal microscopy. Laser scanning confocal fluorescence micro-
scopic images were captured and processed using an LSM510 Meta microscope
(Carl Zeiss Microlmaging, Inc.) with a plan-Apochromat 100x/1.4-numerical-
aperture oil immersion objective.

Pulse-chase experiments, For CIdU pulse-labeling, newly synthesized DNA
was labeled by incubating Iytic replication-induced Tet-BZLF1/B95-8 cells with
10 uM CIdU added directly to the incubation medium for 10 min at 24 h
postinduction. For the pulse-chase experiments, the cells were pulse-labeled with
10 pM CIdU for 10 min at 24 h postinduction, and the CldU-containing medium
was removed and replaced with new medium containing IdU to inhibit CldU
incorporation to newly synthesized DNA. Cells were chased for 1 h prior to
harvesting. Cells were washed with ice-cold PBS and extracted with 0.5% Triton
X-100-mCSK buffer on ice for 10 min. Multiple protease inhibitors (Sigma; 25
wl/ml), 200 uM Na,VO,, and 20 mM NaF were also added to the buffer. Cells
were then fixed with 70% ethanol for 24 h at —20°C and treated for 60 min with
2 N HCl containing 0.5% Triton X-100 to expose the incorporated CldU residues
before blocking. The cells were washed twice with PBS and neutralized with 0.1
M sodium tetraborate, pH 9.0, for 5 min prior to immunofluorescence.

Fluorescence in situ hybridization. EBV bacterial artificial chromosome
(BAC) DNA was labeled with digoxigenin (DIG) nick translation mix (Sigma)
and used as a probe. First, cells were fixed in 4% paraformaldehyde and 70%
ethanol. After digestion with RNase, cells were treated with 50% formamide in
2X SSC (1% SSC is 0.15 M NaCl plus 0.015 M sodium citrate), air dried, and
immediately covered with a probe mixture containing 60% formamide in 2X SSC
containing probe DNA (4 ng/ul), 12% dextran sulfate, and sheared salmon DNA
(0.1 pg/ul). Probes and cells were simultaneously heated at 85°C for 5 min and
incubated overnight at 37°C. After hybridization, specimens were washed at 45°C
with 50% formamide in 2X SSC (three times for 3 min each), at 45°C with 2x
SSC (three times for 3 min each), and at 65°C with 0.1X SSC for 10 min. After
washing, specimens were blocked for 1 h in 5% milk in 4X SCC containing 1%
bovine serum albumin (BSA) and then stained with anti-DIG sheep monoclonal
antibodies in 4X SSC containing 1% BSA at 37°C for 30 min. After staining,
specimens were washed at room temperature with 4X SSC, 0.1% Triton X-100
in 4x S8C, 4X SSC, and PN buffer (0.5 M Na,HPO,, 0.5 M NaH,PO,, 0.5%
NP-40) (three times for 3 min each). Finally, celis were stained with anti-BMRF1
mouse monoclonal antibodies, mounted in ProLong Gold antifade reagent with
DAPI (Molecular Probes), and analyzed by fluorescence confocal microscopy.
Images were captured and processed using an LSM510 Meta microscope (Carl
Zeiss MicroImaging, Inc.) with a plan-Apochromat 100X/1.4-numerical-aperture
oil immersion objective.

3D reconstruction with confocal laser scanning microscopy. Images observed
with a confocal laser scanning microscope (Carl Zeiss Microlmaging, Inc.) were
computerized to automatically make 50 to 100 serial optical sections at intervals
of around 0.26 pm. The 3D reconstruction was performed with Imaris software
(Carl Zeiss Microlmaging, Inc.). Image files created by the LSM510 Meta mi-
croscope were opened with Imaris, and a 3D surface model was created based on
the appropriate intensity threshold.
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RESULTS

BMRF1-rich structures (cores) are observed in viral repli-
cation compartments. We previously described a B95-8 deriv-
ative cell line in which we can trigger onset of viral lytic
replication via tetracycline-inducible expression of viral imme-
diate-carly protein BZLF1 (Tet-BZLF1/B95-8 cells) (22). In
this study, we utilized Tet-BZLF1/B95-8 cells to examine more
details of replication compartments during viral productive
replication. The lytic replication-induced Tet-BZLF1/B95-8
cells were harvested and extracted with 0.5% Triton X-100-
mCSK buffer. It should be noted that the treatment extracts
soluble viral or cellular proteins, permitting investigation of
DNA-bound fractions of viral and cellular proteins. We tested
for specificity of the secondary antibodies and for reliability of
discrimination with the fluorescence microscopy filters. When
cells were stained singly for either antigen with inappropriate
combinations of first and second antibodies, no fluorescence
was observed. Also, no immunofluorescence was observed with
an alternate filter. We have previously defined EBV replication
compartments as BMRF1- or BALF2-staining sites where viral
DNA genomes are colocalized as judged by immunofluores-
cence and fluorescence in situ hybridization (FISH) analysis
(9)- A representative image of a viral replication compartment
is illustrated in Fig. 1A, visualized by means of indirect immu-
nofluorescence analyses. As shown in a merged image, BALF2
protein dots were distributed not only inside but also outside
BMRF1-stained subnuclear domains. A correlative immuno-
fluorescence microscopy and electron microscopic imaging
(FM-EM) study found that BMRF1 proteins were localized
within an electron-lucent region in the nuclear interior, in
contrast with electron-dense chromatin regions (data not
shown). At higher magnification, the area corresponding to the
replication compartment contained diffuse noncondensed fi-
bers and granules but lacked any specific structures.

In an independent experiment, the localizations of viral ge-
nome DNA and BMRF1 protein were simultaneously exam-
ined by means of combinational FISH and immunofluores-
cence. As shown in a representative image (Fig. 1B), the
majority of viral genome DNA was localized inside BMRF1-
localized regions. To support FISH analysis, we performed
pulse-labeling analysis combined with immunofluorescence
staining. The labeling reagent CIdU, a nucleotide analog like
BrdU, was added to the culture medium at 24 h postinduction
and left for 10 min so that newly synthesized viral DNAs were
labeled with incorporated CIdU. As shown in Fig. 1C, CIdU
staining coincided with BMRF1- and BALF2-localized re-
gions. In the presence of PAA, a herpesvirus DNA polymer-
ase-specific inhibitor, CldU and BMRF1 signals were not ob-
served (Fig. 1C). In the presence of the inhibitor, viral
replication compartments are not formed and the expressed
BMRF1 proteins are solubilized by the detergent treatment,
while BALF2 proteins are distributed throughout nuclei as
distinct spots (9). Overall, these results indicate that viral ge-
nome DNA is synthesized in the replication compartments,
confirming the previous observations (9).

