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The incidence of lymphomas developing in both immunocompetent and immunosuppressed patients continues
to steadily increase worldwide. Current chemotherapy
and immunotherapy approaches have several limitations,
such as severe side toxicity and selection of resistant cell
variants. Autonomous parvoviruses (PVs), in particular
the rat parvovirus H-1PV, have emerged as promising
anticancer agents. Although it is apathogenic in humans,
H-1PV has been shown to infect and suppress various rat
and human tumors in animal models. In this study, we
demonstrate the capacity of H-1PV for efficiently killing,
through necrosis, cell cultures originating from Burkitt’s
lymphoma (BL), while sparing normal B lymphocytes.
The cytotoxic effect was generally accompanied by a productive H-1PV infection. Remarkably, parvovirus-based
monotherapy efficiently suppressed established BL at an
advanced stage in a severe combined immunodeficient
(SCID) mouse model of the disease. The data show for
the first time that an oncolytic parvovirus deserves further consideration as a potential tool for the treatment
of some non-Hodgkin B-cell lymphomas, including those
resistant to apoptosis induction by rituximab.
Received 5 November 2008; accepted 23 March 2009; published online
14 April 2009. doi:10.1038/mt.2009.78

Introduction

Epstein–Barr virus (EBV), a lymphotropic γ-herpes virus
found in the human population worldwide, is characterized
by its unique ability to efficiently transform normal resting
B lymphocytes in vitro converting them into lymphoblastoid
cell lines (LCLs). In vivo, the virus is strongly associated with
the heterogeneous group of non-Hodgkin lymphomas (NHLs)
[endemic and nonendemic Burkitt’s lymphoma (BL), immunoblastic B-cell lymphomas in immunodeficient patients, among

others], and Hodgkin lymphoma (HL).1,2 Current chemotherapy
of lymphomas relies on several combined cyclophosphamide-,
cisplatin-, and adriamycin-based regimens. Most of the drugs
exert short- or long-term toxic effects, thus substantially affecting
patients’ quality of life.3 Immunotherapy with rituximab, a chimeric humanized anti-CD20 monoclonal antibody (Rituxan), alone
or in combination with chemotherapy, has significantly improved
the treatment outcome in NHL patients. However, some patients
become ultimately unresponsive or relapse through a mechanism
that has not yet been clarified.4
Novel approaches are clearly needed, as first- or second-line
treatments, for the efficient control of human lymphoid malignancies. In this regard, autonomous rodent parvoviruses (PVs)
have emerged as promising anticancer agents.5 These oncolytic agents are endowed with a natural oncoselectivity, which
appears to result, at least in part, from the dependence of viral
DNA replication,6 gene expression,7 and nonstructural protein
cytotoxic activity8 on the proliferation and transformation of host
cells. Accumulation of NS1, the major viral nonstructural protein,
was shown to be the primary cause of parvovirus-driven oncolysis.9 In particular, it has been shown in our laboratory that the rat
parvovirus H-1PV selectively kills several human tumor-derived
cell lines.10–13 Moreover, H-1PV systemic or intratumoral injection
leads to suppression of various human carcinoma cell-derived
tumors in animal models.14–16 Importantly, H-1PV is infectious
but devoid of significant pathogenicity for humans.17
It was previously shown that cell transformation by oncogenic viruses enhances permissiveness for H-1PV infection and,
in particular, that some transformed human lymphoid cells
can be parvovirus targets.18,19 Based on these data, we initiated
a larger screening of a panel of BL- and HL-derived or in vitro
EBV-transformed LCLs with the aim to evaluate their sensitivity
to H-1PV-induced killing. BL cells were distinguishable from the
others by their especially high sensitivity to H-1PV, even after they
had lost the EBV genome. EBV-positive BL cells were shown to
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die predominantly through necrosis, and killing was due to the
parvovirus and not due to EBV lytic replication. Furthermore,
important safety issues were addressed by demonstrating a lowlevel H-1PV toxicity for normal peripheral blood B cells stimulated
to proliferate in vitro through lipopolysaccharide treatment. The
efficiency of H-1PV inoculation as a monotherapeutic approach
was confirmed in a severe combined immunodeficient (SCID)
mouse model of established B-cell lymphoma xenografts.

