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Multiple myeloma (MM) is a disseminated malignancy of
antibody secreting plasma cells that localize primarily to the
bone marrow. Several studies have illustrated the potential
of utilizing oncolytic viruses (measles, vaccinia, Vesicular
Stomatitis Virus and coxsackievirus A21) for the treatment of
MM, but there are significant barriers that prevent the viruses
from reaching sites of myeloma tumor growth after intrave-
nous delivery. The most important barriers are failure to
extravasate from tumor blood vessels, mislocalization of the
viruses in liver and spleen and neutralization by antiviral
antibodies. In this review, we discuss the use of various cell
types as carriers to overcome these barriers, emphasizing
their relative susceptibilities to virus infection and their
variable trafficking properties. Mesenchymal progenitor
cells, monocytes and T cells have all shown promise
as virus-delivery vehicles capable of accessing sites of

myeloma growth. However, a previously unexplored alter-
native would be to use primary myeloma cells, or even
myeloma cell lines, as delivery vehicles. Advantages of this
approach are the natural ability of myeloma cells to home to
sites of myeloma tumor growth and their compatibility with
tumor-specific viruses that cannot propagate in other carrier
cell lineages. A potential difficulty associated with the use of
myeloma cells for virus delivery is that they must be exposed
to supralethal doses of ionizing radiation before they can be
safely administered to patients. Preliminary studies are
presented in which we demonstrate the feasibility of using
irradiated myeloma cells as carriers to deliver oncolytic
viruses to sites of myeloma tumor growth in an orthotopic
human myeloma model.
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Multiple myeloma

Multiple myeloma (MM) is a disseminated malignancy
of antibody secreting plasma cells located predominately
in the bone marrow.1 The disease responds initially to
alkylating agents and corticosteroids, but eventually
becomes refractory. High-dose (myeloablative) melpha-
lan therapy followed by autologous stem cell transplan-
tation increases the number of complete remissions but
survival is not greatly prolonged.2–4 Characteristically,
the neoplastic cells also form discrete, well-vascularized
tumors (skeletal plasmacytomas) that strongly stimulate
osteoclastic bone resorption and erode into adjacent
cortical bone. Clinical complications from myeloma
include bone lesions with severe pain, hypercalcemia
and renal dysfunction.5

The biology of MM has been extensively studied and it
has been determined that chemokines in the microenvir-
onment of the bone marrow are vital for the growth and
maintenance of myeloma cells.6 The microenvironment
of the bone marrow is comprised of osteoblasts,
osteclasts, bone marrow stromal cells (BMSCs), extra-
cellular matrix proteins, lymphocytes and endothelial

cells.6 The homing of myeloma cells to the bone marrow
is, in part, dependent upon their expression of the
chemokine receptor CXCR4. The ligand for CXCR4 is the
cytokine stromal cell-derived factor1a, also known as
CXCL12, which is highly expressed in the bone mar-
row.7–9 Once in the bone marrow, the myeloma cells
adhere to BMSCs, resulting in increased cytokine
production from the myeloma cells, BMSCs and other
cells to facilitate the proliferation, survival and drug
resistance of myeloma cells.6,10–15 Some of the newer
antimyeloma drugs have been shown to target the bone
marrow microenvironment and hinder the spread of the
myeloma cells. These include thalidomide, bortezomib
and lenalidomide.16–19 Despite the availability of new
treatments, MM remains incurable and causes more than
10 000 deaths per year in the United States.20 Median
survival is approximately 4 years and alternative
approaches to therapy are urgently required. In this
review, we discuss the use of oncolytic viruses as novel
antimyeloma agents, and in particular we explore the
possibility of utilizing cell carriers to deliver oncolytic
virus to site of myeloma tumor growth.

Oncolytic viruses for the treatment of MM

Oncolytic viruses have been shown to have great
potential for the treatment of cancer due to their high
tropism for tumor cells.21,22 There are several oncolytic
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viruses that have shown promise for the treatment of
MM and they are discussed below.