Spatial localization of viral replication proteins within rep-
lication compartments. Confocal images are frequently pre-
sented as brightest point projections, but this format is not
appropriate for demonstrating the spatial distribution of ob-
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FIG. 1. The majority of viral genome DNA is localized inside
BMRFI-rich structures. (A) Lytic replication-induced Tet-BZLF1/
B95-8 cells were fixed, stained with anti-BMRF1 (green) and anti-
BALF2 (red) antibodies, and observed by laser scanning confocal
microscopy to locate viral replication compartments. The right panel is
a merged image. (B) Lytic replication-induced Tet-BZLF1/B95-8 cells
were fixed in 4% paraformaldehyde and 70% ethanol. After digestion
with RNase, they were treated with 50% formamide, air dried, and
immediately hybridized with a mixture containing the EBV BAC DNA
probe labeled with DIG nick translation mix. Specimens were stained
with fluorescein isothiocyanate (FITC)-conjugated anti-DIG sheep
(green) and anti-BMRF1 mouse (red) monoclonal antibodies. The
right panel is a merged image. (C) Newly synthesized DNAs were
labeled by incubation with 10 pM CIdU added directly to the culture
medium of lytic replication-induced Tet-BZLF1/B95-8 cells for 10 min
at 24 h postinduction in the presence (b) or absence (a) of PAA (400
pg/ml). Specimens were stained with anti-BALF2 (green), anti-CldU
(yellow), and anti-BMRF1 (red) antibodies.

jects. To establish spatial relationships among viral replication
proteins within replication compartments, 3D surface recon-
struction imaging was employed. We used a 3D visualization
and volume modeling software program, Imaris, to create im-
ages. We first examined the spatial distribution of BMRF1
relative to viral ssDNA binding protein BALF2 and viral DNA
polymerase BALF5. Our previous work demonstrated colocal-
ization of BALF5 with BALF?2 as distinct spots within replica-
tion compartments, with the two proteins most likely cooper-
atively working at viral replication forks (9). As illustrated in a
representative 3D image (Fig. 2A), each mass of BMRF1 pro-
tein appeared to be surrounded by BALF2 protein. We named
the BMRF1-rich structures “BMRF1 cores.” It should be
noted that BALF2 protein also localized inside the BMRF1
core, as observed in 2D images (Fig. 2A). Similarly, as shown
in another representative 3D surface reconstruction image
(Fig. 2B), each BMRF]1 core was surrounded by BALF5 DNA
polymerase, although BALF5 was also localized inside the
BMREF1 core as shown in the 2D image (Fig. 2B). On the other
hands, the BALF5 and BALF2 proteins colocalized well both
outside and inside the BMRF1 core (Fig. 2). From the 3D
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A ENER BALF2
2D

FIG. 2. 3D surface reconstruction imaging of viral replication
compartments. (A) Laser scanning confocal images of BMRF1 and
BALF?2 protcins. Lytic replication-induced Tet-BZLF1/B95-8 cells
were treated with 0.5% mCSK buffer, fixed with 70% ethanol, and
stained with anti-BMRF1 (green) and anti-BALF2 (red) antibodies.
The 2D images show brighlesx point projections of 60 images col-
lected at 0.26-pum steps in the z axis. The same data are displayed as
3D topographical reconstructions of BMRF1 and BALF2 proteins
(left and middle panels, respectively). The right panel shows a 3D
surface reconstruction image of both proteins showing the BMRF1
core covered by BALF2 proteins. (B) Laser scanning confocal im-
ages of BMRF1 (green) and BALFS (red) proteins. The 2D images
show brightest-point projections of 60 images collected at 0.26-um
steps in the z axis. The same data arc displayed as 3D topographical
reconstructions of BMRF1 and BALF5 proteins (left and middle
panels, respectively). The right panel shows a 3D surface recon-
struction image of both proteins showing the BMRF1 core covered
by BALFS Pol proteins. (C) Laser scanning confocal images of
BALFS (green) and BALF2 (red) proteins. The 2D images show
brightest- point projections of 60 images collected at 0.26-m steps
in the z axis. The same data are displayed as 3D topographical
reconstructions of BALF5 and BALF2 proteins (left and middle
panels, respectively). The right pancl shows a 3D surface recon-
struction image of both proteins, showing that the BALF5 Pol
proteins and BALF2 proteins are mingled.
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surface reconstruction image it appeared that both proteins
are mingled on their surfaces (Fig. 2C).

Viral DNA genomes newly synthesized outside the BMRF1
core move to the inside. We have previously demonstrated that
the sites stained with anti-BMRF1 protein-specific antibodies
coincided with the foci of 1-h-pulse-labeled viral DNA as
judged by S-bromodeoxyuridine (BrdU) incorporation and
FISH analyses on confocal immunofluorescence analyses and
that the BrdU-pulse-labeled DNA moved out of nucleus with
time, clarifying that BrdU-labeled DNAs at 24 h postinduction
arc mostly viral and not cellular DNAs (10).

Our observation that the BMRF1 core was surrounded by a
BALF2 ssDNA binding protein and the BALF5 DNA poly-
merase protein, whereas the majority of viral genomes were
inside the core, let us hypothesize that viral DNAs are synthe-
sized outside cores and then transported inside. This hypoth-
esis fits well with the idea that BMRF1, a viral polymerase
processivity factor, also protects newly synthesized viral ge-
nomes during lytic replication. To test the hypothesis, we per-
formed pulse-chase labeling experiments to monitor the loca-
tion of newly synthesized viral DNAs. The labeling reagent
CldU, a nucleotide analog like BrdU, was added to cells at 24 h
postinduction and left for 10 min so that newly synthesized
viral DNAs were labeled with incorporated CldU. As shown in
a representative image (Fig. 3A), pulse-labeled newly synthe-
sized viral DNAs were localized mainly outside the BMRF1
core, although some existed inside. In contrast, when 1 h of
chasing was included after CIdU pulse-labeling, all of the la-
beled viral DNAs were localized inside the BMRF1 core (Fig.
3B). From the 3D surface reconstruction image it appeared
that the BALF2 protein and pulse-labeled DNA were mingled
(Fig. 3A, bottom panels). These results correspond well with
the idea that BMRF1 protein assembles on newly synthesized
DNAs to form the cores, and the cores progressively enlarge
during the course of productive infection.

HRR proteins are recruited to outside and inside BMRF1
cores. We have previously reported that homologous recom-
binational repair (HRR) factors such as replication protein A
(RPA), Rad51, Rad52, and the Mrell/Nbs1/Rad50 (MRN)
complex are recruited and loaded onto the newly synthesized
viral genome in replication compartments (23). Therefore, we
determined the spatial localization of the HRR factors within
these compartments. As shown in a representative image (Fig.
4A), Mrell, a component of the MRN complex, covered and
also existed inside the BMRF1 cores. It is noteworthy that the
spatial localization of Mrel1 (Fig. 4A) resembles that of newly
synthesized viral DNAs (Fig. 3A, pulse-labeling without chas-
ing). Similarly, BRCA1, Rad52, and phosphorylated RPA32 at
Scr-4/-8 covered the cores (Fig. 4B, C, and D), again resem-
bling the localization of newly synthesized viral DNAs (Fig.
3A). Figure 4D shows relative localizations of BMRFI,
BALF2, and phosphorylated RPA (pRPA) within the replica-
tion compartment of the same cell. BALF2 and pRPA were
colocalized and surrounded the BMRF1 core. This observation
corresponds well with our previous demonstration that knock-
down of RPA32 and Rad51 by RNA interference significantly
prevented viral DNA synthesis (23) and supports the idea that
HRR somehow contributes to coordinated viral DNA replica-
tion.
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FIG. 3. Newly synthesized viral DNA genomes localized outside
the BMRF1 core move to the inside. Pulse-chase labeling experi-
ments were performed with Tet-BZLF1/B95-8 cells at 24 h after
induction. Outlines of the experimental protocol are given at the
tops of panels A and B. (A) Tet-BZLF1/B95-8 cells were pulse-
labeled with CIdU for 10 min at 24 h postinduction. (B) The pulse-
labeled cells were washed, and then chased for 1 h (B). For the 2D
images, cells were treated with 0.5% mCSK buffer and stained with
anti-BMRF1 or -BALF2 (green) and anti-CldU (red) antibodies.
These images show brightest-point projections of 60 images col-
lected at 0.26-pm steps in the z axis. The same data are displayed as
3D topographical reconstructions of the BMRF1 or BALF2 protein
and CldU-labeled viral DNA (left and middle panels, respectively).
The right panels show 3D surface reconstruction images.
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MMR proteins are recruited and loaded inside BMRF1
cores. Next, the spatial localization of mismatch repair (MMR)
proteins was determined. As shown in a representative image,
the majority of PCNA was localized inside the BMRF1 cores,
while some appeared on their surfaces (Fig. 5A). This is in
contrast to the localization of HRR factors and MRN com-
plexes (Fig. 4). Regarding the localization of MSH2, MSH3,
and MSH6, unlike PCNA, they were almost completely local-
ized inside the BMRF1 cores (Fig. 5B, C, and D). Such a
difference in localization implies that MMR factors are last to
be loaded onto viral DNAs, whereas the BMRF1 protein and
PCNA are first loaded on newly synthesized viral DNA, result-
ing in enlargement of the BMRF1 core. Because MSH3 and
MSHG6 interact with PCNA, such loading might trigger transfer
of a series of host MMR proteins to sites of viral DNA mat-
uration. Taken together, the results indicate that MMR of the
viral DNA genome might occur after BMRF1 proteins bind to
a viral DNA and contribute to a mature intact viral genome.