Results
BL-derived cells lines are highly sensitive targets
for H-1PV-induced oncolysis in vitro
In order to determine the toxicity of H-1PV for lymphomaderived or in vitro EBV-immortalized cell lines (LCLs), a panel of
BL cells (Namalwa, Raji, Elijah, RAMOS, RAMOS-AW, RAMOSEHRB, Akata), HL cells (L540, KM-H2, and HDLM2), and LCLs
[Naive N17(8)/Memory M9(8), Naive N3(20)/Memory M1(20),
JM, and 2089] was used. Cell cultures were infected with wildtype H-1PV at increasing multiplicities of infection, from 0.1 to
100 plaque-forming units (pfu)/cell, and cell viability was assessed
using the Trypan blue dye exclusion test at 24-, 48-, and 72-hours
postinfection (hpi). As shown in Figures 1 and 2, H-1PV induced
a virus dose-dependent death in all cell lines tested. The killing
effect augmented with time postinfection, to culminate, at 72 hpi,
in 80–100% death of infected Namalwa, Raji, Elijah, RAMOS,
and Akata cells (Figure 1). In contrast to these BL-derived lines,
the LCLs [Naive N17(8)/Memory M9(8), Naive N3(20)/Memory
M1(20), 2089], and two of the HL cells (KM-H2 and HDLM2)
were less efficiently killed by H-1PV, with ~50% of the population remaining viable at 72 hours after infection at the highest
multiplicity of infection (Figure 2). It is noteworthy that no B cell
phenotype-related differences in H-1PV sensitivity were observed
between in vitro EBV-transformed naive and memory B cells
deriving from the same donor (Figure 2a,d and b,e for donors 8
and 20, respectively).

In order to assess whether the cytotoxic viral protein NS1 was
expressed in the cell lines of interest, cultures were inoculated with
a defective (but DNA replication-competent) H-1PV vector (chiH-1PV/EGFP) in which the enhanced green fluorescence protein
(EGFP), cDNA, substitutes for the sequence encoding the capsid
proteins. In this construct, the P38 viral promoter driving EGFP
expression is transactivated by NS1. It can thus be used to determine
the capacity of cells for taking virus up and sustaining the replication phase of the viral life cycle. The fluorescent signal was detected
in all cell lines tested at 24 hpi (Supplementary Figure S1a–c), and
the fraction of NS1-positive cells in the respective lines was in proportion to their sensitivity to H-1PV infection, in keeping with the
eventual death of lymphoma cells expressing the viral protein.

Normal B cells from healthy donors are resistant
to H-1PV infection
An important safety concern was whether normal B lymphocytes
might be susceptible to H-1PV infection. To address this issue,
we isolated B cells from the peripheral blood of healthy donors
(n = 3) and, after in vitro lipopolysaccharide stimulation, infected
the cells with H-1PV. Trypan blue tests, further confirmed by
methyl tetrazolium salt cytotoxicity assays, showed that H-1PV
treatment of actively dividing normal B lymphocytes resulted in
very low toxicity levels, not exceeding 20% of the population,
even at the highest multiplicity of infection used (100 pfu/cell)
(Figure 3a). After infection with chi-H-1PV/EGFP, fluorescence
was not detected in any donor case, at 24 hpi (Supplementary
Figure S1d) or later, suggesting that the observed mild toxicity
was not directly related to viral gene expression. Because normal
memory B cells are the most relevant counterparts of malignant
BL and HL cells, it was further tested whether H-1PV infection of
CD20+/CD19+ B lymphocytes from healthy donors (n = 2) caused
any change in the fraction of these cells displaying the CD19+/
CD27+ memory phenotype. As shown in Figure 3b, no significant drop in the subpopulation of normal memory B lymphocytes
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Figure 1 Sensitivity of BL-derived cell lines to H-1PV-induced killing. (a) Namalwa, (b) Raji, (c) parental Elijah, (d) EBV-negative Elijah, (e) RAMOS,
(f) RAMOS-AW, (g) RAMOS-EHRB, and (h) Akata cultures were infected with wild-type H-1PV (MOIs ranging from 0.1 to 100 pfu/cell). Cell viability
was determined using the Trypan blue dye exclusion test at 24-, 48-, and 72-hours postinfection. Data are presented as percentage of cell death
relative to the mock-treated controls. MOI, multiplicity of infection.
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was detected after H-1PV treatment, irrespective of their proliferation status, confirming the overall resistance of these cells to
H-1PV infection.

