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Knockout of Epstein-Barr Virus BPLF1 Retards B-Cell Transformation
and Lymphoma Formation in Humanized Mice
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ABSTRACT BPLFI of Epstein-Barr virus (EBV) is classified as a late lytic cycle protein but is also found in the viral tegument,
suggesting its potential involvement at both initial and late stages of viral infection. BPLF1 possesses both deubiquitinating and
deneddylating activity located in its N-terminal domain and is involved in processes that affect viral infectivity, viral DNA repli-
cation, DNA repair, and immune evasion. A recently constructed EBV BPLF1-knockout (KO) virus was used in conjunction with
a humanized mouse model that can be infected with EBV, enabling the first characterization of BPLF1 function in vivo. Results
demonstrate that the BPLF1-knockout virus is approximately 90% less infectious than wild-type (WT) virus. Transformation of
human B cells, a hallmark of EBV infection, was delayed and reduced with BPLF1-knockout virus. Humanized mice infected
with EBV BPLF1-knockout virus showed less weight loss and survived longer than mice infected with equivalent infectious units
of WT virus. Additionally, splenic tumors formed in 100% of mice infected with WT EBV but in only 25% of mice infected with
BPLF1-KO virus. Morphological features of spleens containing tumors were similar to those in EBV-induced posttransplant
lymphoproliferative disease (PTLD) and were almost identical to cases seen in human diffuse large B-cell lymphoma. The pres-
ence of EBV genomes was detected in all mice that developed tumors. The results implicate BPLF1 in human B-cell transforma-
tion and tumor formation in humanized mice.

IMPORTANCE Epstein-Barr virus infects approximately 90% of the world’s population and is the causative agent of infec-
tious mononucleosis. EBV also causes aggressive lymphomas in individuals with acquired and innate immune disorders
and is strongly associated with diffuse large B-cell lymphomas, classical Hodgkin lymphoma, Burkitt lymphoma, and naso-
pharyngeal carcinoma (NPC). Typically, EBV initially infects epithelial cells in the oropharynx, followed by a lifelong per-
sistent latent infection in B-cells, which may develop into lymphomas in immunocompromised individuals. This work is
the first of its kind in evaluating the effects of EBV’s BPLF1 in terms of pathogenesis and lymphomagenesis in humanized
mice and implicates BPLF1 in B-cell transformation and tumor development. Currently, there is no efficacious treatment
for EBV, and therapeutic targeting of BPLF1 may lead to a new path to treatment for immunocompromised individuals or
transplant recipients infected with EBV.
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pstein-Barr virus (EBV), a human tumor herpesvirus, can es-

tablish a lytic infection, in which the full complement of viral
genes is expressed, or latent infection, in which only a small subset
of viral genes is expressed. Most humans are infected with EBV by
the second decade of life, typically asymptomatically in most
healthy individuals, but EBV can cause infectious mononucleosis
in adolescents and young adults. Additionally, EBV can cause le-
thal aggressive lymphomas in persons with acquired and innate
immune disorders (1,2) and is strongly linked to major malignan-
cies, including Hodgkin lymphoma (3), high-grade non-Hodgkin
lymphomas, and nasopharyngeal carcinoma (NPC) (4, 5). Pa-
tients who are immunosuppressed and have undergone bone
marrow or solid organ transplant are at significant risk of B-cell
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lymphoproliferative disorders caused by EBV. These posttrans-
plant lymphoproliferative diseases (PTLDs) may rapidly progress
from polyclonal EBV infection to high-grade clonal neoplasms.
Here, we make use of a humanized mouse model that can be
infected with EBV, has fidelity to human infection in immuno-
compromised patients, and results in B-cell lymphomas that re-
capitulate posttransplant lymphoproliferative disorders seen in
human patients (6, 7).

Typically, EBV-driven lymphomagenesis is thought to primar-
ily involve latent gene products, but there is increasing evidence
that lytic gene products and tegument proteins contribute to es-
tablishment of latency, lymphoproliferative disease, and tumor
formation (8-11). Hong et al. demonstrated that knockout (KO)
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viruses of the early lytic gene products BZLF1 and BRLF1, which
are required for activation of lytic replication and full lytic gene
expression, result in drastic reduction of lymphoproliferative dis-
ease in SCID mice (8). Additionally, BZLF1 induces expression of
interleukin-10 (IL-10) (12, 13), which promotes B-cell survival
and proliferation (14), suggesting that BZLF1 expression may
contribute to lymphoproliferative disease by modulating cellular
signaling cascades (8). Two other EBV lytic genes, the BALF1 and
BHRFI genes, are expressed during infection of B cells and are
necessary to establish latency (15, 16). BALF1 and BHRFI have
antiapoptotic properties; their deletion resulted in inhibition of
B-cell transformation and establishment of latency (15, 17, 18).