DISCUSSION

Previous cross-sectional studies of EBV replication com-
partments by confocal laser microscopy demonstrated EBV
replication proteins to be localized at viral replication com-
partments, also revealing variation in staining pattern between
individual proteins (9). Here, the BMRF1 protein, which is
multifunctional, showed a homogenous, not dot-like, distribu-
tion. This is evidence of BMRFI-rich structures (BMRF1
cores) existing within viral replication compartments. Three-
dimensional surface reconstruction imaging revealed that rep-
lication compartments are partitioned into two subdomains,
inside and outside the BMRF1 core. This approach further
revealed factories for viral genome synthesis and maturation
mediated by HRR and MMR host factors. The BALF5 DNA
polymerase and BALF2 ssDNA binding protein were almost
colocalized outside the cores. Since both proteins are thought
to form an item of the viral elongation machinery acting at
replication forks on the replicating EBV genome, they would
position at sites of viral genome synthesis. Pulse-chase exper-
iments indicated that viral DNA genomes were synthesized
mainly outside BMRF1 cores, where HRR factors were local-
ized, with subsequent movement into the cores. On the other
hand, MMR proteins were recruited to viral DNAs exclusively
inside, indicating that loading of MMR proteins onto viral
DNA is likely to occur at the step of viral genome maturation.
These observations let us propose a new model of viral DNA
synthesis and maturation as follows. First, viral DNA genomes
are synthesized by viral replication machinery, which is cou-
pled with homologous recombination with the help of host
HRR factors. Next, BMRF1 proteins bound to the newly syn-
thesized viral DNA are assembled to form cores. During the
progression of viral replication, the size of the core increases.
Inside, MMR factors are loaded through PCNA to repair and
mature newly synthesized viral DNA. The observed sequential
loading of HRR factors and MMR proteins on newly synthe-
sized viral DNA implies that spatially and temporarily different
repair mechanisms are working during EBV genome matura-
tion.

From our recent resolution of the crystal structure of C-ter-
minally truncated BMRF1 protein (32), the molecular struc-
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FIG. 4. Homologous recombinational repair proteins are located both outside and inside BMRF1 cores. (A to C) Lytic replication-induced
Tet-BZLF1/B95-8 cells were treated with mCSK buffer, fixed with 70% ethanol, and stained with combinations of the indicated antibodies as
follows: (A) anti-BMRF1 (green) and anti-Mrell (red) antibodies; (B) anti-BMRFI (green) and anti-BRCAI1 ser-1524 (red) antibodies;
(C) anti-BMRF1 (green) and anti-Rad52 (red) antibodies. The 2D images show brightest-point projections of 60 images collected at 0.26-pum steps
in the z axis. The same data are displayed as 3D topographical reconstructions of each protein (left and middle panels, respectively). The right
panels shows 3D surface reconstruction images of both proteins indicated, showing the BMRF1 core covered by HRR proteins. (D) The cells were
stained with anti-BMRF1 (green), anti-BALF2 (blue), and anti-phosphorylated RPA32 Ser-4/Ser-8 (red) antibodies. Top panels, 2D images
showing a brightest-point projection of 60 images collected at 0.26-pwm steps in the z axis. Middle panels, cach combination of the merged image
of the top panels. Bottom panels, each combination of merged 3D surface reconstruction images.

ture shares structural similarity with other processivity factors,
such as HSV-1 UL42, HCMV ULA44, and human proliferating
cell nuclear antigen (PCNA). Although the crystal structure of
BMRFI1 indicates an interesting tetramer ring formation, elec-
trophoresis and sedimentation assay suggested that the main
component of EBV BMRFI in solution is a head-to-head
dimer. Tail-to-tail association of the dimers forms the ring
structure. Replication of a recombinant virus with a point
mutation at C206E of BMRF1 (which is expected to impair
tail-to-tail contact) is severely restricted (34), although the
mutant protein possesses the same in vitro biochemical activi-
tics as the wild type (32), indicating that its tetrameric ring
formation might be essential for EBV replication. PCNA pro-
teins adopt a ring-shaped trimer conformation with the head-
Lo-tail contacts, forming a central channel to accommodate the
template DNA (6). The BMRF1 ring-shaped structure (30, 32)
is almost twice as large as the previously reported PCNA ring
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structure. In contrast, HSV-1 ULA42 stably exists as a monomer
(35), whereas HCMV UL44 forms a head-to-head-contacting
C-shaped dimer in the crystal structure (1). The BMRF1 dimer
formation overlaps the UL44 dimer. Substitutions of positively
charged residues on the concave surface of the BMRF1 C-
shaped dimer reduce DNA binding affinity. Furthermore, an
amino acid mutation disrupting the dimer formation, C95E,
results in no DNA binding (32). Another study of dimerized
processivity factor HCMV UL44 also indicates that DNA bind-
ing affinity is related to dimer formation (1). Thus, the basic
concave surface is very important for DNA binding by the
dimerized proteins BMRFI and UL44. UL44 is consequently
thought to bind to DNA like PCNA, which surrounds DNA by
ring formation (21). The BMRFI1 protein is abundantly ex-
pressed in the lytic infected cells and is distributed homog-
enously, not in a dot-like pattern, within the replication com-
partments. We speculate that the tetrameric ring form of
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FIG. 5. Mismatch repair proteins such as PCNA, MSH2, MSH3, and MSH6 localize inside BMRF1 cores. Lytic replication-induced Tet-
BZLF1/B95-8 cells were treated with mCSK buffer, fixed with 70% cthanol, and stained with combinations of antibodics as follows: (A) anti-
BMREF1 (green) and anti-PCNA (red) antibodies; (B) anti-BMRF1 (green) and anti-MSH2 (red) antibodies; (C) anti-BMRF1 (green) and
anti-MSH3 (red) antibodies; (D) anti-BMRF1 (green) and anti-MSH6 (red) antibodies. The 2D images show brightest-point projections of 60
images collected at 0.26-um steps in the z axis. The same data are displayed as a 3D topographical reconstructions of each protein (left and middle
panels, respectively). The right panels show 3D surface reconstructions image of both proteins indicated, showing MMR proteins located inside

the BMRF1 core.