H-1PV infection of BL lines is productive and leads
to predominantly necrotic cell death
Monomeric and dimeric viral DNA replicative forms were detected
by Southern blot analysis of H-1PV-infected cultures (data not
shown), confirming that active parvoviral DNA replication was
taking place in all cell lines. Production of infectious progeny
particles, an important prerequisite for the therapeutic efficacy of
oncolytic viruses, was further measured. Out of the 17 cell lines
studied 11 (65%) sustained production of detectable amounts
of H-1PV progeny virions (Table 1). BL-derived Namalwa, Raji,
and Akata cells were found to be especially strong producers. The
HL-derived KM-H2 and HDLM2 cell lines, which were less efficiently killed by the virus (Figure 2h,i) were still able to produce
low levels of H-1PV progeny.
Given their high sensitivity to H-1PV, Namalwa cells were used
to further investigate the cytopathic changes triggered by parvovirus infection in this system. Hoechst 33342 staining was first performed to detect alterations in nuclear morphology. Fluorescence
microscopy examination of cultures at different time-points after
infection revealed nuclear swelling and extensive DNA release
from the nucleus into the cytosol, indicating that most cells died
of necrosis (Figure 4a). However, at 48 hpi a few cells showed

nuclear fragmentation (Figure 4a, arrows), pointing to the fact
that a minor fraction of the culture may undergo apoptosis. These
results were confirmed by propidium iodide/Annexin-V staining
of infected Namalwa cells (Figure 4b). The percentage of necrotic
cells significantly increased between 24 (27.71%) and 48 (80.76%)
hpi, whereas the apoptotic fraction was very low (<2%) and did
not augment with time postinfection.

H-1PV does not reactivate EBV in latently
infected cells
It was important to ascertain that the cytopathic effects observed
after exposure of EBV-positive cells to H-1PV, did not result from
EBV lytic replication. We therefore stained parvovirus-infected
Akata (Figure 4c) and Namalwa (data not shown) cells with an
antibody specific for either BZLF1, an EBV immediate-early transactivator that initiates the lytic cycle, or gp350/220, an EBV envelope glycoprotein. Akata cells treated with an anti-immunoglobulin
G (α-IgG) antibody, known to induce EBV reactivation, were used
as a positive control. No signs of initiation (BZLF1 expression) or
completion (gp350/220 expression) of the EBV lytic cycle could be
detected, upon H-1PV infection, in either of the two cell lines.
In vivo established lymphomas are targets for H-1PV
replication and cytopathic effects
Tumors were generated in SCID mice through subcutaneous
injection of Namalwa cells. Tumors appeared in 100% of the
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Figure 2 Sensitivity of LCLs and HL-derived cell lines to H-1PV-induced killing. The LCLs (a) Naive N17(8), (b) Naive N3(20), (c) JM, (d) Memory
M9(8), (e) Memory M1(20), and (f) 2089, and the HL-derived cells (g) L540, (h) KM-H2, and (i) HDLM2, were infected with H-1PV, and processed
as described in the legend to Figure 1.

1166

www.moleculartherapy.org vol. 17 no. 7 july 2009

© The American Society of Gene Therapy

Cell death (%)

a 100
60

Cell line

40

BL

20

Namalwa
24

MOI 0.1

PE CD27

MOI 10

103

102

102

1

100

H-1PV
27%

61.02

2.67
101

102

103

104

101

102

103

104

66%

103

10

2

2

10

1

104
60%

2.54
102

103

10

104

Moderate

44

Moderate

RAMOS-AW

57

Moderate

RAMOS-EHRB

30

Moderate

Weak

100

High

3

Weak

2089

0.8

No

Naive N17(8)

0.9

No

1

No

1

No

0.7

No

1

No

HL

62.84

0

100

101

102

103

104

FITC CD19

Figure 3 Sensitivity of normal peripheral blood B cells to H-1PVinduced killing. (a) Normal peripheral blood B cells were isolated from
healthy donors (n = 3), LPS-stimulated to proliferate in vitro, infected
with wild-type H-1PV, and analyzed for the induction of cell death as
described in the legend to Figure 1. (b) Peripheral blood mononuclear
cells (PBMCs) were isolated from healthy donors (n = 2), LPS-stimulated,
and either infected with H-1PV (10 pfu/cell) or left untreated. At 48-hours
postinfection, cells were harvested and processed for fluorescenceactivated cell sorting analysis of CD20, CD19, and CD27 expression.
The percentages of CD19+/CD27+ (memory) B cells relative to the total
CD20+/CD19+ population are indicated.