Measles virus
Measles virus is a negative sense single-stranded RNA
virus belonging to the Paramyxoviridae family and
Morbillivirus genus. The attenuated MV-Edm (Edmon-
ston) strain is potentially oncolytic against several types
of cancer.23 A preliminary study illustrated that MV
replicated efficiently in several myeloma cell lines and in
myeloma cells removed from myeloma patients. In
contrast, primary phytohemagglutinin-stimulated per-
ipheral blood lymphocytes from healthy donors were not
efficiently infected with MV-Edm.24 Severe-combined
immunodeficiency mice bearing subcutaneous myeloma
xenografts were utilized to address the in vivo applica-
tion of MV-Edm for the treatment of MM. There was
complete tumor regression in severe-combined immu-
nodeficiency mice that were treated with intratumoral
injections of MV-Edm but not in tumor bearing mice that
were treated with ultraviolet-inactivated MV-Edm. In
addition, when multiple doses of MV-Edm were sys-
temically administered to mice bearing myeloma xeno-
grafts, there was an increased survival rate of mice and
increased frequency of complete tumor regression
compared to mice that received a single dose of MV-
Edm or ultraviolet-inactivated virus.

CD46 and signaling lymphocyte activation molecule
have been identified as MV receptors.25 Signaling
lymphocyte activation molecule is expressed on T cells,
B cells and monocytes, whereas CD46 is expressed on all
human nucleated cells.26 Retargeting strategies have,
therefore, been employed to increase the accuracy of MV
infection of myeloma cells. MV-Edm was engineered
such that the H protein displayed the single chain
antibody (scFv) to CD38 (MV-pCD38) at its extreme
C-terminus.27 CD38 is a cell marker used to identify
myeloma cells. CHO cells, which are naturally resistant
to MV infection, that expressed CD38 were susceptible to
MV-pCD38 infection, but not to MV-Edm. However,
virus retargeting does not appear to be necessary to
ensure selective killing of myeloma cells.

Human tumor cells generally show an increase in
CD46 expression compared to non-tumor cells.28 In
addition, a strong correlative effect has been illustrated
between increased CD46 expression and increased
potency of MV-Edm oncolytic infection.29 Bone marrow
samples collected from myeloma patients revealed a
sevenfold increase in CD46 expression levels on myelo-
ma cells compared to non-myeloma cells. In addition,
the myeloma cells showed greatly increased suscept-
ibility to MV infection, fusion and killing, which
correlated to their increased expression of CD46. CD46
appeared to be the most important cell marker on
myeloma cells determining their susceptibility to MV
oncolytic infection.30

The human sodium-iodide symporter (hNIS) is a
transmembrane ion symporter that concentrates iodide
in thyroid follicular cells and is being evaluated as a
therapeutic gene for the treatment for cancer.31,32 To
facilitate the noninvasive monitoring of oncolytic MV
and to enhance its oncolytic efficiency, the virus was
engineered to express hNIS (MV-NIS). Radioiodine was
concentrated in MV-NIS-infected cells and the concen-
tration of radioiodine increased as the MV-NIS infection

progressed. Additionally, when MV-NIS was adminis-
tered via the bloodstream to mice bearing human
myeloma xenografts, intratumoral spread of the virus
could be monitored in a noninvasive manner with
radioiodine. Furthermore, there was complete regression
of a measles resistant myeloma tumor model when MV-
NIS was combined with a therapeutic dose of radio-
iodine in the form of 131I.33 MV-NIS is currently being
administered intravenously to patients with MM in a
phase I clinical trial at Mayo Clinic.34

Vesicular stomatitis virus
Vesicular stomatitis virus (VSV) is a negative sense
single-stranded RNA virus belonging to the family
Rhabdoviridae. VSV is highly sensitive to the antiviral
effects of interferon system. Propagation of VSV is
hindered in cells that contain a functional interferon
signaling system.35 VSV has been shown to selectively
infect and kill malignant cells more efficiently than non-
malignant cells, even in the presence of interferon.36 In
addition, preliminary studies have shown that VSV is a
potent oncolytic agent even when administered systemi-
cally.37,38 Lichty et al.39 illustrated that myeloma cell lines
were susceptible to oncolytic infection by VSV and that
bone marrow progenitor cells were resistant. VSV
infection was also shown to decrease the percentage of
CD138+ cells in blood samples collected from MM
patients.