BMRFI1 might be involved in formation of the BMRF1 cores
within the replication compartments to protect the synthesized
viral DNA by occupying the surfaces of the DNA molecules.
In general, processivity factors are associated with their cog-
nate DNA polymerases on the template during DNA replica-
tion. These proteins are also known as “sliding clamps,” in-
cluding PCNA, which interacts with DNA polymerase 8 or €.
However, the herpesvirus polymerase processivity factors dis-
play different molecular assemblies to cognate viral DNA poly-
merase. The HSV-1 UL42 form a heterodimer with the UL30
DNA polymerase (35). Mutational analyses of BMRF1 re-
vealed that the monomer form of EBV BMRF1 can function
as polymerase processivity factor in vitro (32), suggesting that
BMRF1 interacts with BALF5 DNA polymerase to form a
heterodimer like UL42. Thus, the BMRF1 protein adopts dif-
ferent subunit architecture during the replication process.
HRR is a repair system for double-strand breaks (DSBs),
essential for cellular survival in eukaryotes, which relies on
scveral proteins, including Rad-51, -52, and -54, the Mrell/
Rad50/Nbsl (MRN) complex, RPA, and BRCA1/2 (5, 28).
First, the MRN complex searches DSBs and generates 3’
ssDNA by removing the 5’ ends of the DSB regions, followed
by phosphorylated RPA binding to 3’ ssDNA strands. Rad52,
BRCALI, and BRCA2 replace RPA with Rad51. Both Rad51
and Rad52 bind specifically to the terminal region of tailed
duplex DNA, the substrate thought to initiate recombination
by promoting homologous pairing and strand transfer reac-

tions in vivo (12, 16, 38). HRR is also required to repair
replication-associated DNA lesions and replication fork stall-
ing or collapse (31, 39). In eukaryotic cells, HRR also occurs
coupled with replication at replication forks to ensure proper
replication and prevent genomic instability (11). Considering
these results and our present study, the host HRR system
might be used, being necessary for efficient viral replication
coupled with viral genome replication.

It has recently been reported that the HSV-1 alkaline exo-
nuclease UL12 and the single-stranded-DNA binding protein
ICP8 interact with each other, are recruited to replication
compartments, and together mediate strand exchange in vitro,
suggesting a role as a two-component recombinase reminiscent
of the lambda Red /B recombination system (3). Further,
RPA, Mrell, Rad50, Nbs1, and Rad51 are recruited to HSV-1
replication compartments as in the case of EBV (46). These
viral and cellular proteins might together be involved in ho-
mologous recombinational repair of herpesvirus genome DNA
maturation. However, unlike in the case of EBV (23), there is
no induction of hyperphosphorylation of RPA upon produc-
tive HSV-1 infection. Instead, endogenous hyperphosphory-
lated RPA is sequestered away from replication compartments
into discrete nuclear foci (VICE domains) that are enriched
for cellular components involved in protein folding and deg-
radation (45). Since those authors never observed cither in-
duction of RPA hyperphosphorylation or recruitment of phos-
phorylated RPA to HSV-1 replication compartments, they
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concluded that these signaling molecules are excluded from
sites that contain viral DNA. Although the discrepancy re-
mains unclear, hyperphosphorylated RPA32, Rad51, Rad52,
and MRN complex were recruited to the EBV replication
compartments and interacted with EBV genomic DNA (23).
HRR represents an error-free subpathway of damage toler-
ance, allowing replicational bypass of lesions through a tem-
plate switch. The EBV genome is amplified to several hundred
copies during lytic infection, and further, the small interfering
RNA (siRNA) depletion of Rad51 or RPA32 reduces new
viral DNA synthesis (23). We propose that HRR occurs during
EBV lytic genome replication with the aid of host cellular
HRR factors and that the HRR factors might help not only to
increase the fidelity of viral replication but also to facilitate
viral genome replication.

On the other hand, MMR contributes to recognize and
repair DNA mismatches that are generated during chromatin
DNA replication in eukaryotic cells (20), correcting 99% of
such lesions. Because MMR reduces the number of replica-
tion-associated errors, defects in MMR increase the spontane-
ous mutation rate. The MMR machinery works as a postrep-
lication repair near a replication fork. The first step of MMR
is that MSH2-MSH6 or MSH2-MSH3 searches for and recog-
nizes a mismatch region through interaction with the p-clamp
accessory protein PCNA (14, 18). A MLH1-PMS2 complex is
then recruited, and the mismatch region is removed by endo-
nuclease activity of MLH1-PMS2 and exonuclease (Exol) (17,
25). Thus, this MMR machinery works as a postreplication
repair near a replication fork. Our present data show that some
MMR proteins contribute to EBV genome maturation after
replication. High-copy replication with high fidelity might re-
quire the host MMR machinery to repair produced viral ge-
nomes.
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ABSTRACT
Background: During the convalescent phase of acute infectious mononucleosis (AIM), Epstein-Barr virus
(EBV) load shrinks rapidly in association with a rapid decline in the number of EBV-specific CD8* T cells.
The actual contribution of EBV-specific CD8* T cells in reducing EBV load, however, is not known.
Objectives: To clarify the impact of EBV-specific CD8* T cells on the contraction of EBV load in AIM, we
estimated half-lives of both EBV load and EBV-specific CD8" T cells.

Study design: Blood was serially taken from five pediatric patients with AIM during the convalescent
period, including the very early phase, and both EBV load and EBV-specific CD8* T cell numbers were
assayed.

Results: EBV load declined rapidly (half-life 1.5 d) during the first 2 weeks after onset of symptoms. This
half-life was seven-fold shorter than that reported for CD27* memory B cells. Subsequently, the EBV load
declined much more slowly, with a half-life of 38.7 d. EBV-specific CD8" T cell numbers also declined
concomitantly with the decrease in EBV load. The half-life of EBV-specific CD8* T cells during first 2
weeks was 2.9 d. The number of EBV-specific CD8* T cells and the rate of change of viral load correlated
significantly (R? > 0.8; p < 0.02).

Conclusions: The short half-life of EBV load, together with the strong correlation between the number
of EBV-specific CD8" T cells and the rate of change of viral load indicates an active role for EBV-specific

CD8* T cells in elimination of EBV in AIM.

1. Background

Epstein-Barr virus (EBV) is a ubiquitous viral pathogen
that causes acute infectious mononucleosis (AIM) and various
malignant diseases, such as Burkitt's lymphoma, nasal NK/T
lymphoma, nasopharyngeal carcinoma, and post-transplant lym-
phoproliferative disorders, in both immunocompromised and
immunocompetent hosts.! EBV-specific CD8* T cells play impor-
tant roles in the control of EBV in these diseases.’ During the
convalescent phase of AIM, the EBV load shrinks rapidly in associa-
tion with arapid decline in the number of EBV-specific CD8" T cells,
itself caused by activation-induced cell death.> However, the extent
to which EBV-specific CD8* T cells contribute to the decline in EBV
load in peripheral blood mononuclear cells remains unknown.

Abbreviations: EBV, Epstein-Barr virus; AIM, acute infectious mononucleosis.
* Corresponding author. Tel.: +81 52 744 2207; fax: +81 52 744 2452.
E-mail address: hkimura@med.nagoya-u.ac.jp (H. Kimura).

1386-6532/$ ~ see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.,jcv.2010.11.017

© 2010 Elsevier B.V. All rights reserved.

2. Objectives

To clarify the impact of EBV-specific CD8* T cells on the decline
in EBV load, we estimated the half-lives of EBV load and EBV-
specific CD8" T cells during the convalescent period of AIM and
also evaluated the correlation between them.

3. Study design

Blood samples were serially obtained from five pediatric
patients with AIM after written informed consent had been
obtained from their parents. AIM was diagnosed by clinical findings
and serological examinations, as previously described.* Their ages
ranged from 5 to 14 years (median, 9 years). The first samples were
obtained within the first week of onset of AIM symptoms. Periph-
eral blood mononuclear cells were separated, frozen, and stored
until required. EBV load in peripheral blood mononuclear cells was
measured by real-time PCR and expressed as copies/microgram
DNA.“* EBV-specific CD8* T cells were enumerated by intracellular
interferon-vy assay against autologous lymphoblastoid cell lines by
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Fig. 1. Kinetics of Epstein-Barr virus (EBV) load and EBV-specific CD8* T cells in
patients with acute infectious mononucleosis. (A) EBV vial load was measured by
real-time PCR (open symbols connected with solid lines), and EBV-specific CD8* T
cell counts by intracellular interferon-y assay against autologous lymphoblastoid
cell lines and flow cytometry (closed symbols connected with broken lines). (B)
Correlation between EBV-specific CD8" T cell counts and rate of change in EBV load
was estimated by linear regression analysis. Approximations of the rate of change
were calculated from three data points. Using vy, 12, and v3, which are the natural
logarithms of viral loads at ty, t3, and t3, respectively, the following equation was
used to calculate the rate of change of viral load for a unit of viral load at t=1,:
Av/dturyy = (X2 — X1 )(t3 — t2)[(t2 = t1)(ta — 1)+ (x3 — X2 )(t2 — 1) /(t3 — £2)/(t3 — £1 ).
Solid lines indicate linear regression curves for patients 1, 2, and 3, from whom
sufficient data points were obtained.