animals in 14–17 days after cell inoculation, and were characterized by an extremely aggressive growth pattern, reaching
a significant size (up to 3 cm3) within 15 days after becoming
palpable. The tumors invaded the adjacent skeletal muscles and
skin, with no evidence for distant spread, and appeared under
microscopic examination as a high-grade lymphoma of the
Burkitt type. Palpable tumors were treated with either ultraviolet
(UV)-inactivated or infectious H-1PV. Viral DNA transcription
(Figure 5a) and replication (Figure 5b) were measured at 7 days
postinoculation and could only be detected in the infectious
virus-treated tumors (compare UV.H-1PV and H-1PV lanes),
indicating that the lymphoma cells sustained the parvovirus life
cycle not only in vitro but also under in vivo conditions. Virus
spreading to distant lymphomas was tested in mice bearing double tumors generated through Namalwa inoculation into each
flank. To this end, one of the tumors was injected with H-1PV
(Figure 5a, T1, T2), whereas the contralateral one remained
untreated (Figure 5a, UT1, UT2). Viral expression was found to
take place in both tumors, pointing to the ability of the virus to
reach remote tumor sites.
Molecular Therapy vol. 17 no. 7 july 2009
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L540
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3.3

Weak
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10

Weak

Abbreviations: BL, Burkitt’s lymphoma; HL, Hodgkin lymphoma; hpi, hours
postinfection; LCL, lymphoblastoid cell line.
a
Amplification of taken up virus within 3 days after infection at a MOI of 0.1 pfu/cell.

H-1PV activity within the tumors was additionally confirmed
by measuring the expression of NS1, the cytotoxic viral replicator protein (Figure 5c) and identifying pathological alterations in
the neoplastic tissues. Hematoxylin–eosin staining of tumor slices
processed 7 days after virus inoculation revealed large necrotic
areas within infectious H-1PV-treated tumors (Figure 5d, hematoxylin–eosin staining). These histopathological signs were clearly
absent when UV-inactivated H-1PV was used and correlated with
NS1 expression within the tumor, as revealed by immunohistochemical detection of the protein (Figure 5d, IHC-NS1).

H-1PV inoculation results in the regression of
Namalwa tumors
In another setup of experiments, SCID mice carrying Namalwa
cell xenografts were further used to evaluate the therapeutic
efficiency of H-1PV monotherapy in an animal model of EBVpositive B-cell lymphoma. Two independent experiments were
performed with the aim of evaluating the curative potential of
H-1PV in early (tumor size 0.5 cm3) and advanced (tumor size
1–2 cm3) disease. In the early treatment protocol (Figure 6a,b), a
virus dose of 107 pfu/animal was inoculated as a single intratumoral injection on day 14 after tumor initiation. The tumors in
the control animals showed progressive growth within 15 days
after inoculation of UV-inactivated virus, and mice were killed at
this stage of the disease. In contrast, the infectious H-1PV-treated
group experienced drastic tumor regression within 30 days after
1167
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parvovirus treatment (Figure 6a), remaining disease-free for as
long as 70 days after tumor initiation (Figure 6b).
These results encouraged us to evaluate H-1PV therapeutic
potential under conditions mimicking late stages of lymphoma
1168

development, a clinically relevant scenario (Figure 6c,d). Based on
our data showing that H-1PV efficiently replicates in the Namalwa
system, we treated mice with advanced disease with a tenfold lower
dose of virus on day 28 post-tumor initiation. Tumor growth went
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on progressing in UV-inactivated H-1PV-treated control animals,
which succumbed to the disease within the first 3 days following
virus inoculation. In contrast, tumors in the infectious H-1PVtreated group started rapidly regressing 3–7 days postinfection
(Figure 6c). Animals bearing macroscopically visible necrotic fields
at the location of the original tumor (40%) were euthanized. Some
(30%) of the surviving mice were killed for analytical purposes,
confirming the absence of residual tumors. The remaining animals
(30%) were disease-free and survived for a significantly prolonged
(P < 0.01) period of 70 days after tumor initiation (Figure 6d).

Discussion
NHLs are the fifth most common cancer in the United States and
have one of the fastest growing incidence rates.20 The development of a humanized monoclonal antibody against the pan-B cell
marker CD20, rituximab, has recently raised hopes of improving
the treatment outcome in NHL patients. However, limitations
on rituximab application include selection of CD20-negative cell
variants and induction of a profound B cell depletion for 6–8
months.21 Despite the introduction of the previously described
approaches and some other novel curative approaches, chemotherapy remains the main treatment modality for both NHLs and
HL. Alternative, less toxic therapeutic strategies are therefore still
needed for the efficient control of these lymphoid malignancies.
A novel, promising approach to cancer therapy consists
in the application of oncolytic viruses able to induce selective destruction of tumor cells in direct and/or indirect ways.
Among a number of viruses presently tested for their oncosuppressive capacity, rodent PVs have been reported to possess
remarkable oncolytic properties.5,17 Human cancer cell cultures
derived from various carcinomas and melanomas have proved
Molecular Therapy vol. 17 no. 7 july 2009