Building on this work, Goel et al.40 engineered VSVD51
to express the hNIS gene (VSVD51-hNIS) and examined
the potential of VSV radiovirotherapy for the treatment
of MM. VSVD51 has a deletion of methionine 51 in the
matrix protein (M) such that it cannot block the nuclear
export of interferon RNA and, therefore, illustrates an
increased antitumor specificity compared to VSV.36,41

Since murine cells are susceptible to VSV infection, in
vivo studies were performed using a syngeneic 5TGM1
mouse myeloma model. Mice bearing subcutaneous
5TGM1 myeloma tumors showed tumor regression and
an increased survival rate when VSVD51-hNIS was
administered by intratumoral or intravenous injection.
Furthermore, there was an increase in oncolytic activity
when VSVD51-hNIS treatment was combined with a
therapeutic dose of 131I. Intratumoral propagation of
VSVD51-hNIS could be noninvasively monitored with
radioiodine imaging. Thus, VSVD51-hNIS showed great
potential as a novel radiovirotherapy agent for the
treatment of MM.

Coxsackievirus A21
CVA21, a member of the Picornaviridae family, is a non-
enveloped, positive sense single-stranded RNA virus
that is known to cause the ‘common cold’.42 Recent
studies have illustrated that CVA21 is potentially
oncolytic for the treatment of human melanoma, both
in vitro and in vivo.43,44 Intercellular adhesion molecule-1
and decay-accelerating factor are both necessary for
CVA21 attachment and subsequent virus infection
leading to cell lysis.45 Au et al.46 recently reported that
there is an increase in the expression of both intercellular
adhesion molecule-1 and decay-accelerating factor in
MM cell lines and bone marrow biopsies obtained from
MM patients. The MM cells were susceptible to CVA21
infection and could produce progeny CVA21. In contrast,
peripheral blood mononuclear cells expressed low levels
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of intercellular adhesion molecule-1 and were not
efficiently infected with CVA21. Ex vivo CVA21 infection
of BM samples from MM patients at various stages of
their disease illustrated that the CVA21 was selectively
killing the CD138+ myeloma cells, but not CD138� cells.
These results do illustrate the potential of CVA21 to
serve as an oncolytic agent for the treatment of MM. In
addition, in vivo experiments that were recently con-
ducted in our laboratory have demonstrated that CVA21
is potentially oncolytic in mouse xenograft models of
myeloma (E Kelly et al., unpublished data).

Vaccinia virus
A case study involving a 67-year-old Japanese male with
a diagnosis of IgA MM was one of the first cases that
described the possibility of using oncolytic viruses for
the treatment of MM.47 In this particular study, the
patient was treated with attenuated vaccinia virus AS
(AS) strain. Studies prior to this had shown that the AS
strain was active in the treatment of two patients with
adenocarcinoma with minimal adverse side effects.48 The
myeloma patient received multiple doses of the AS strain
over the period of 12 weeks via the intravenous route. On
the 15th day after initiation of treatment, the serum IgA
levels started to decrease and on the 96th post-treatment
day the serum IgA level was 432 mg per 100 ml
compared to 1309 mg per 100 ml at the beginning of
treatment. The patient did not illustrate any apparent
adverse effects to the AS strain treatments.

Barriers to oncolytic virotherapy for the
treatment of MM

For the treatment of MM, the oncolytic viruses must be
delivered via the bloodstream. Once the oncolytic virus
reaches the tumor site, it must accurately and efficiently
recognize and destroy the tumor tissue. There are many

barriers that impede the delivery of ‘naked’ virions
injected via the bloodstream. Of these, the three most
significant are (i) circulating antiviral antibodies (ii)
nonspecific uptake of virus by liver, spleen and other
non-malignant tissues, and (iii) poor extravasation of the
virus from the blood vessels to the tumor site. All three of
these barriers are potentially surmountable by using cell
carriers to deliver the virus to the tumor.

Utilization of cell carriers to circumvent virotherapy
barriers
Cells are rapidly gaining popularity as delivery vehicles
for genes and viruses. An assortment of cells have been
explored in this regard, including tumor cells,49–52

outgrowth endothelial cells,53 mesenchymal progenitor
cells,54,55 T cells56,57 and monocytes.58 There are several
criteria that need to be addressed when determining
which cell type should be utilized as a carrier for the
delivery of a given oncolytic virus: (i) susceptibility to
oncolytic virus infection, (ii) protection of the cargo from
antibody neutralization, (iii) homing to sites of tumor
growth and (iv) transfer of virus progeny to tumor tissue.