The EBV tegument protein BNRF1 also contributes to the es-
tablishment of latency. Feederle et al. found that deletion of
BNRF1 resulted in greatly reduced transformation of primary B
cells compared with wild-type (WT) EBV (19). Tsai et al. found
that BNRF1 binds to Daxx, modulates viral chromatin structure
early during primary infection, and promotes latent viral gene
expression and establishment of latency (20, 21). It is possible that
expression of EBV immediate-early lytic proteins necessary for
latency is regulated by tegument proteins, as observed for herpes
simplex virus 1 (HSV-1) and human cytomegalovirus (HCMV).
Transfected HSV-1 and HCMV DNA, along with constructs for
tegument proteins pp71 and VP16, initiates lytic infection 10-fold
more efficiently than transfected viral DNA alone (22, 23). Inter-
estingly, EBV BPLF1 is reported to have homology to HSV-1 VP16
(24). Here, we report that infection with an EBV BPLF1-knockout
(KO) virus results in decreased B-cell transformation and tumor
formation in humanized mice.

BPLF1 is the large tegument protein of EBV (3,149 amino ac-
ids). It is classified as a late lytic cycle gene, but transcripts are
detected as early as 6 to 8 h after infection (25, 26), and herpesvirus
homologs to BPLF1 have both early and late functions during
infection involving virus entry, transport, and assembly (27-30).
Expression of short hairpin RNA (shRNA) against BPLF1 results
in decreased EBV genome copy numbers (31).

BPLF1 contains deubiquitinating (DUB) activity within the
first 205 amino acids of the N-terminal region. The DUB activity
of BPLF1 and its catalytic triad (Cys-His-Asp), despite sequence
diversity in this region, are strictly conserved across the Herpes-
viridae, and mutation of the active-site cysteine results in com-
plete loss of enzymatic activity (32). BPLF1 DUB activity cleaves
both K63 and K48 polyubiquitin chains (31). A functionally active
BPLF1 fragment has recently been shown to block degradation of
cytosolic and endoplasmic reticulum (ER) proteins by removal of
ubiquitin from substrates targeted to the proteasome (33). BPLF1
interacts with EBV ribonucleotide reductase (RR), deubiquiti-
nates its large subunit (RR1), and downregulates RR activity (31).
BPLF1 also has deneddylating activity that utilizes the same active
site as the deubiquitinating activity and interacts with and dened-
dylates cullin ring ligases, which potentially affects viral replica-
tion (25). In addition, the Kaposi’s sarcoma-associated herpesvi-
rus (KSHV) DUB homolog was recently shown to decrease RIG-I
ubiquitination and reduce RIG-I-mediated interferon (IFN) sig-
naling, suggesting that the viral DUB activity antagonizes RIG-I
signaling during KSHV infection (34). Several herpesviruses
whose deubiquitinating activity has been deleted have been con-
structed, and all result in approximately a 10-fold decrease in viral
infectivity (35-38). A knockout of the deubiquitinating activity of
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Marek’s disease virus, an alphaherpesvirus, reduced viral replica-
tion and severely impaired formation of T-cell lymphomas (39).

Recently, humanized mouse models have been developed that
enabled creation of an in vivo system in which to study progression
of infection and lymphomagenesis due to EBV (10, 40—45). Hu-
manized mice were constructed by irradiating and injecting hu-
man hematopoietic stem cells into the liver of newborn Rag2~/~
vC~/~ double-knockout (DKO) mice (46, 47). Construction of a
BPLF1-knockout virus by Saito et al. (48) allowed for character-
ization of BPLF1’s role in lymphomagenesis in humanized mice in
which authentic B-cell tumors are generated. In this study, we
have found that BPLF1-knockout virus results in decreased pro-
duction of infectious virus, delayed ability to transform human
B-cells, and retarded lymphoma formation in humanized mice.
Mice infected with WT EBV develop tumors more quickly and
frequently than mice infected with equivalent infectious units of
BPLF1-knockout virus (here also called deltaBPLF1 or DUB KO).
WT-infected mice lost weight and succumbed to infection more
rapidly than did those infected with deltaBPLF1. Tumor incidence
in DUB KO-infected mice was drastically reduced, and all mice
with tumors were EBV positive. Histologically, tumors identified
in WT-infected mice recapitulate large B-cell lymphomas seen in
the posttransplant setting in human patients.

RESULTS

Loss of BPLF1 decreases viral infectivity. Saito et al. (48) con-
structed a recombinant EBV BPLF1-knockout virus with the use
of a previously described EBV bacmid as the template (49), in
which the first 975 nucleotides of the BPLF1 open reading frame
were replaced with neomycin resistance and streptomycin sensi-
tivity genes, removing the start codon for BPLF1. They found that
EBV deltaBPLF1 resulted in approximately a 3-fold decrease in
intracellular viral DNA content, which could be partially restored
by overexpression of the N-terminal region of WT BPLF1 but not
with a C61A mutation that abolishes its deubiquitinating and
deneddylating activity (31, 50). This result suggests that enzymatic
activity of BPLF1 is at least partially responsible for the decrease in
viral DNA replication. To investigate if EBV deltaBPLF1 affected
viral infectivity, reactivation of the lytic cycle was induced by
transfection of the EBV transactivator BZLF1, which resulted in
production of infectious virus. The titers of infectious particles
released into the medium were determined on Raji cells, and in-
fectivity was monitored by detection of green fluorescent protein
(GFP) encoded by the EBV bacmid construct (49, 51, 52) and
measured by flow cytometry at 48 h and 72 h postinfection. Re-
sults in Fig. 1 indicate that BPLF1-knockout virus results in ap-
proximately a 70 to 90% decrease in infectious virus production
(48-h titers for WT and BPLF1-KO virus were 4.6 X 10*and 9.5 X
10 infectious units/ml, respectively), which is in agreement with
published findings for other herpesviral BPLF1 homologs (35—
38). Thus, BPLF1 is an important determinant of viral infectivity.