to be targets for parvovirus replication and cytopathic effects.22
It has recently been shown that the closely related rodent PVs
H-1PV and minute virus of mice efficiently kill human glioblastoma cells both in vitro and in vivo.13,23 Previous work by Faisst
et al. has indicated that some BL-derived cell lines are permissive for H-1PV infection in vitro,18,19 raising the possibility of this
parvovirus being used in the fight against lymphoid tumors. This
prompted us to extend the latter work by testing (i) the susceptibility of a wider panel of lymphoma cell lines to H-1PV infection,
(ii) the specificity of parvoviral attack for malignant versus normal proliferating lymphocytes, and (iii) the capacity of H-1PV
for activating distinct cell-death processes and killing rituximabresistant lymphoma cells.
All lymphoma cell lines tested were sensitive to H-1PV infection. BL cells could be distinguished by their especially high
responsiveness (with 80–100% of the culture being killed at 72
hours after inoculation of 10 pfu/cell), pointing to at least some
NHLs as potential targets for parvovirus-based therapy. In keeping with this prospect, H-1PV was little toxic for stimulated normal B lymphocytes, whether bulk peripheral blood B cells or
CD19+/CD27+ (memory) B cells. H-1PV was equally efficient
in killing both CD20-positive (rituximab-sensitive) and CD20negative (rituximab-resistant, e.g., Namalwa24) BL cell lines, and
no change in the expression level of this marker could be detected
after H-1PV infection (Supplementary Figure S2). These data
raise hopes of H-1PV being of therapeutic value in lymphoma
cases, which do not respond to rituximab treatment. Furthermore,
BL cells sustained a productive H-1PV infection, thereby meeting
the dependence of efficient virotherapy on successive rounds of
infection through virus multiplication and spreading. In addition,
H-1PV was also produced by some HL cell lines and might thus
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be of value as an adjuvant to boost anti-HL immune responses.
It is noteworthy that the HL-derived L540 cells were efficiently
killed by H-1PV, although not being able to release virus progeny. Thus, sustaining a productive infection and cell killing could
be dissociated; the latter being assigned to oncotoxic NS1 protein
accumulation in infected cells.
Variations in the sensitivities of distinct lymphoid cell lines
to H-1PV could not be traced back to the presence of EBV, as the
BL-Elijah subclone that had lost the EBV genome kept its high
sensitivity to parvovirus-induced death. Moreover, the RAMOS
cell line derived from an EBV-negative lymphoma was efficiently
killed by H-1PV and was among the strongest parvovirus producers. Therefore, sensitization to H-1PV does not require continuing
expression of EBV proteins, arguing for the applicability of the parvovirus to the treatment of EBV-negative BLs. It has been shown
that wild-type p53 expression compromises H-1PV-induced killing of hepatoma and leukemia-derived cell lines.12,25 Interestingly,
most of the BL-derived cell lines carry p53 mutations, in contrast
to LCLs and HL cells.26,27 This leads us to speculate that p53 mutations might contribute to sensitize BL cells to H-1PV-induced
oncolysis. In addition, modulation of c-myc expression due to a
t (8, 14) translocation, which is a hallmark of BL cells but is absent
in HL-derived lines and LCLs, might impact on the outcome of
parvovirus infection10 and aggravate H-1PV cytopathic effects on
the former cells.
The precise mechanism underlying parvovirus cytotoxicity is
not yet fully understood. Depending on the tumor model considered, cell cycle arrest28 and death through apoptosis,10 necrosis,11
or an autophagy-like process13 have been observed. The mode of
H-1PV-induced killing of lymphoma-derived cells was first characterized in this study. Parvovirus-infected Namalwa cell cultures
were found to die predominantly through necrosis. This was
apparent from nuclear swelling and spillover of nuclear DNA into