Cell carriers to deliver oncolytic virus to
sites of myeloma tumor growth

For clinical applications in patients with MM, it is
important to focus on cells that can be prepared in large
numbers. Since myeloma cells reside predominately in
the bone marrow, mesenchymal progenitor cells, which
traffic to the bone marrow, should be considered as
carriers to deliver oncolytic viruses to sites of myeloma
growth. Recently, we examined plasmacytomas from
MM patients and found that they were uniformly
infiltrated with macrophages and partially infiltrated
with T lymphocytes (KW Peng et al., unpublished data).

Figure 1 Potential cell carriers for myeloma virotherapy. Schematic diagram illustrating how cell carriers could be utilized to deliver
oncolytic virus to the sites of myeloma tumor growth. Since myeloma cells reside in the bone marrow, potential cell carriers should be able to
traffic to the bone marrow. Possibilities include T cells, monocytes, mesenchymal stem cells and myeloma cells, all of which may be
autologous or allogeneic.
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These findings suggested that ideal cell carriers for
myeloma virotherapy would be mesenchymal progenitor
cells, monocytes, T lymphocytes or myeloma cells
themselves (Figure 1). The potential cell carriers could
be autologous or allogeneic.

Mesenchymal progenitor cells
Mesenchymal progenitor cells originate in the bone
marrow and can differentiate into a variety of cell types
that localize to sites of injured tissue.59,60 One study has
shown that adenovirus-infected MPCs have tumor-
homing capabilities after local or systemic administra-
tion.54,55 A major advantage of MPCs is that they are
readily available from healthy donors and can be
expanded quickly in cell culture.61 Therefore, it can be
suggested that MPCs have the potential to serve as cell
carriers for the treatment of MM, since these cells are
derived from the bone marrow and travel via the blood
vessels.

Monocytic lineage
Monocytes and their progeny express a variety of
adhesive and signaling receptors whose patterns and
levels of expression vary over time, with differentiation
and changes in activation status.62 Monocytes can
interact with vascular endothelial cells, migrate out of
blood vessels into tumors and other tissues, and
differentiate into phagocytic macrophages or dendritic
cells.63 As monocytes mature to become dendritic cells,
they increase their expression of the lymph node-homing
receptor, CCR7. Dendritic cell homing is not fully
understood and there could be other adhesion and
chemokine receptors beside CCR7 that mediate this
trafficking. In addition, monocyte-derived cells can form
synapses with heterologous cells, where adhesive inter-
actions lead to an intimate association between adjacent
cell membranes.64 Therefore, it can be hypothesized that
this interaction between infected and uninfected cells
will provide a protected microenvironment, which will
render viral glycoproteins inaccessible to circulating
antibodies. Recently, we illustrated that a monocytic cell
line infected with MV could ‘bypass’ the inhibitory
effects of MV antibodies and deliver MV to sites of tumor
growth.58

Macrophages are monocyte-derived cells that are often
found in abundance in tumors and can be categorized as
either M1 or M2 subtypes.65 M1 macrophages suppress
tumor growth, while M2 macrophages promote tumor
growth. Tumor-associated macrophages are usually M2
macrophages which support the proliferation and
survival of tumors by releasing growth factors that
promote angiogenesis and tumor matrix remodeling.66

Many tumors release monocytic chemotactic factors such
as monocyte chemoattractant protein-1 (MCP-1), also
known as CCL2, macrophage colony stimulating factor
(M-CSF), and vascular endothelial growth factor (VEGF).
Once monocytes have been recruited to the tumor
microenvironment, they differentiate into tumor-asso-
ciated macrophages. As mentioned previously, the
interaction of myeloma cells with BMSCs leads to the
release of cytokines that promote myeloma growth
progression. The secretion of VEGF by myeloma cells
may stimulate IL-6 secretion from BMSCs and both of
these cytokines promote myeloma growth.67 In addition,
IL-6 promotes the increased release of MCP-1 by

myeloma cells suggesting that IL-6 may be indirectly
promoting myeloma growth by increasing the recruit-
ment of tumor-associated macrophages.