For use in subsequent experiments, both WT and deltaBPLF1
viruses were concentrated to equivalent titers. Titers of WT and
deltaBPLF1 virus were determined on primary human B cells iso-
lated from blood. Figure 1B demonstrates that infection with
equivalent titers of WT and deltaBPLF1, as determined by infec-
tion of Raji cells, results in equivalent titers on primary B-cells.
Purified primary B-cells (3 X 103) were incubated with 3 X 10*
infectious units (multiplicity of infection [MOI], 0.1) of WT and
BPLF1-knockout virus. Titers were determined by detection of
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FIG 1 BPLF1-knockout virus is less infectious than WT EBV. 293 cells con-
taining WT EBV or deltaBPLF1 (DUB KO) virus were transfected with the
viral transactivator BZLF1 to induce lytic protein expression. (A) At 72 h
postinduction, supernatant fluids containing viral particles with genomes en-
coding GFP were harvested and used to infect Raji cells. Infectivity in Raji cells
was measured by detection of GFP 48 and 72 h postinfection. (B) Supernatants
were concentrated to contain equivalent titers of infectious virus. Titers of
concentrated WT and deltaBPLF1 virus were determined on freshly isolated B
cells from human blood as detected by the presence of GFP.

GFP by flow cytometry at 48 h postinfection. Approximately 2%
of B-cells were infected with both WT and knockout virus. Titers
detected in primary human B cells were approximately 4 X 10%/
ml, a marked decrease from the 3 X 10* infectious units detected
in Raji cells.

Absence of BPLF1 inhibits cellular transformation of human
B-cells. A long-established hallmark of EBV is its ability to trans-
form human B-cells (53). Since BPLF1 is involved in viral DNA
replication and interacts with several viral and cellular replication
components (31, 48, 52, 54, 55), we examined if loss of BPLF1
could inhibit cellular transformation of human B-cells. Although
BPLF1 is a late lytic gene, it is also present in the viral tegument
(55, 56) and could affect early processes during infection that may
influence B-cell transformation. Peripheral blood mononuclear
cells (PBMCs) isolated from blood of three human donors were
infected with either WT or deltaBPLF1 virus. Ten million cells
were infected with 1.0 X 103 or 1.0 X 10* infectious particles of
either WT or BPLF1-knockout virus. The percentage of B-cells in
the total cell population was determined by flow cytometry after
labeling with B-cell antibody (CD19) (Fig. 2). Initially, B-cells
made up approximately 5 to 15% of total cells, but by 3 weeks,
B-cell outgrowth was observed with WT virus for both donor A
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and donor B. A higher concentration of WT virus resulted in
slightly faster B-cell outgrowth. B-cell outgrowth in cells infected
with deltaBPLF1 virus either was always delayed or did not occur,
suggesting that BPLF1 is necessary for efficient immortalization of
B-cells. B-cell outgrowth of deltaBPLF1 was delayed approxi-
mately 2 weeks for donor A and 1 week for donor B compared to
WT. Interestingly, for donor A, cells infected with 1.0 X 10° in-
fectious particles of BPLF1-knockout virus resulted in B-cell out-
growth, whereas cells infected with 1.0 X 10% infectious particles
of BPLF1-knockout virus did not. This result was unexpected and
is likely a random event due to sample variation, as cell transfor-
mation by EBV is not always successful in cultured B-cells. A third
donor (data not shown) resulted in B-cell outgrowth only for the
WT 10%-infectious particle sample. Overall, these results provide
evidence that infection with BPLF1-knockout virus results in de-
layed and reduced B-cell outgrowth as detected by flow cytometry
(Fig. 1 and 2) and suggest that lytic proteins, specifically BPLF1,
may play roles in B-cell transformation and thus contribute to the
tumorigenic properties of EBV.

Detection of human leukocytes in humanized mice. To create
humanized mice, newborns are irradiated and injected with 2 X
10> human hematopoietic stem cells into the liver. Twelve weeks
posttransplant, mice with stable human T/B/myeloid/natural
killer cell reconstitution were identified by fluorescence-activated
cell sorting (FACS) analysis of peripheral blood leukocytes with
antibodies recognizing each cell type (46, 47). Figure 3 shows the
percentage of human leukocytes (CD45%) and T cells (CD3 %) for
the 12 mice used in the study.