the cytosol, and was confirmed by propidium iodide/Annexin-V
staining. In agreement with these in vitro data, the tumors from
H-1PV-treated animals showed extensive necrosis accompanied
by NS1 protein expression.
An important issue was whether EBV-positive BL-cell death
induced by the parvovirus might result from a break in EBV
latency. This possibility needs to be considered as in vitro infection
of EBV-positive cell lines (e.g., Akata) with human herpes virus 6
was reported to result in EBV reactivation.29 A relationship between
human cytomegalovirus infection and EBV reactivation has also
been found.30 This was, however, unlikely in our model system
(Namalwa) as these cells carry two integrated copies of the virus31
and may not be able to support EBV lytic replication. We still confirmed the absence of EBV reactivation in H-1PV-infected Namalwa
and also Akata cells by monitoring the expression of EBV proteins
that are characteristic of either early (BZLF1) or late (gp350/220)
lytic cycle events. These assays failed to provide any evidence for
EBV lytic replication after H-1PV infection of either cell line.
The Namalwa cell line was chosen for the establishment of an
animal lymphoma model, based on the fact that these cells (i) were
highly sensitive to H-1PV-induced oncolysis, (ii) efficiently produced infectious virus progeny, and (iii) have been reported to
resist rituximab treatment,24 thereby calling for alternative therapies. Tumors were initiated through subcutaneous Namalwa cell
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engraftment in SCID mice, resulting in the rapid development of
large tumors as previously reported for this model.32 Lymphomabearing animals were subjected to a single intratumoral injection
of infectious (treated group) or UV-inactivated (control group)
H-1PV at an early (14 days) or late (28 days) time-point after tumor
initiation. A striking tumor regression was observed in both early
and late treatment protocols. Because SCID mice lack mature
T and B lymphocytes, the direct oncolytic activity of H-1PV is
likely to be mostly responsible for this effect. This was strongly
supported by the histochemical analysis of virus-treated tumors
showing the presence of large necrotic areas that stained positively
for the viral cytotoxic NS1 protein. Besides H-1PV expression and
replication within the neoplastic tissue, virus spreading to a distant tumor was detected. These features are consistent with the
occurrence of a productive infection in vivo, as it was observed in
vitro, thereby fulfilling the requirements for an efficient oncolytic
effect. Indeed, H-1PV was successful in eradicating small (0.5 cm3)
and large (>1 cm3) tumors. Even mice treated at an advanced stage
of the disease showed striking survival prolongation. In contrast
to the early treatment, the regression of advanced tumors upon
therapy was characterized by necrotic involution, on account of
which some animals were killed before completion of the experiment. The remainder survived until the end of the experiment
(day 70 after tumor initiation).
Oncolytic viruses represent promising novel tools for the
treatment of human tumors. Conditionally replicating adeno33
and herpes simplex viruses,34 reoviruses,35 and live attenuated
measles viruses36 were reported to have significant potential as
curative agents against B-lymphoblastic leukemia and lymphoma
in preclinical settings. However, each oncolytic agent has its own
virtues and limitations based on cellular receptor dependence,
need for repeated virus inoculations, and size of the target tumor.
Oncolytic PVs are advantageous in this regard as they recognize
ubiquitous cellular receptors.5,17 Furthermore, in this study a
single parvovirus dose was sufficient to cause full regression of
large tumors in the Namalwa xenograft model. Altogether, these
data indicate that H-1PV deserves to be included in the arsenal of
oncolytic viruses under consideration for lymphoma therapy.