T lymphocytes
Tumor cells express tumor-associated antigens, which
are presented in class I major histocompatibility complex
molecules at the cell surface and can be processed by
antigen-presenting cells for presentation in class II major
histocompatibility complex molecules. Circulating naı̈ve
T cells encounter and recognize the major histocompati-
bility complex peptide complexes on the tumor cells and
on the antigen-presenting cells. These interactions lead to
the generation of increased numbers of CD8+ cytotoxic T
lymphocytes that can destroy tumor tissue. To increase
the numbers of tumor-infiltrating lymphocytes, adop-
tive-cell-transfer therapy has been used to remove tumor
antigen-specific CD8+ cytotoxic T lymphocytes from
patients, expand them ex vivo and reinfuse them back
into the patient.68 Cole et al.56 recently showed that
viruses could ‘hitchhike’ on antigen-specific T cells to
reach and ‘hand-off’ therapeutic virus at tumor sites.
However, some tumors do not release sufficient amounts
of tumor-associated antigens to elicit a cytotoxic
T-lymphocyte response. In another recent study, Qiao
et al.69 took advantage of the trafficking pathway of naı̈ve
T cells, which home to lymph tissue due their CCR7
expression, to deliver VSV to draining lymph nodes and
spleen thus preventing primary tumor metastasis. They
illustrated that the adoptive transfer of T cells carrying
VSV in mice bearing subcutaneous melanoma tumors
was successful at preventing neometastatic growth in the
draining lymph nodes and the spleen.

Thorne et al.70 exploited cytokine-induced killer (CIK)
cell trafficking to deliver oncolytic vaccinia virus to sites
of tumor growth. CIK cells are non-major histocompati-
bility complex-restricted tumor-killing cells that can be
collected from patients and expanded in vitro. They
destroy tumor cells by recognizing natural killer group
2D receptor, which is expressed on many tumor cells.71

The expression of natural killer group 2D increases in
response to stress signals that are present in the tumor
microenvironment or which result from virus infection.72

There was a modestly increased survival rate in mice
bearing xenograft ovarian tumors treated with CIK cells
or vaccinia virus alone. However, when the mice were
treated with CIK cells infected with vaccinia virus, there
was complete tumor regression and 100% survival rate.
This combination therapy also increased the survival rate
in mice bearing CIK resistant tumor xenografts.

Recent studies have begun to explore the efficacy of
T-cell carriers for delivery of oncolytic viruses to sites
of MM tumor growth in the presence of antiviral
antibodies. In the case of measles virus, over 90% of
American adults have protective titers of antimeasles
antibodies.73 Ong et al.57 recently demonstrated that T
cells collected from healthy donors were susceptible to
MV infection. In vitro studies illustrated that MV-infected
T cells were able to transfer MV infection by heterofusion
with myeloma cells. In vivo, T cells infected with MV
could efficiently deliver MV to sites of tumor growth in
mice with myeloma. Significantly, the infected T cells
were more efficient than naked measles virions at
reaching sites of MM tumor growth in mice that were
passively immunized with measles antiserum.
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Myeloma cells
Primary myeloma cells are derived from antibody-
secreting plasma cells. The development of B cells into
plasma cells has been well characterized and it has been
shown that chemokine receptors and their ligands are
major determinants of the changing homing properties of
these cells as they pass through different stages of
maturation. Naı̈ve B cells develop from hematopoietic
stem cells in the bone marrow, migrate to lymph nodes,
encounter antigen, mature into plasma cells and the
plasma cells return back to the bone marrow.74 Migration
of B cells to the lymph nodes is dependent upon
increased expression of the chemokine receptor CCR7.
The ligands for CCR7 are CCL19 and CCL21, which are
abundantly expressed in lymphatic tissue.75,76 Once in
the lymph nodes, the antigen-activated B cells proliferate
in the germinal centers.77 The germinal center contains
two compartments termed light and dark zones and the
migration of B cells between the two zones is dependent
upon a chemokine expression gradient. B cells proliferate
in the dark zone and interact with their target antigen in
the light zone. The light zone contains many processes

from the follicular dendritic cell network and B cells pick
up antigen here. B-cell progeny emerging from the dark
zone express abundant CXCR5 and therefore polarize to
the light zone where the chemokine CCL13 (its receptor
is CXCR5) is highly expressed in the follicular dendritic
cells. Once B cells encounter antigen, their expression of
CXCR4 is quickly increased. CXCL12, the ligand for
CXCR4, is expressed at a higher concentration in the
dark zone than in the light zone of the germinal centers.
Therefore, the B cells successfully competing for access to
antigen in the light zone migrate to the dark zone for
another round of replication.78,79 Before B cells exit the
germinal centers, they lose their expression of CCR7.
Subsequently, they rapidly differentiate into long-lived
plasma cells or memory B cells, their increased CXCR4
expression allowing them to return to the bone marrow,
where CXCL12 expression is abundant.80,81