flow cytometry.3-6

4. Results

First, we analyzed the kinetics of EBV load and number of EBV-
specific CD8" T cells. EBV load was highest at the time of first
sampling (2-6 d after onset) in all patients and decreased there-
after (Fig. 1A). Peak viral loads were 104!, 1043, 1033, 1032, and
1038 per pg DNA in patients 1, 2, 3, 4, and 5, respectively. EBV
viral loads declined rapidly during the first 1-2 weeks after onset
and more slowly thereafter (Fig. 1A). The mean estimated half-
life of EBV load during the early convalescent period (~2 weeks
after onset) was 1.540.2d (Table 1); this is seven-fold shorter
than that reported for CD27* memory B cells (11.1 d).” EBV infec-
tion in the peripheral blood of AIM patients is restricted to CD27*
memory B cells.® The mean estimated half-life of EBV load after
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Table 1
Half-lives of Epstein-Barr virus (EBV) load and EBV-specific CD8' T cells in patients
with acute infectious mononucleosis.

Half-life of EBV load (days) Half-life of EBV-specific CD8' T
cells in acute phase (days)

(within 2 weeks of onset)

Patient  Acute phase  Convalescent
(within 2 phase (after 2
weeks of onset) weeks of onset)
1 22 226 3.8
2 1.5 249 29
3 1.6 68.7 3.8
4 1.6 na. 2.5
5 0.7 n.a. 1.6
Mean+SE 1.5+0.2 38.7+15.0 29+04

the 2 weeks was 38.7 £+ 15.0. In contrast, number of EBV-specific
CD8* T cells increased slightly in three of the five patients and then
declined (Fig. 1A). In the remaining patients, the number of EBV-
specific CD8" T cells peaked at the time of their first visit (1035
and 1029 per pL blood in patients 1 and 5, respectively). Number
of EBV-specific CD8" T cells declined almost parallel with viral load
(half-life 2.9 + 0.4 d) during the early convalescent period (Table 1).

The shorter half-life of EBV load compared with normal mem-
ory B cells suggests the presence of a mechanism that actively
removes EBV from blood, such as cytotoxic immune effecter cells.
We hypothesized that EBV-specific CD8" T cells play an important
role in clearing EBV from blood. EBV load may decrease at a rate
proportional to the number of EBV-specific CD8* T cells. To prove
this hypothesis, we transformed the time-series of EBV load data
intorate of change and examined the correlation between the num-
ber of EBV-specific CD8" T cells and the rate of change in viral load.
Because multiple data points were necessary for regression analy-
sis, three of the five patients (1, 2, and 3) were analyzed. As shown
in Fig. 1B, the analysis revealed a significant positive linear corre-
lation between the rate of change in viral load and the number of
EBV-specific CD8* T cells (R > 0.8, p < 0.02).

5. Discussion

To clarify the impact of EBV-specific CD8" T cells on the decline
in EBV load, we estimated the half-lives of both EBV load and EBV-
specific CD8* T cells during the very early phase of the convalescent
period of AIM using intervals as short as 2 d. We also evaluated the
correlation between the EBV load and the number of EBV-specific
CD8* T cells. Our data indicate that during the very early period of
AIM, the half-life of EBV load is shorter than that of normal memory
B cells and that the rate of change in EBV load was correlated with
the number of EBV-specific CD8" T cells in a linear manner. These
results suggest that EBV-specific CD8" T cells actively contribute to
the decline in EBV load.

Recently, Hadinoto et al. reported that linear exponential decay
of latent EBV load with a half-life of 7.5 & 3.7 d was found in patients
with AIM during the 30-50 d after the first clinic visit.? Due to its
similarity to the reported half-life of memory B cells (11.1 d),” the
authors proposed a mode! of exponential decay of EBV-infected
cells by simple homeostasis of memory B cells, suggesting a passive
role for cell-mediated immunity. Hadinoto's paper did not specify
the interval between the onset of symptoms and the first clinic visit,
and the intervals between assays seemed to be around 1 week. It
is possible that EBV-specific CD8* T cells play an important role
in the control of EBV load during an earlier stage of AIM. In the
very early phase of AIM, EBV infects naive B cells that express
full sets of latent EBV genes.2 These naive B cells are either elimi-
nated by EBV-specific CTL or differentiate into memory B cells. In
the second phase, the EBV-infected memory B cells express only
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restricted kinds of EBV genes,? which may help with evasion from
EBV-specific CD8* cells. In the present study, we obtained 2-3 sam-
ples per week from the very early period of acute-phase AIM. Thus,
the more frequent samples taken at an earlier stage of disease may
be the reason for the disagreement in EBV load half-life. In fact, if
samples are taken only once per week, a half-life shorter than 3
days will not be detected in two weeks or less.

During the acute phase of AIM, viral loads decreased, even
in blood taken only 2 d after symptom onset. Interestingly, we
observed a transient increase in EBV-specific CD8" T cells in three
patients; this may be due to a programmed proliferation of T
cells.’%-12 In studies in mice, the decrease in pathogen-specific
CD8* T cells is programmed and independent of antigen loads
(programmed contraction).'3* This is in agreement with current
concepts of antigen-driven expansion and contraction of CD8* T
cells during acute infection.3 A recent paper proposed the model of
EBV dynamics in post-transplant lymphoproliferative disorders.'>
The model estimates both doubling times and half-lives of EBV in
various situations under the antiviral agents, Rituximab, or adop-

. tive immunotherapy with or without taking into account episomal
or lytic origins.

In conclusion, the shorter half-life of EBV load together with
the strong correlation between EBV-specific CD8" T cell numbers
and the rate of change of viral load suggests an active role for
EBV-specific CD8* T cells in the elimination of EBV. Further inves-
tigations of the interaction between EBV and EBV-specific CD8* T
cells during the period of increasing viral load will be necessary to
understand the dynamic interaction between EBV and the immune
system during AIM.
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Bortezomib induces apoptosis in T lymphoma cells and natural
killer lymphoma cells independent of Epstein-Barr
virus infection
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Epstein-Barr virus (EBV), which infects not only B cells, but also T cells and natural killer (NK) cells, is associated with
multiple lymphoid malignancies. Recently, the proteasome inhibitor bortezomib was reported to induce apoptosis of EBV-
transformed B cells. We evaluated the killing effect of this proteasome inhibitor on EBV-associated T lymphoma cells and NK
lymphoma cells. First, we found that bortezomib treatment decreased the viability of multiple T and NK cell lines. No
significant difference was observed between EBV-positive and EBV-negative cell lines. The decreased viability in response to
bortezomib treatment was abrogated by a pan-caspase inhibitor. The induction of apoptosis was confirmed by flow cytometric

assessment of annexin V staining. Additionally, cleavage of caspases and polyadenesine diphosphate-ribose polymerase,
increased expression of phosphorylated IkB, and decreased expression of inhibitor of apoptotic proteins were detected by
immunoblotting in bortezomib-treated cell lines. We found that bortezomib induced lytic infection in EBV-positive T cell lines,
although the existence of EBV did not modulate the killing effect of bortezomib. Finally, we administered bortezomib to
peripheral blood mononuclear cells from five patients with EBV-associated lymphoproliferative diseases. Bortezomib had a
greater killing effect on EBV-infected cells. These results indicate that bortezomib killed T or NK lymphoma cells by inducing

apoptosis, regardless of the presence or absence of EBV.