Materials And Methods
Cells. Namalwa, Raji, and Elijah are human EBV-positive negroid
BL-derived cell lines.37–39 The EBV-negative subclone of Elijah cells was a
kind gift from A.B. Rickinson (University of Birmingham, UK). RAMOS
and RAMOS-EHRB are human Caucasian BL-derived cell lines, which are
EBV-negative and EBV-positive, respectively.40 RAMOS-AW is an EBVpositive cell line obtained by in vitro infection of RAMOS cells with EBV.40
Akata cells, from a human Caucasian BL, are known to produce infectious
EBV upon crosslinking surface IgG molecules with α-IgG antibodies.41
The JM and 2089 LCLs were established by in vitro infection of human
donor peripheral blood B cells with EBV. Naive N17(8), Memory M9(8),
Naive N3(20), and Memory M1(20) LCLs were established by in vitro EBV
infection of purified naive and memory B cells isolated from the peripheral
blood of two healthy donors (numbered 8 and 20, respectively). The EBVnegative HL-derived cell lines L540 (ref. 42) KM-H2 (ref. 43) and HDLM2
(ref. 44) were kindly provided by S. Joos (DKFZ, Heidelberg, Germany).
All cell lines were maintained in Roswell Park Memorial Institute 1640
medium (Sigma, Hamburg, Germany) supplemented with 10% fetal calf
serum, penicillin (100 U/ml), and streptomycin (100 µg/ml). The established simian virus 40-transformed human newborn kidney cell line, NBK,
www.moleculartherapy.org vol. 17 no. 7 july 2009
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was grown in Eagle’s minimum essential medium (Sigma) supplemented
with 5% fetal calf serum. All cells were maintained at 37 °C in a humidified
5% CO2 incubator.
Peripheral blood mononuclear cells were isolated from the heparinized
peripheral blood of healthy donors by differential centrifugation over
Histopaque (Sigma). B lymphocytes were further negatively isolated by
depletion of T cells, monocytes/macrophages, and NK cells (Dynal B cell
negative Isolation Kit; DynalBiotech, Hamburg, Germany), according
to the manufacturer’s instructions. The purity of the isolated population
was assessed by fluorescence-activated cell sorting analysis and was
confirmed to be over 80%. Lipopolysaccharide (Sigma) was applied at a
final concentration 5 µg/ml.
Flow cytometric analysis. Flow cytometry was performed to detect changes
in the proportion of memory B cells following H-1PV infection. Peripheral
blood mononuclear cells were isolated and either H-1PV-infected (10 pfu/
cell) or mock treated. At 48 hpi, cells were stained with anti-CD19-FITC,
anti-CD27-PE (Becton Dickinson, Heidelberg, Germany), and anti-CD20APC (Immunotools, Friesoythe, Germany). Triple-color analysis of B cell
surface molecule expression was performed using a FACSCalibur (Becton
Dickinson). The subpopulation of memory B lymphocytes (CD19+/CD27+)
was determined relative to the whole CD20+/CD19+ B-cell population.
Virus production and titration. Wild-type H-1PV was produced by infecting NBK cells, purified through iodixanol gradient centrifugation and
dialyzed against Ringer solution. Virus stocks were titered using a standard plaque assay, and titers were expressed as pfu/ml. The recombinant
virus expressing EGFP (chi-H-1PV/EGFP) was generated as previously
described45 and kindly provided by C. Dinsart (DKFZ). Inactivated virus
used as control in animal studies was prepared by H-1PV exposure to UV
light (185–254 nm for 6 hours) resulting in loss of infectivity, as confirmed
by infecting NBK cells with serial dilutions of the irradiated virus.
For the titration of H-1PV infectious progeny released from the
lymphoma cell lines, a modified replication assay was used, as previously
described.19 Briefly, cultures were infected at 0.1 pfu/cell and harvested at
12 and 72 hpi. The samples were subjected to three freeze-thaw cycles,
and serial dilutions were used to infect NBK monolayers. At 48 hpi,
infected NBK cells were transferred onto nitrocellulose filters (Whatman;
Schleicher & Schuell, Dassel, Germany). After DNA denaturation and
neutralization, filters were hybridized with a 32P-labeled H-1PV DNAspecific probe. The centers of viral replication were counted, and virus
titer was expressed as center-forming units/ml.
Cytotoxicity assays. The cells were seeded in 96-well culture plates