Myeloma plasma cells are derived from normal
plasma cells and therefore exhibit similar homing
properties. Thus, primary myeloma cells are negative
for CCL7, express abundant CXCR4 and home efficiently
to the bone marrow.82,83

Figure 2 Colony-forming ability and cellular proliferation of
irradiated 5TGM1 cells. (a) 5TGM1 cells (7� 104) were treated with
0, 16 or 40 Gy of g-irradiation. Irradiation was performed at room
temperature with a 137Cs unit (JL Shepherd, Mark I, Model 25, CA,
USA) on a rotating platform at a dose of 0.5 Gy min�1. Clonogenic
assays were read on day 14 when cell colonies consisting of >50 cells
were counted and expressed relative to the colony number in the
untreated sample. (b) The 5TGM1 cells were irradiated as described
above. At various times after irradiation, a 3-[4,5]dimethylthiazol-
2,5-diphenyltetrazolium bromide cell viability assay was performed
following manufacturer’s instructions (Cell Proliferation Kit I,
Roche, Indianapolis, IN, USA). The data are presented as percent
cell viability (OD of the test sample/OD of the control� 100). Each
value represents a mean±s.d. of three independent experiments.

Figure 3 Irradiated 5TGM1 cells can be efficiently infected with
VSV-GFP and can propagate the virus. (a, c) Irradiated (40 Gy) cells
were infected with VSV-GFP (MOI¼ 5). Twelve hours after
infection, the cells were photographed under (a) phase contrast
and (c) blue FITC filter. (b, d) Uninfected irradiated 5TGM1 cells
were also photographed under the (b) phase contrast and (d) blue
FITC filter. (e) Irradiated 5TGM1 cells were infected with VSV-GFP
(MOI¼ 0.5, 1 and 5) for 30 min at 37 1C, supernatants were
harvested at 48 h after infection and virus titers (TCID50 per ml)
were determined on Vero cells. Each value represents a mean±s.d.
of three independent experiments. FITC, fluorescein isothiocyanate;
GFP, green fluorescent protein; MOI, multiplicity of infection; VSV,
vesicular stomatitis virus.
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Feasibility study of myeloma cells as
carriers for oncolytic virus delivery

Myeloma cells have an increased expression of CXCR4
and home to sites of MM tumor growth in the bone
marrow. Also, tumor cells from histologically similar
tumors are known to preferentially bind with one
another,49 which might be expected to aid in the transfer
of oncolytic virus infection from a myeloma cell carrier to
uninfected myeloma cells. We therefore performed
experiments to evaluate the use of MM cells as cell
carriers for the treatment of MM with oncolytic viruses.
While primary myeloma plasma cells are readily avail-
able from the bone marrow, they cannot be expanded
ex vivo and reinfused back into the patient, which is a
significant limitation. It would be considerably more
convenient to use a myeloma cell line that is readily
available at all times. We, therefore, sought to determine
whether myeloma cell lines can provide a suitable carrier
for the delivery of oncolytic VSV to sites of myeloma
tumor growth.

The 5TGM1 murine myeloma cell line utilized in this
present study is a variant of the parental 5T murine
myeloma, which originated in C57BL/KaLwRij mice that
spontaneously develop MM.84 In order for tumor cells to
be administered into human patients, the cells must be
exposed to ionizing radiation. The FDA has previously
mandated a dose of 40 Gy to prevent cell proliferation
with certainty, thus eliminating the possibility of neo-
metastatic growth. Studies have shown that tumor cells
exposed to 15–45 Gy of g-radiation could still be used as
carriers for in vivo delivery of oncolytic herpes virus and
parvoiruses.49,52