Key words: Epstein-Barr virus, proteasome inhibitor, apoptosis, lytic
infection, NF-xB
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The ubiquitous Epstein-Barr virus (EBV) infects most indi-
viduals by early adulthood and typically remains latent
throughout life. EBV not only infects B cells but also T cells
and natural killer (NK) cells and has been associated with
multiple lymphoid malignancies such as Burkitt lymphoma,
diffuse large B cell lymphoma, Hodgkin lymphoma, post-
transplant lymphoproliferative disorders, nasal NK/T lym-
phoma, hydroa vacciniforme-like lymphoma, aggressive NK
cell leukemia, and chronic active EBV infection.'™ EBV plays
an important role in the pathogenesis of many of these
malignancies through its ability to establish latent infection
and induce the proliferation of infected cells.” Some of these
EBV-associated lymphoid malignancies are refractory and
resistant to conventional chemotherapies. Rituximab, a
humanized monoclonal antibody against CD20, targets B
cell-specific surface antigens present on EBV-transformed
malignant cells. Currently, Rituximab is used in the treatment
and prophylaxis of B cell lymphoma and lymphoproliferative
disorders.”” However, a continuing need exists for effective
treatments of T and NK cell lymphoid malignancies, and
novel approaches of molecular target therapy are desirable.
Recently, bortezomib was reported to induce apoptosis in
EBV-transformed B cells and prolong survival of mice inocu-
lated with EBV-transformed B cells.* Bortezomib is an inhibitor
of the 26S proteasome.” Proteasomes are multi-protein
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complexes that degrade ubiquitinated proteins, including those
involved in cell cycle regulation, oncogenesis, and apoptosis. In-
hibition of the proteasome can result in apoptosis in malignant
cells.""" Bortezomib is approved for the treatment of multiple
myeloma and is in clinical trials for non-Hodgkin lymphoma,
prostate cancer, and lung cancer.'*'* A key factor in the ability
of bortezomib to kill myeloma cells is that it blocks the activa-
tion of nuclear factor-xB (NF-xB).!? In normal cells, NF-«B is
bound to the inhibitory protein IxB, which maintains it in an
inactive form in the cytoplasm. Once activated, NF-xB can then
enter the nucleus and initiate many actions in the tumor cell
that help the cell to survive and proliferate. As a result of inhibi-
ting the proteasome and thus the activation of NF-kB, bortezo-
mib may induce apoptosis by reducing the expression of inflam-
matory molecules and cell adhesion molecules."* Additionally, a
study has reported that bortezomib can lead to EBV lytic infec-
tion.”* Tn EBV-infected lymphocytes, only a few viral genes
are expressed to maintain latency and to avoid host immune
mechanisms."® Bortezomib may alter the pattern of viral gene
expression thus converting a latent infection to a lytic infection.
In our study, we evaluated the killing effect of bortezomib
on EBV-associated T/NK lymphoma cells. To investigate the
mechanism of killing, we administered bortezomib to multi-
ple EBV-positive and -negative T and NK cell lines. We fur-
ther administered bortezomib ex vivo to lymphoma cells
from patients with EBV-associated lymphoid malignancies.

Material and Methods

Cell lines and reagents

Raji, a latency type HI cell line, is an EBV-positive B cell line
derived from Burkitt lymphoma.'® Lymphoblastoid cell line
(LCL)-1 and LCL-2, latency type III cell lines, are
EBV-positive B cell lines transformed with B95-8 EBV from
peripheral blood B lymphocytes. BJAB is an EBV-negative B
cell line. SNT-13 and SNT-16'7 are EBV-positive T cell lines.
SNK-6'" and KAI-3'® are EBV-positive NK cell lines. SNT-
13, -16, SNK-6, and KAI-3 were derived from patients with
chronic active EBV infection or nasal NK/T cell lymphomas.
Jurkat'" and KHYG-1*" are EBV-negative T and NK cell
lines, respectively. Jurkat was derived from a patient with
acute T lymphoblastic leukemia. KHYG-1 was derived from a
patient with aggressive NK cell leukemia.

MT-2 cell line was established from cord mononuclear cells
by co-culture with adult T cell leukemia cells, and harbors
human T cell-leukemia virus type 17" MT-2/rEBV/9-7 cell line
was established by infection of MT-2 cells with the hygromy-
cin-resistant B95-§ strain.”® MT-2/hyg cell line, transfected
with a hygromycin-resistant gene, and MT-2/rEBV/9-7 were
used to verify the difference of EBV presence in the T cell
lines. Similarly, NKL cell line*® was derived from a patient
with NK cell leukemia, and TL1 cell line™ was established
from NKL cells infected with Akata-transfected recombinant
EBV strain containing a neomycin-resistant gene. TL1 and

Bortezomib kilis T/NK lymphoma independent of EBV

NKL were used to verify the difference of EBV presence in the
NK cell lines.

Raji, LCL-1, LCL-2, BJAB, and Jurkat cells were grown in
RPMI 1640 supplemented with 10% heat-inactivated fetal bo-
vine serum, penicillin, and streptomycin (complele media).
The medium for SNT-13, -16, KAI3, SNK-6, KHYGI, TLI,
and NKL was complete media supplemented with 100 U/ml
human interleukin-2. The medium for MT-2/hyg and MT-2/
rEBV/9-7 was complete media supplemented with 0.2 mg/ml
hygromycin. TL1 underwent periodic selection with G418,

Bortezomib, a gift from Millennium Pharmaceuticals
(Cambridge, MA), was dissolved in phosphate-buffered saline
(PBS). The pan-caspase inhibitor Q-VD-OPH (Calbiochem,
La Jolla, CA) and the proteasome inhibitor MG132 (Biomol
International, Plymouth Meeting, PA) were dissolved in di-
methyl sulfoxide (DMSO).

Cell viability and apoptosis assays

Cells (2 x 10°/ml) were cultured in 24-well plates and cell
viability was quantified by trypan blue exclusion. The
pan-caspase inhibitor Q-VD-OPH (50 puM) was added at 1
hr prior to the addition of bortezomib. These experiments
were performed in duplicate and the results are shown as the
mean of two wells.

Apoptosis was measured by flow cytometry using an
annexin V-phycoerythrin (PE)/7-aminoactinomycin D (7-
AAD) apoptosis assay kit (BD Pharmingen Biosciences, San
Diego, CA) according to the manufacturer’s protocol. Briefly,
2 x 10° cells were treated with various concentrations of bor-
tezomib for 6 hr, washed with ice-cold PBS, resuspended in
binding buffer, incubated with annexin V-PE and 7-AAD for
15 min, and then analyzed by flow cytometry. Viable cells
were defined as those negative for annexin V-PE and 7-AAD
slaining, and early apoptotic cells were defined as those posi-
tive for annexin V-PE and negative for 7-AAD staining.
Stained cells were analyzed using a FACSCalibur and Cell-
Quest software (Becton Dickinson, Franklin Lakes, NJ).