(Nunclon, Nunc, Germany) at 2 × 104 cells/well, incubated for 6 hours and
inoculated with H-1PV at various multiplicities of infection. At 24, 48, and
72 hpi, the fraction of viable versus dead cells was determined using the
Trypan blue dye (Fluka Chemie, Deisenhofen, Germany) exclusion test.
Data were presented as percentage of dead cells relative to the mock-treated
control. For assessment of the survival of H-1PV-infected normal peripheral blood B cells, the CellTiter96 Aqueous One Solution Cell Proliferation
(methyl tetrazolium salt) Assay (Promega, Mannheim, Germany) was
additionally used, according to the manufacturer’s instructions.

Immunostaining. For the detection of EBV replicative cycle activation,
1.5 × 106 Akata or Namalwa cells were seeded in 10-cm dishes (Nunclon)
and either H-1PV-infected (10 pfu/cell) or mock treated. In order to
induce lytic EBV replication, 4 × 106 Akata cells (positive control) were
treated with α-IgG antibody (Cappel Laboratories, Malvern, PA), as previously described.41 At 48 hpi, cells were harvested, washed, and resuspended in 50-μl phosphate-buffered saline (PBS). The cell suspension was
spread onto a slide and fixed for 20 minutes at room temperature with
either acetone (for staining against EBV gp350/220) or 4% paraformaldehyde followed by a 2-minutes permeabilization with 0.1% Triton X-100
Molecular Therapy vol. 17 no. 7 july 2009
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(for staining against EBV BZLF1). Slides were stained for 30 minutes at
37 °C in the dark with the following primary antibodies: mouse monoclonal anti-BZLF1 antibody (sc-53904; Santa Cruz Biotechnology, Santa
Cruz, CA), 1:500 in 10% heat-inactivated goat serum in PBS (PBS-Hings),
or mouse monoclonal anti-gp350/220 antibody (HB168, ATCC), 1:250
in PBS-Hings. The secondary antibody was cyanine 3–coupled goat antimouse IgG (Dianova, Hamburg, Germany).
For the detection of H-1PV NS1 protein in tumors, frozen tissue
samples from control and treated animals were cut into 15-μm sections
and placed on poly-l-lysine-coated microscope slides (Roth, Carlsruhe,
Germany). After Triton X-100 permeabilization for 20 minutes, slides
were incubated with 5% PBS-Hings for 1 hour at room temperature to
block nonspecific binding. Mouse monoclonal NS1-specific antibody
3D9, a kind gift from N. Salomé (DKFZ), was added (1:50 in PBS) for
18 hours at 4 °C. After a washing step, slides were further incubated
with the secondary antibody, cyanine 3–conjugated goat antimouse IgG
(Jackson ImmunoResearch, West Grove, PA), 1:500 in PBS, for 3 hours
at room temperature. Slides were embedded with 4′,6-diamidino-2phenylindole-containing mounting medium (VECTASHIELD; Vector
Laboratories, Burlingame, CA). Immunofluorescence was measured using
a Leica DMRBE fluorescent microscope (Leica, Bensheim, Germany) and
the analySIS software (Olympus, Germany).
Immunohistochemistry. Paraffin wax–embedded tumor sections were

dewaxed with xylene and rehydrated through graded alcohol solutions.
Endogenous peroxidase activity was quenched with 0.3% hydrogen peroxide in methanol. To block the nonspecific binding, slides were treated with
nonimmune normal rabbit serum (Dako, Zurich, Switzerland) for 1 hour.
After overnight incubation (4 °C) with the NS1-specific 3D9 antibody (1:50),
slides were washed and treated with rabbit antimouse horseradish peroxidase-labeled secondary antibody (1/200; Sigma), developed using the Dako
Envision + System (Dako) and counterstained with Mayer’s hematoxylin.

H-1PV expression and DNA replication in vivo. For the detection of virus

transcription, total RNA was extracted from residual tumors of H-1PVtreated mice using TRIzol Reagent (Invitrogen, Karlsruhe, Germany),
according to the manufacturer’s instructions. RNA was reverse-transcribed
into cDNA and quantified by reverse transcription-PCR, as previously
described.46 Virus transcripts were detected as 512- and 415-bp PCR
fragments, depending on the excision of the small intron. The following
primer pair was used: 5′-TCAATGCGCTCACCATCTCTG-3′ (forward)
and 5′-TCGTAGGCTTCGTCGTGTTCT-3′ (reverse). Human β-actin
primers have been previously described.46
H-1PV replicative forms were detected by Southern blotting. Briefly,
DNA was extracted from treated animals’ residual tumor samples using
the modified Hirt’s method,47 fractionated through 0.8% agarose gel
electrophoresis, blotted onto a Hybond N nitrocellulose membrane
(Amersham, Freiburg, Germany) and hybridized to a 32P-labeled H-1PV
DNA-specific probe.
Animal studies. Four to six-week-old female SCID mice (C.B-17/
IcrHanHsd-scid) were purchased from Harlan (Gannat, France) and
housed in a pathogen-free biocontainment facility. All manipulations
were performed in accordance with the recommendations of the National
Ethics Committee. For the generation of tumors, 5 × 106 Namalwa cells in
100-µl PBS were injected subcutaneously into the hind flank. After palpable tumors have appeared, mice received a single intratumoral injection
of infectious H-1PV (treated group) or were equivalently inoculated with
UV-inactivated virus (control group). The three-dimensional tumor size
was measured at regular intervals using a caliper. Mice were killed if any
complications due to excess tumor burden or development of macroscopically visible necrotic areas after H-1PV treatment were observed, as well
as for analytical purposes. Survival curves were plotted according to the
Kaplan–Meier method.
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Statistical methods. In vitro cytotoxicity data represent mean values with
standard deviations from three independent experiments. For the in vivo
mortality data assessment, experimental groups were compared according
to the logarithm-rank test, using the GraphPad InStat 2.05 software for
Macintosh (San Diego, CA).

Supplementary Material
Figure S1. EGFP expression after chi-H-1PV/EGFP infection of transformed versus normal B lymphocytes.
Figure S2. CD20 expression in BL cells.
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