Susceptibility of 5TGM1 myeloma cells to ionizing
radiation
To determine whether 40 Gy of g-radiation was sufficient
to destroy the clonogenicity of 5TGM1 cells, the cells

were exposed to 16 and 40 Gy of ionizing radiation and a
methylcellulose clonogenic assay was utilized to deter-
mine cell proliferation. Directly after irradiation the cells
(7� 104) were washed with phosphate-buffered saline
(PBS) and resuspended in 0.5 ml of Iscove-modified
Dulbecco medium supplemented with 10% fetal bovine
serum and penicillin-streptomycin antibiotics. The 0.5 ml
cell suspension was added to 2.5 ml 1.2% methylcellu-
lose medium and the mixtures were plated in 35-mm
Petri dishes and maintained at 37 1C and 5% CO2. After
14 days incubation, colonies that contained greater than
50 cells were counted in both irradiated and non-
irradiated cell populations. As illustrated in Figure 2a,
16 or 40 Gy ionizing radiation completely inhibited the
colony formation of 5TGM1 cells. Despite the accumula-
tion of lethal DNA mutations that destroy clonogenicity,
irradiated cells may remain metabolically viable for long
periods of time. Viability of the irradiated cells was
therefore analyzed at various times post-irradiation
using a 3-[4,5]dimethylthiazol-2,5-diphenyltetrazolium
bromide cell viability assay. At 24 h after irradiation,
almost 100% of the cells were still viable (Figure 2b).
Interestingly, at 96 h after irradiation, about 40–50% of
irradiated cells remained viable. These results show that
although the irradiated myeloma 5TGM1 cells no longer
proliferate, they still maintain their metabolic viability
for at least 4 days after they have been irradiated.

Susceptibility of irradiated 5TGM1 cells to VSV-GFP
infection
To determine susceptibility to VSV-green fluorescent
protein (GFP) infection, the irradiated cells were infected
with VSV-GFP (multiplicity of infection (MOI)¼ 5).
Immediately following irradiation virus was added to
the cells for 30 min at 37 1C, free virus was then removed
and the cells were washed with PBS and resuspended in
fresh Iscove-modified Dulbecco complete medium. At
12 h after infection, the infected cells were photographed

Figure 4 Transfer of VSV-GFP infection from irradiated 5TGM1 cells to uninfected 5TGM1 cells. (a–d) Infected, irradiated cells (1�106) were
infected with VSV-GFP (MOI¼ 5) and mixed with cherry red irradiated 5TGM1 cells (1�106). Micrographs were taken at � 20 magnification under
(a) phase contrast, (b) blue FITC filter, (c) Texas Red filters and (d) dual filter. (e–h) As a control, uninfected irradiated cells were mixed with cherry-
red irradiated 5TGM1 cells as described above. The control cells were photographed under (a) phase contrast, (b) blue FITC filter, (c) Texas Red filter
and (d) dual filter. FITC, fluorescein isothiocyanate; GFP, green fluorescent protein; MOI, multiplicity of infection; VSV, vesicular stomatitis virus.
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using a fluorescence microscope. As illustrated in
Figures 3a and c, at 12 h after infection, the VSV-GFP
exposed myeloma cells were strongly GFP positive
indicating that they had been efficiently infected
with VSV-GFP. In addition, we were not able to detect
GFP-positive cells in uninfected 5TGM1 population
(Figures 3b and d). Similar results were obtained when
the irradiated cells were infected with VSV-GFP
(MOI¼ 0.5 and 1) (data not shown).

We next sought to determine whether irradiated
5TGM1 cells could release VSV-GFP progeny after they
had been infected. Briefly, irradiated and non-irradiated
cells were infected with VSV-GFP (MOI¼ 0.5, 1 and 5) as
described previously. At 48 h after infection, culture
supernatants from infected cells were collected and virus
titers were determined on Vero cells using TCID50

titration method. As depicted in Figure 3e, cells exposed
to 40 Gy were still able to produce significant amounts
of VSV-GFP, although there was a slight decrease in
progeny virus production compared to non-irradiated
cells.

Virus transfer from VSV-infected 5TGM1 carriers to
uninfected myeloma cells
Myeloma cells infected with VSV-GFP were co-cultured
with target uninfected myeloma cells to determine if
VSV-GFP infection could be transferred. To visualize
the targeted cells, we generated 5TGM1 expressing the
cherry red reporter gene (5TGM1-Cherry) using a lenti-
vector expression system. Briefly, irradiated (40 Gy)
5TGM1 cells were infected with VSV-GFP (MOI¼ 5) as
described above. At 4 h after infection, the cells were
washed twice in PBS and mixed with uninfected 5TGM1-
Cherry cells in a 1:1 ratio. As illustrated in Figure 4d,
efficient transfer of VSV infection resulted in cells that
were both GFP and cherry red positive.