Immunoblots

Whole-cell extracts were lysed directly with sodium dodecyl
sulfate (SDS) sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS,
10% glycerol, 6% 2-mercaptoethanol, 0.0025% bromophenol
blue). Cell lysates were separated by SDS-polyacrylamide gel
electrophoresis and transterred to polyvinylidene difluoride
membranes (Immobilon-P membrane; Millipore), and immu-
noblotted with antibodies. Antibodies were directed against cas-
pase-3, cleaved caspase-3, caspase-9, phospharylated IxBa, and
polyadenosine diphosphate-ribose polymerase (PARP) (Cell
Signaling Technology, Beverly, MA); B-actin (Sigma, St. Louis,
MO); XIAP and cIAP-2 (R&D Systems, Minneapolis, MN); and
p33 (BD Pharmingen Biosciences). To compare the amounts of
each protein, densitometoric analysis was performed using
Image] software ver. 1.43 (NIH, Bethesda, MD).
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Figure 1. Bortezomib decreases the viability of B, T and NK cell lines. (a) B cell lines (Raji, LCL-1, LCL-2, BJAB), (b) T cell lines (SNT-13,
SNT-16, Jurkat), and (¢) NK cell lines (KAI-3, SNK-6, KHYG-1) were treated with bortezomib at the indicated concentrations for 24 hr. (d) T
cell lines or (€) NK cell lines were treated with MG132 at various concentrations for 24 hr. (f) T or NK cell lines were treated with 1 pM
bortezomib for 4 days and viability was determined every 24 hr. The filled markers represent EBV-positive cell lines and the open markers

represent EBV-negative cell lines. Viability was calculated as the percentage of viable cells in bortezomib-treated cells versus PBS-treated

cells. Bars indicate standard errors.

Real-time RT-PCR assay

RNA was extracted from 1 x 10° cells using the QIAmp
RNeasy Mini Kit (Qiagen, Hilden, Germany). Contaminating
DNA was removed by on-column deoxyribonuclease diges-
tion using the RNase-Free DNase Set (Qiagen). Viral mRNA
expression was quantified by a one-step multiplex real-time
reverse transcription (RT)-PCR using a Mx3000P real-time
PCR system (Stratagene, La Jolla, CA), as described
previously.?™*® The stably expressed housekeeping gene [2-
microglobulin (B2m) was used as an endogenous control and
reference gene for relative quantification.” 7 Each experiment
was conducted in triplicate and results are shown as the
mean of three samples with standard errors. The Mann-
Whitney U-test was used to compare the expression levels.
p values <0.05 were deemed to be statistically significant.

Patients

Peripheral blood mononuclear cells (MNCs) were collected
from five patients with EBV-associated diseases. None of
these patients had received any immunosuppressive treatment
such as steroid therapy or chemotherapy. Patients T-1 (7-
year-old boy), T-2 (6-vear-old girl), and T-3 (12-year-old
boy) had hydroa vacciniforme-like lymphoma, a newly
classified EBV-associated T cell lymphoma.” In these patients,
10~20% of the MNCs were infected with EBV, and the
EBV-infected cells were primarily 3T cells.™ The other two
patients, Patients NK-1 (I4-year-old boy) and NK-2 (9-year-
old boy), had chronic active EBV infection, NK cell lype.zg"“
In these patients, ~40% of MNCs were infected with EBV,
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and the EBV-infected cells were NK cells. MNCs from three
healthy donors were used as controls. Informed consent was
obtained from all participants or their guardians. Our study
was approved by the institutional review board of Nagoya
University Hospital.

MNCs were isolated using Ficoll-Paque (Amersham Phar-
macia Biotech AB, Uppsala, Sweden) gradient centrifugation.
Cells (2 x 10°/ml) were cultured in RPMI 1640 supplemented
with 10% heat-inactivated fetal bovine serum. For the cell via-
bility study, each experiment was performed in duplicate, and
the results are shown as the mean of two wells.

Magnetic cell sorting

The primarily infected cell fractions were separated by mag-
netic sorting with a TCRy/6" T Cell Isolation Kit or CD56
Microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany).
Briefly, cells were magnetically labeled with MicroBeads and
separated on a column placed in the MACS separator. The
flow-through was collected as a negative fraction depleted of
the labeled cells. The magnetically retained cells were flushed
out as the positive fraction. The respective purity and recov-
ery rates were 98.3% and 80.0% with the TCRy/d * T Cell
Isolation Kit, and 96.4% and 80.9% with CD56 Microbeads.

Flow cytometric in situ hybridization (FISH) assay

To verify that the sorted fraction contained EBV-infected
cells, a FISH assay was used.* Briefly, cells were fixed with 1%
acetic  acid/4%  paraformaldehyde, permeabilized  with
0.5% Tween 20/PBS, and hybridized with a fluorescein-labeled
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Figure 2. Bortezomib induces similar effects in EBV-positive and -negative cell lines. An EBV-positive T cell line (MT-2/rEBV) and a control
celt line (MT/hyg) were treated with various concentrations of bortezomib for 24 hr (a) and 1 uM bortezomib for 4 days (b). EBV-positive NK
cell line (TL1) and its parental line (NKL) were treated with various concentrations of bortezomib for 24 hr (¢) and 1 uM bortezomib for 4

days (d). Bars indicate standard errors.

EBV-encoded small RNA (EBER)-specific peptide nucleic acid
probe (Y5200; Dako, Glostrup, Denmark). The fluorescence in-
tensity was enhanced using the AlexaFluor 488 Signal Amplifi-
cation Kit (Molecular Probes, Eugene, OR), and stained cells
were analyzed using a FACSCalibur and CellQuest software
(Becton Dickinson).

Results

Bortezomib decreased the viability of B, T and

NK cell lines

First, we administered bortezomib to B, T and NK cell lines
for 24 hr and counted viable cells. Bortezomib decreased the
viability of all four B cell lines: three EBV-positive cell lines
(Raji, LCL-1, and LCL-2) and one EBV-negative cell line
(BJAB) (Fig. 1a). LCL-1 and LCL-2 were more sensitive to
bortezomib than Raji or BJAB, consistent with the results of
a previous study reporting that bortezomib killed both EBV-
positive and -negative B cell lines, but more efficiently in
LCLs.® Next, we administered bortezomib to T cell lines
(SNT-13, SNT-16, Jurkat) and NK cell lines (KAI-3, SNK-6,
KHYG-1). Bortezomib decreased the viability of all six target
cell lines in a dose-dependent manner (Figs. 10 and l¢).
SNT-16 and SNK-6 seemed to be more sensitive to bortezo-
mib than other cell lines. MG132, another proteasome inhibi-
tor, had less effect on these cell lines (Figs. 1d and lc). We
administered 1 pM bortezomib to these cell lines for 4 days
and determined their viability every 24 hr. We found that

bortezomib decreased the viability of these six cell lines by
less than 10% at 48 hr or later (Fig. 1f). There were no
obvious differences on the effect of bortezomib between the
EBV-positive and -negative cell lines. Furthermore, to directly
compare the effect of bortezomib between EBV-positive and
-negative cell lines, we administered bortezomib to MT-2/hyg
and MT-2/rEBV/9-7 (Figs. 2a and 2b), and NKL and TLI
(Figs. 2c and 2d). We found that bortezomib had almost
equal effects on the two cell lines.

Bortezomib induces apoptosis in T and NK cell lines

The induction of apoptosis was confirmed by flow cytometry
with annexin V and 7-AAD staining. Bortezomib decreased
viable cells, defined as those negative for both annexin V-PE
and 7-AAD slaining, and increased early apoptotic cells,
defined as those positive for annexin V-PE and negative for
7-AAD staining in the four cell lines (Fig. 3a): EBV-positive
(SNT-16) and EBV-negative T cell lines (Jurkat); and EBV-
positive (KAI-3) and EBV-negative NK cell lines (KHYG-1).
This result showed that bortezomib induced apoptosis in
both T and NK cell lines. ' :

Next, to analyze the mechanism of bortezomib-induced apo-
ptosis, cleavages of caspase and PARP were investigated by
immunoblotting. Bortezomib induced cleavage of caspase-3,
caspase-9, and PARP in all four cell lines (Fig. 3b). The decrease
in viability caused by bortezomib was inhibited by pretreatment
with Q-VD-OPH, a pan-caspase inhibitor (Fig. 3¢).
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Bortezomib blocks activation of NF-kB by inhibiting the
proteasome, reducing antiapoptotic factors

in myeloma cells, bortezomib blocks the activation of NF-xB
through increasing phosphoryiation of IxB."F Thus, we con-
firmed the increasce in phosphorylated 1xB, which should have
been degraded in proteasomes, in bortezomib-treated cell lines
ated the

by immunobloting (Fig. 4a). Furthermore, we ev.

effect of bortezomib on two inhibitors of apoptotic proteins

{IAPs}. Bortezomib down-regulated celluiar IAP {cIAP}-2 and

int. ]. Cancer: 129, 2263-2273 (2011} + 2010 UICC

N-linked TAP (XIAP) in bortezomib-treated T/NK cell lines
{Fig. 4b). Densitometoric analysis was performed to confirm
that cIAP-2 and XIAP were dec
treated cells (Fig. 4¢). Additionally, bortezomib up-regulated

-
H

cased in all bortezomib-
p53, facilitating apoptosis, in some cell lines {Fig. 4b}.