Mice infected with BPLF1-KO virus lose weight more slowly
and develop fewer tumors than do mice infected with equivalent
titers of WT virus. Mice were infected with 3 X 10* infectious
particles of EBV WT or deltaBPLF1 (DUB KO) intraperitoneally
(i.p.) and were weighed several times weekly until death or sacri-
fice due to 20% weight loss (Fig. 4A). Mice inoculated with WT
virus (orange lines in Fig. 4A) were all terminated due to weight
loss by day 30. Mice infected with deltaBPLF1 virus (red lines in
Fig. 4A) survived significantly longer and in two cases until the
end of the study (day 95) (Fig. 4B). One negative-control mouse
survived until the end of the study, and the other died on day 64
due to seemingly unrelated causes. Three of the mice in the study
died very early after infection (all by day 12); none contained
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FIG 2 Human B-cell outgrowth is reduced and delayed in cells infected with BPLF1-knockout virus. Lymphocytes were isolated from blood of two different
donors (A and B) by gradient centrifugation with Ficoll, and 3 X 10° lymphocytes were infected with 3 X 10* or 3 X 103 infectious units (MOIs of 0.01 and 0.001,
respectively) of EBV WT or DUB KO virus. B-cells were counted with the use of PE-labeled antibody to the human B-cells marker CD19. Labeled B-cells were

reported as percentages of total cells.
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FIG 3 Detection of human leukocytes in mice. Twenty-four hours prior to infection, mice were bled and levels of human leukocytes were determined, indicating
that mice contained sufficient levels for EBV infection. Flow cytometry was performed with cells isolated from blood for CD45 (human leukocytes) and the
human T-cell marker CD3, and positive cells are graphed as percentages of total cells. %CD3 represents populations of CD45 cells that were CD3 positive.

detectable titers of EBV. It is likely that these animals did not die  in the spleen and had enlarged spleens. Excluding the three mice
due to EBV infection (WT1, WT3, and DUB KO4). that died early, 3/3 mice infected with WT produced tumors ver-

At the time of death, spleens were removed and photographed  sus 1/4 mice infected with deltaBPLF1 (Fig. 4D). The 2 uninfected
(Fig. 4C). WT2, WT5, and DUB KO3 all contained visible tumors  mice did not develop tumors. These results suggest that infection
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FIG 4 Mice infected with BPLF1-KO (DUB KO) virus live longer and develop fewer tumors. Rag2~/~ yC~/~ double-knockout (DKO) mice were injected i.p.
with 3 X 10% infectious particles of EBV WT or DUB KO virus in a final volume of 300 ul PBS. (A) Mice were weighed until death or sacrificed due to 20% weight
loss. (B) All remaining mice were terminated on day 95. Mice receiving WT virus were all terminated due to weight loss by day 30. Mice receiving BPLF1-KO virus
survived significantly longer, in two cases until the end of the study. (C) At time of death, spleens were removed and photographed. Representative photos are
shown. (D) WT2, WTS5, and KO3 all contained tumors and had enlarged spleens. Three/three mice infected with WT virus produced tumors, and 1/4 mice
infected with DUB KO virus produced tumors. Neither of the 2 uninfected mice produced tumors (mice that died before day 12 due to unrelated causes were
excluded).
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FIG 5 EBV is detected in mice with tumors. (A) Portions of spleen tissue harvested from mice were disrupted and placed in culture medium. One week later,
flasks were examined for GFP (EBV genomes) by immunofluorescence. Top panels are bright-field micrographs, and bottom panels are GFP fluorescence. (B)
Detection of EBV genomes in blood of infected mice. Mice were bled weekly throughout the study. The last bleed prior to sacrifice was used to detect EBV
genomes by quantitative PCR. Genomes were detected only in mice infected with WT EBV that developed tumors in the spleen. (C) EBV genomes detected in
spleens of infected mice. DNA was extracted from splenic tissue at time of harvest, and EBV genome copies were detected with quantitative PCR. Viral genomes
were present in all mice presenting with tumors but not in any other mice. EBV genomes were detected in WT2, WT4, WT5, and DUB KO3 (copy numbers 12.7,
99,712, 11.2, and 70.3, respectively) and varied greatly in number likely due to the region utilized for DNA extraction. Some regions of the spleen samples used

appeared largely normal and likely resulted in lower genome copy numbers.

with BPLF1-knockout virus results in fewer tumors and delayed
tumor formation in the spleen and longer survival times, support-
ing the conclusion that BPLF1 is involved in critical processes in
EBV pathogenesis and oncogenesis. Tumor incidence for WT in-
fections and survival times are in agreement with similar studies in
humanized mice conducted by the Kenney laboratory (40).

EBYV detected in splenic tumors of humanized mice. At the
time of harvest, spleen cells from infected mice were cultured to
see if EBV could be detected by GFP. Approximately 1 week after
plating the spleen cells, samples were examined by immunofluo-
rescence microscopy to detect GFP-positive EBV genomes
(Fig. 5A) (bright-field micrographs in upper panels; GFP fluores-
cence in lower panels). Samples that contained gross tumors were
GFP positive, indicating the presence of EBV in the spleen. EBV
was only detected in the spleens of animals with spleen tumors
(WT2, WT4, WT5, and DUB KO3). Additionally, B-cell lines
could only be established from spleens of infected mice that ex-
hibited obvious tumors and presented with GFP-positive ge-
nomes. All other cell cultures did not survive.

Real-time PCR was also performed on blood and spleen cells
from infected mice toward the EBV BamHI repeat region to detect
viral genome copies. One hundred microliters of blood was col-
lected weekly, and DNA was harvested and screened for EBV ge-
nomes. EBV genomes were not detected in blood at early time
points. In fact, EBV genomes were detected only just prior to
sacrifice (within 1 week). Figure 5B shows detection of genome
copies in the blood in the week prior to sacrifice for each animal.
EBV genomes were detected in blood of WT-infected mice but not

September/October 2015 Volume 6 Issue 5 e01574-15

in any of the BPLF1-knockout virus-infected mice. Since EBV
genomes were not detected early and were only detected in blood
from animals with tumors, we speculate that genomes detected in
the peripheral blood at late time points were likely circulating
tumor cells. While DUB KO3 did have a splenic tumor and EBV
genomes were detected (GFP) in the spleen cells, genome copies
were not detected in the blood.

Additionally, DNA was extracted from spleen cells and EBV
genomes were detected as done for blood samples (Fig. 5C). EBV
genomes were only detected in spleens from WT2, WT4, WT5,
and DUB KO3, findings which are in agreement with and support
results with GFP detection in Fig. 5C. Interestingly, WT mice with
tumors contained EBV genomes in both the spleen and blood,
whereas the KO mouse had detectable levels of EBV genomes only
in the spleen. These results show that EBV is detected only in mice
in which splenic tumors developed, which suggests that it is the
causative agent of the tumors, and infection with BPLF1-KO virus
resulted in decreased detection of EBV and suppressed tumori-
genesis. For high-grade B-cell lymphomas, leukemic involvement
(i.e., peripheral blood involvement) is generally a late-stage find-
ing, suggesting higher-stage disease. Although the sample size is
small, failure to detect EBV in peripheral blood of mice infected
with BPLF1-KO virus may further support the idea of less-
aggressive disease in the absence of BPLF1. It is possible that EBV
was cleared in mice that did not develop tumors, since it was not
detected at the time of sacrifice; however, EBV genomes were not
detected in blood initially after infection, leaving open the possi-
bility that EBV may be present at undetectable levels.
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FIG 6 B-cell lymphoma formation is decreased with BPLF1-knockout virus. Splenic sections from humanized mice were stained for B cells (CD20) and T cells
(CD3). In situ hybridization was used for detection of EBV RNA (EBER), and hematoxylin and eosin staining was also performed. Negative control 2, Band T
cells are seen in relatively normal abundance, and EBER staining is negative. WT4, detection of B-cell lymphoma (monomorphic posttransplant lymphoprolif-
erative disease), strong EBER staining, and presence of dividing cells (H&E inset). WT5, detection of B-cell lymphoma, strong EBER staining, and presence of
dividing cells (H&E inset). BPLF1 KO3, detection of B-cell lymphoma, strong EBER staining.

Tumors from infected humanized mice closely resemble
large B-cell lymphomas in humans. Histopathology was per-
formed on spleen tissue of infected mice. Spleens were sectioned
and stained with hematoxylin and eosin (H&E) or subjected to
immunohistochemistry (IHC) for human B- and T-cell markers
(CD20 and CD3, respectively) or in situ hybridization for EBERs
(EBV-encoded RNAs) (Fig. 6). Consistent with lack of infection or
expansion of human lymphoid cells, mock-infected mice showed
only scattered human T cells (CD3) and rare human B cells
(CD20). EBER staining was negative, as expected. Although occa-
sional granulomas were present within the spleen of these immu-
nosuppressed animals, no abnormal lymphoid proliferation was
identified.

In contrast, tumors in WT-infected (WT2, WT4, and WT5)
and BPLF1-mutant-infected (DUB KO3) mice consisted of col-
lections of large, atypical lymphoid cells which variably exhibited
nodular (DUB KO3, WT2, and WT5) to diffuse (WT4) pattern
growth and were positive for EBER staining (Fig. 6; data not
shown for WT2). Dividing cells, normally a rare occurrence, can
be seen in the inset of H&E staining for WT4 and WT5 (Fig. 6).
The morphological features are similar to those in EBV-induced
PTLD, which is a continuum that progresses from polyclonal lym-
phoproliferative disease to lymphoma, most typically large B-cell
lymphomas, similar to those seen in this study. These cases are on
the monomorphic PTLD/lymphoma end of the spectrum, with
case WT4 having morphological features that are nearly identical
to what is seen in human diffuse large B-cell lymphoma. In case
WTS5, a contributing factor to the architectural appearance of
multiple coalescing nodular masses of B-cells is the background of
a substantial number of normal murine leukocytes, which may
obscure/interrupt more-diffuse pattern growth.

All 3 WT-infected mice that survived past the early stages of the
experiment presented with an EBV-positive large B-cell lym-
phoma. DUB KO-infected mice that did not develop tumors were
EBV negative as determined by EBER staining, and relevant to the
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model system, no EBV-driven PTLD/lymphoma was identified.
All mice with tumors were EBV positive and were representative
of PTLD/large B-cell lymphoma in humans.

Tumors of DUB KO-infected mice proliferate at a rate simi-
lar to that of tumors of WT-infected mice. To determine if there
were differences in proliferation rates of lymphomas of mice in-
fected with WT or deltaBPLF1 virus, sections of spleen were
stained for the proliferation marker Ki67 (Fig. 7A). In contrast to
the negative control, cellular proliferation in infected mice is
greatly increased in WT4, WT5, and DUB KO3, as expected. Vi-
sually, it appeared that DUB KO3 had slightly less Ki67 staining,
suggesting that the lymphoma produced by infection with DUB
KO virus proliferates more slowly. To see if this were the case,
Ki67-positive cells were counted over the entire tumor region.
Examination determined that Ki67 staining was relatively con-
stant over the entire tumor area, indicating that tumors formed
with DUB KO virus (in this one instance) did not proliferate more
slowly than those formed with WT EBV (Fig. 7B). A summary of
data from infected mice is provided in Table 1.