Bortezomib induces lytic infection of EBV in T cell lines
ght viral genes using a

real-time RT-PCR assay: two lytic genes, BZLFI and

Next, we analyzed the expression of ef
3
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Figure 4. Bortezomib increases phosphorylated IxB and down-
regulates the inhibitor of apoptotic proteins in T/WK cell tines.
T cell lines (EBV-positive SNT-16 and -negative jutkat} and NK celt
lines (EBY-positive KAI-3 and -negative KHYG-1) were treated with
1 1M bortezomib for 2 hr (@) or 8 hr {b). Protein lysates were
prepared and immunoblotting was performed. [-actin was used as
a toading control. Each experiment was performed at least twice.
¢} Densitometoric analysis was performed using Image/ software.
The data were calculated as the ratios of clAP-2 {left} and XIAP
{right} to f-actin, and the value of PBS-treated cells was assigned
as 1. Boxes indicate the mean of two experiments and bars
indicate the standard errors.

220; and six latent genes, EBV nuclear antigen (EBNA) 1,
EBNAZ, latent membrane protein (LMP) 1, LMP2Z, EBERI, and
BamHI-A rightward transcripts (BARTs). We found that the
expression of two Iytic genes, an immediate early gene (BZLF1)
and a late gene {gp350/220), were increased in bortezomib-
T cell lines {SNT-13 and SN'I-16 in Fig. 5). In NK celt
lines, however, no such effect was observed. Regarding latent
genes, expression of LMP2 was increased in T cell lines. The
expressions of other latent genes (EBNAL, EBNAZ, LAPI,
EBERI, and BARTSs)
tezomib-treated cells and controls {Fig. 5}.

treated

were not obviously different between bor-

Bortezomib decreases the viability of EBV-infected cells
from patients with EBV-associated lymphoma

Finally, we investigated the ex vivo effect of bortezomib in
MNCs from five patients with EBV-azssociated malignancies.
We separated vOT cells and other MNCs from three patients
(Patients T-1, T-2, and
rmphoma by magunetic

- T-3) with hvdroa vacciniforme-like
Bortezomib (0.5 ¢

administered to each sample of celis, and the viable &t“\ were

MY was

sorting.

counted for 3 days. Bortezomib had a greater killing effect

r\'/!

celis ‘hm were primarily infected with EBV than on the

Bortezomib kills T/NK lympheoma independent of EBV

other MNCs (Fig. 6u). Next, we separated the NK ceils and
other MNCs from two patients {(Patients NK-1, and NK-2}

ith chronic active EBV infection, NK cell-type, and evaluated
i effect of bortezomib. For Patient NK-1, experiments were

performed twice on different visits. Bortezomib had a greater
killing sfv‘u on NK cells than on the other MNCs (Fig. 60). In
the v37 cell or WK-cell fraction, the absolute number of con-
ol v...uh. clls was stable or increased slightly, while the num-
ber was clearly decreased with bortezomib treatment (dala not
shown). Next, we collected blood samples from three healthy
donors, sorted the va'T cells, NK ceils, and other MNCs, and
evaluated their viability with bortezomib treatment. The viabil-
ity of the cells treated with bortezomib for 3 days was around
100%, indicating that bortezomib did not affect nontumor cells
(Fig. 6¢).

To confirm that the sorted fractions contained EBV-
infected cells, EBER-positive cells were quantified using a
FISH assay. In Patient T-1 with hvdroa vacciniforme-like
lymphoma, 19.8% of the MNCs were EBER-positive. After
magnelic sorting, 54.7% of 70T cells and 3.8% of the other
MNCs were EBER-positive (Fig. 6d). To determine whether
EBV-infected cells  survive selectively, we quantified
EBV-positive cells using the FISH assay after bortezomib
treatment, and compared the results with PBS-treated control
cells. After 3 days, the percentage of EBER-positive bortezo-
mib-treated v0T cells decreased (4.0%), as compared to PBS-
treated voT cells (47.8%) (Fig. 6e). Similarly, the percentage
of EBER-positive cells in bortezomib-treated NK cells
decreased (0.3%), as compared to PBS-treated NK cells
{34.1%; {Fig. 6e). These results indicate that EBV-positive
cells in the control groups survived, while most EBV-positive
bortezomib-treated 6T and NK cells died. Moreover, this
killing effect was confirmed by flow cytometry using annexin
V and 7-AAD staining in Patient NK-1 (Fig. 6f).

ce

Biscussion
Bortezomib, which ts used in the treatment of myeloma, has
also been assessed for a variety of other malignancies. In
cent studies, this proteasome inhibitor was reported to
zd uce apoptosis in NK lymphoma/leukemia cells,™”
has been tested in cutancous T cell lymphomas and aggres-
T/NK  cell lymphomas, incuding EBV-associated
Although promising data have accumulated, these
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rvials were small and must be considered preliminary. Fur-
thermore, “BV-associated cases is Hmited.
T
compare the efficacy of bortezomib between EBV-positive
and EBV-negative T/ NK Iymphoma cells,

T and NK cell lines with bortezo-

H

experience with
our knowledge,

I there have been no i vitro studies to

In our study, we treated
this proteasome inhibitor’s ability  to
T and NK lymphoma cells. Bortezomib
the viability of T and NK cell lines by
the

increased  phosphoryviated

mib to investigate
induce apoptosis in
markedly decreased
inducing apoptosis.
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Consistent
caspases and PARP,
decreased inkibitor apoptotic proteins indicated
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Figure 5. Bortezomib induces lytic infection of EBV in T cell lines. EBV-positive T cell lines (SNT-13 and SNT-16) and EBV-positive NK cell
lines (KAI-3 and SNK-6) were treated with 1 M bortezomib and collected at 0, 6, 12, and 24 hr to evaluate the expression of EBV-encoded
genes by real-time RT-PCR. BZLF1 is an immediate early gene and gp350/220 is a late gene. EBNA1, EBNA2, LMP1, LMP2, EBER1, and
BARTs are latent genes. 32-microglobulin was used as an endogenous control and reference gene for relative quantification and assigned

an arbitrary value of 1 (10°). Closed circles indicate bortezomib-treated cells, while open circles denote PBS-treated cells. Bars indicate

standard errors. *p < 0.05 by Mann-Whitney U-test.

that this apoptosis was due to bortezomib inhibiting the deg-
radation of phosphorylated 1kB.>""*" The inhibition of phos-
phorylated IxB degradation restrains the activation of NF-kB,
which is associated with chemoresistance and poor survival
in T and NK cell lymphomas.” ¥ We found, however, no
significant difference between EBV-positive and -negative cell
lines. The findings suggest that the mechanism of bortezomib

Int. }. Cancer: 129, 2263-2273 (2011) «« 2010 UICC

in eliminating malignant cells involves the inhibition of NF-
~B activation inducing apoptosis and preventing the immor-
talization and proliferation of cells. Other mechanisms by
which bortezomib acts against malignancies, such as the sta-
bilization of p53, disruption of the cell cycle, induction of
endoplasmic reticulum stress, and increased intracellular re-
active oxygen species, have been reported.**’
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