DISCUSSION

The BPLF1 gene was found to encode deubiquitinating activity in
2005 (32) and deneddylating activity in 2010 (50). BPLF1 has
become increasingly significant as more targets and functional
effects are discovered. BPLF1 has been shown to be a key player in
both cellular and viral processes, including immune evasion, DNA
repair, viral replication and infectivity, and now cellular transfor-
mation and tumor formation (31, 48, 52, 54, 55, 57). Creation of
the BPLF1-knockout virus in combination with a humanized
mouse model has now made possible this first study of pathogen-
esis and in vivo effects of BPLF1. BPLF1 is positioned to affect both
early and late stages of viral and host processes due to its presence
in the viral tegument, which leads to its delivery into newly in-
fected cells, and its expression as a late lytic cycle gene. These
factors allow for BPLF1 to have effects on B-cell transformation,
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FIG 7 Increased proliferation in lymphoma region of spleens of infected mice with tumors. (A) Mice containing tumors showed increased rates of proliferation
as determined by staining spleen sections with the proliferation marker Ki67. There were not significant differences between WT and DUB KO virus-infected
tissue samples. (B) Ki67-positive cells from the tumor region were counted and graphed as percentages of total cells. The entire sample of negative control 2 was

used for Ki67 staining.

establishment of latency, and lymphomagenesis. This study indi-
cates that BPLF1 helps drive B-cell immortalization and contrib-
utes to its lethal effects in humanized mice by increasing the inci-
dence of lymphomagenesis.

Following construction of the deltaBPLF1 virus, Saito et al.
reported that the recombinant virus resulted in an approximately
3-fold decrease in intracellular genome copy numbers (48). Infec-
tivity studies disclosed almost a 90% decrease in viral titers
(Fig. 1). Combined, these results suggest that not only does
BPLF1-knockout virus produce fewer genomes but that the ge-
nomes produced by BPLF1-knockout virus result in less infectious
virus than those produced by the WT (genomes produced by
BPLF1-KO virus were approximately 60 to 70% less infectious
than an equivalent number of genomes produced by WT EBV).
Since BPLF1’s effects on viral genome replication alone cannot
account for the loss of infectivity, our observations suggest that

BPLF1 is likely involved in infectious virion assembly and on early
stages of infection.

Human B-cells can routinely be transformed in cell culture by
infection with EBV. A surprising finding was that infection of human
B-cells with equivalent numbers of infectious units of BPLF1-
knockout virusresulted in decreased B-cell outgrowth as a measure of
cellular transformation. Establishment of latency in human B-cells
depends on several factors, including circularization. The EBV ge-
nome is maintained in its linear form within the virion but as a cir-
cularized episome in latently infected B-cells (58). Additionally,
transformation of B-cells has been shown to be dependent on expres-
sion of the latency genes for LMP1, EBNA2, and EBNA3A and
EBNA3C (59, 60). EBNA1 is expressed in all types of latency and is
important in genome replication and persistence (61, 62). EBNA3B
and LMP2A were found to be dispensable for B-cell transformation
(63—65). Perhaps, BPLF1 alters expression of latency proteins neces-

TABLE 1 Summary of WT and BPLF1-KO virus infection results in humanized mice

EBV detection in:

Mouse Day of death Blood Spleen Cell line® Spleen tumor Histopathology

WT1 12 No data No data No data No data Died early—no data

WT2 29 Yes Yes Yes Yes Focal monomorphic PTLD/large B-cell
lymphoma; EBER positive

WT3 4 No data No data No data No data Died early—no data

WT4 26 Yes Yes Yes Yes Monomorphic PTLD/diffuse large B-cell
lymphoma; EBER positive

WT5 26 Yes Yes Yes Yes Multifocal monomorphic PTLD/large B-cell
lymphoma; EBER positive

DUB KO1 95 (end of study) No No No No No lymphoma/PTLD identified; EBER negative

DUB KO2 95 (end of study) No No No No No lymphoma/PTLD identified; EBER negative

DUB KO3 51 No Yes Yes Yes Focal monomorphic PTLD/large B-cell
lymphoma; EBER positive

DUB KO4 4 No data No data No data No data Died early—no data

DUB KO5 26 No No No No No lymphoma/PTLD identified; EBER negative

Negative 1 64 No No No No No lymphoma/PTLD identified; EBER negative

Negative 2 95 (end of study) No No No No No lymphoma/PTLD identified; EBER negative

@ Ability to establish transformed cell line from spleen cells of infected mice.
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sary for efficient B-cell transformation in a manner similar to that of
its suggested homolog, HSV-1 VP16, which is capable of increasing
HSV gene expression (23, 24).

When humanized mice were infected with 3 X 10* infectious
units of WT or BPLF1-knockout virus, mice receiving BPLF1-
knockout virus lost less weight due to infection (Fig. 4). Mice were
terminated once body weight decreased by 20%, and all mice re-
ceiving WT EBV had to be terminated within the first month,
whereas most of the deltaBPLF1 virus-infected mice maintained
their weight through day 50 or more. These results suggest that
pathogenesis produced by BPLF1-KO virus is reduced and slowed
in comparison to that produced by the WT. Tumors were discov-
ered in the spleen of 100% of WT-infected mice that survived
beyond day 12 and in only 25% of mice infected with deltaBPLF1,
indicating that lymphomagenesis progresses more slowly and
with reduced frequency in the absence of BPLF1. How BPLF1
promotes lymphomagenesis and pathogenesis of EBV is unknown
and will require further study. It has been suggested that early lytic
protein expression contributes to EBV infection in primary B cells
and that this event may be required for the establishment of la-
tency (66). The presence of BPLF1 may possibly regulate early lytic
gene expression in B-cells through its enzymatic activity by regu-
lating transcription factors or by histone modifications. Addition-
ally, immune evasion characteristics of BPLF1 may contribute to
cellular transformation and increased pathogenesis (48, 55).
Maintenance of latency in B cells may be altered in BPLF1-KO-
infected cells as well.

EBV genomes were detected in blood and spleen of infected
mice (Fig. 5). We demonstrate that, in all cases in which mice
developed tumors, EBV was detectable. Spleen cells were cultured
and analyzed for the presence of GFP-encoding genomes. EBV
was detected only in the mice that developed tumors and not in
the blood or spleen of other infected mice, leaving open the pos-
sibility that mice which did not develop tumors may have been
able to clear the virus. EBV genomes were detected in the spleen of
all the mice that developed tumors but, interestingly, were not
detected in the blood of the DUB KO-infected mouse that did
develop a tumor (DUB KO3). Virus detected in the blood may be
due to metastasizing cells, since genomes were detected in the
blood only immediately prior to termination. While only one KO
mouse developed a tumor, the lack of EBV genomes in the blood
suggests that BPLF1-KO virus infection may progress more
slowly. It should also be noted that the amount of EBV genomes
detected in the spleen varies greatly from mouse to mouse and is
not an indication of total amounts of virus in the spleen but rather
a reflection of the tissue section used for DNA extraction and
genome detection (i.e., tissue directly from the lymphoma would
have more genome copies than tissue farther away from the tu-
mor). The objective was to show that spleen cells from animals
with tumors did contain EBV genomes.

Histopathology was performed on spleen tissue of infected
mice (Fig. 6). The uninfected sample shows fairly normal distri-
bution of B and T cells within the spleen, whereas large B-cell
lymphomas are clearly evidentin DUB KO3, WT4, and WT5 sam-
ples. EBER staining is localized within regions of large B-cell lym-
phoma. H&E staining in these regions consisted of large atypical
lymphoid cells that exhibited nodular to diffuse pattern growth
and had high mitotic activity. These cases are consistent with
monomorphic PTLD/lymphoma and map precisely with EBV de-
tection, suggesting features nearly identical to those observed in
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immunocompromised individuals with large B-cell lymphomas
due to EBV infection.

Last, we examined if tumors from WT-infected mice prolifer-
ated more rapidly than the tumor observed with BPLF1-KO virus.
Staining for Ki67 shows highly elevated proliferation rates within
the tumor region for all mice with lymphomas, but the prolifera-
tion rates appeared to be similar for WT and BPLF1-KO virus-
infected mice. Based on this limited data set, it appears that once
tumors are formed, there is not an apparent difference in prolif-
eration rates between WT and BPLF1-KO virus. Interestingly, a
study by Halder et al. showed a marked increase in Ki67 staining
observed approximately 48 h postinfection and which increased
through day 7 when primary human B cells were infected with
EBV (66).

Together, these data demonstrate that BPLF1 is necessary for
efficient infectious virus production and that BPLF1 plays an im-
portant role in EBV B-cell transformation, which likely accounts
for the reduced and delayed tumor formation observed in human-
ized mouse studies. The mechanism by which BPLF1 inhibits
these processes is still unknown and perhaps will be elucidated
through follow-up studies examining episome formation, latency
progression, and gene expression in cells infected with BPLF1-KO
EBV. The current BPLF1-knockout construct removes the start
codon and the first 975 bp, resulting in complete loss of both
deubiquitinating and deneddylating activities. It remains to be
determined if the enzymatic activity of BPLF1, perhaps by rescu-
ing cellular and viral factors from degradation, is responsible for
the observed effects or if other downstream regions of this very
large protein contribute to its functional consequences.

MATERIALS AND METHODS

Cell lines, growth, and transfection. HEK293T and 293EBV+ (49) and
Raji cells were maintained as previously described (31, 52). EBV BPLF1-
knockout virus (293 EBVdelta) uses 293EBV + as a backbone, but the first
975 bp are deleted (48). Transfections for all cell lines were performed
with Effectene (Qiagen) according to the manufacturer’s protocol.

Virus growth, concentration, and titration. Infectious virus was pro-
duced by reactivation of the lytic cycle by transfection of BZLF1 and gp110
for both 293EBV + and 293 BPLF1-knockout cell lines (10). Supernatant
fluids were harvested 48 and 72 h posttransfection and cleared of cellular
debris by centrifugation at 500 X g for 5 min. Virus was concentrated
using an Amicon Ultra 15 10-kDa-molecular-mass-cutoff filter (Milli-
pore) by centrifugation at 2,500 X g. For viral titration, 100 ul of cleared
and concentrated supernatant fluids was placed on Raji cells and treated
with 50 ng/ml phorbol-12-myristate-3-acetate and 3 mM sodium bu-
tyrate 24 h after infection (40). At 48 and 72 h postinfection, infectious
titers were determined by detection of GFP-encoding EBV genomes by
flow cytometry (52).

Viral infectivity was also determined on purified human primary B
cells. B-cells were purified from freshly acquired bufty coat (Gulf Coast
Labs) using the B-cell isolation kit IT (Miltenyi Biotec) according to the
manufacturer’s instructions. Purified B-cells (3.0 X 10°) were infected
with WT or BPLF1-knockout virus in culture medium (RPMI). Seventy-
two hours postinfection, infectious titers were determined by detection of
GFP by flow cytometry as described above.

Human B-cell outgrowth. Whole blood from donors was diluted 1:2
with phosphate-buffered saline (PBS) and centrifuged through Ficoll
(Ficoll-PaquePLUS from Pharmacia Biotech) for 30 min at 400 X g. Pe-
ripheral blood mononuclear cells were collected, washed twice with PBS,
and counted. Approximately 3 million PBMCs in 3 ml RPMI supple-
mented with 20% fetal bovine serum (FBS) were used for each infection.
Cells were infected with 3.0 X 103 and 3.0 X 10* infectious units of EBV
WT or EBV BPLFI-knockout virus and placed in culture medium con-
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taining cyclosporine (RPMI 1640 plus 20% FBS plus 200 ng/ml cyclospor-
ine). B-cells were counted twice weekly and were reported as a percentage
of total cells. B-cells were detected by flow cytometry using CD19-
phycoerythrin (PE) antibody (Miltenyi Biotec) according to the manufac-
turer’s instructions.

Rag2~/~ yC~/~ double-knockout (DKO) mouse construction and
infection. Newborn mice were irradiated and injected with 2 X 10° hu-
man hematopoietic stem cells into the liver. Twelve weeks after transplant,
mice were screened for T/B/myeloid/natural killer cell reconstitution in
peripheral blood by flow cytometry with antibodies recognizing each cell
type (46, 47). Mice were injected intraperitoneally (i.p.) with 3.0 X 10*
infectious units (as determined by GFP detection in Raji cells) of either
WT EBV or BPLF1-KO virus diluted in a total volume of 120 ul PBS. Five
mice received WT EBV, 5 mice received BPLF1-KO virus, and 2 mice,
which received PBS, served as negative controls. Mice were treated with
5 ug antibody raised against CD3 (OKT3) (Imgenex) twice weekly for
14 days. Mice were bled once weekly for detection of EBV genomes. Mice
were sacrificed at the end of the study (day 95) or when they lost approx-
imately 20% body weight, and spleen and liver were harvested.

EBV genome detection in spleen and blood of infected mice. DNA
was extracted from weekly bleedings and from spleen at the time of har-
vest using the DNeasy Blood and Tissue kit (Qiagen). DNA from 100 ul
blood or 350 ng of DNA from spleen tissue was used for real-time detec-
tion of EBV genomes. EBV genomes were detected with TagMan probes
targeting the BamHI repeat region as described previously (31). EBV ge-
nome copy numbers were determined using quantitated EBV genomes
(Advanced Biotechnologies).

Culture of spleen cells from infected mice and detection of EBV ge-
nomes. Portions of spleen tissue were ground and disrupted in 5 ml RPMI
medium and centrifuged at 400 X g for 5 min. The cell pellet was resus-
pended in ACK lysing buffer (Lonza), incubated at room temperature for
5 min, and centrifuged to pellet (400 X g, 5min). Pellets were resuspended
in 2 ml RPMI medium, filtered through a cell strainer, plated in RPMI
medium with 20% FBS, and placed at 37°C and 5% CO,. One week after
plating, cells were examined by immunofluorescence microscopy to de-
tect the presence of the GFP-tagged EBV genome.

H&E staining, IHC, and in situ hybridization. Immunohistochem-
istry (IHC) and in situ hybridization were performed by the UNC Trans-
lational Pathology Laboratory and Animal Histopathology Core. Spleen
tissue was formalin-fixed and paraffin-embedded. Consecutive sections
were stained for hematoxylin and eosin, B-cell marker (CD20), T-cell
marker (CD3), and the cell proliferation marker Ki67. Antibodies used
were CD3 (Leica Biosystems; clone LN10; ready-to-use dilution [RTU]),
CD20 (Leica Biosystems; clone MJ1/RTU), and Ki67 (Leica Biosystems;
1:300 dilution). Epstein-Barr virus-encoded RNAs (EBERs) were detected
by in situ hybridization using reagents from Leica Microsystems. Histo-
logic sections and associated stains were evaluated by a veterinary pathol-
ogist (S.A.M.) and a human pathologist (N.D.M.).
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