In vivo trafficking and antitumor activity of
VSV-infected 5TGM1-Luc cells
Since the results of our in vitro studies seemed promis-
ing, we next evaluated the in vivo trafficking of VSV-
infected myeloma cells. In this pilot myeloma cell
trafficking study, we used an orthotopic human myelo-
ma model where irradiated (150 cGy) female non-obese
diabetic/severe-combined immunodeficiency mice were
challenged intravenously with 107 KAS/61 cells. Human
myeloma paraprotein (IgG-k) levels were measured in
blood samples from these mice to monitor myeloma
progression. On day 65, mice with detectable levels of
IgG-k were randomized into control and treatment
groups. The control group (n¼ 2) received one adminis-
tration of irradiated (40 Gy) 5� 106 5TGM1-Luc cells via
the tail vein. To monitor the cells in the mice after
systemic administration, they were transduced with
luciferase reporter gene using a lentivector expression
system. The treated group (n¼ 3) were given 5� 106 of
VSV-infected 5TGM1-Luc cells systemically. Briefly, the
irradiated (40 Gy) 5TGM1-Luc cells were infected with
VSV-GFP (MOI¼ 5.0). Four hours after infection, the cells
were washed three times in PBS and then introduced
into mice via the tail vein. The Xenogen IVIS 200
Bioluminescence system was utilized to detect luciferase
activity from the 5TGM1-Luc cells. Briefly, mice were
injected intraperitoneally with D-luciferin and then were

anesthetized via isoflurane inhalation. Mice were then
placed on the imaging platform and images were taken
within 5 min after injection of luciferin. As illustrated in
Figure 5, both the VSV-infected 5TGM1-Luc and unin-
fected 5TGM1-Luc cells were detected in the lungs at
30 min after infusion. However, at 24 h after administra-
tion, luciferase activity was no longer detectable in lung,
but was instead detected in the liver. There was no
detectable luciferase signal in mice that received VSV-
infected cells at the 24- or 48-h time points, suggesting
that the VSV-infected cells had been killed by the VSV
infection.

Six days after 5TGM1 cells were injected, we collected
serum samples from both the control and treated groups
and measured human IgG-k levels. As illustrated in
Figure 6, in mice that received only 5TGM1-Luc cells,
there was an increase in human IgG-k levels, indicating
that the myeloma progressed. However, in mice that

Figure 5 Trafficking of VSV-GFP-infected cells in orthotopic
myeloma tumors in mice. Non-obese diabetic/severe-combined
immunodeficiency mice with disseminated myeloma were infused
intravenously with irradiated 5TGM1-Luc cells (5� 106) preinfected
with VSV-GFP (MOI¼ 5) or only with 5TGM1-Luc cells (5� 106), at
9 weeks post-myeloma cell implantation via tail-vein injection.
Bioluminescent imaging to detect the 5TGM1-Luc signal in mice
was performed at 30 min, 24 and 48 h after cell therapy. The level of
cellular firefly luciferase is expressed as photons per second per
cm2. GFP, green fluorescent protein; MOI, multiplicity of infection;
VSV, vesicular stomatitis virus.

Cell carriers to deliver oncolytic viruses
A Munguia et al

803

Gene Therapy



received VSV-infected 5TGM1-Luc cells, there was only a
small increase, or in one mouse a decrease in human
IgG-k levels, which indicated a decrease in myeloma
progression. To study the trafficking of VSV-infected
5TGM1-Luc cells, on day 6 after treatment, the mice were
killed and cells from the spleen were harvested, washed
three times in PBS and overlaid onto Vero cell mono-
layers in a 1:1 ratio. The following day, the cell
monolayers were examined under fluorescence micro-
scopy to detect GFP-positive cells, which would indicate
the presence of VSV-GFP. The spleen is a hematopoietic
organ in mice and myeloma cells have been show to
localize in both spleen and bone marrow in mouse
models.85 In two out of three treated mice, we were able
to recover VSV-GFP from spleen tissue (data not shown).
As expected, VSV was not recovered from the control
group animals (data not shown). Thus, the irradiated,
VSV-infected 5TGM1 myeloma cells were able to deliver
replication competent VSV to sites of myeloma tumor
growth.

Conclusion

Multiple myeloma is a disseminated, incurable disease
that offers an excellent paradigm for systemic oncolytic
virus therapy. There have been several studies that have
demonstrated the promise of oncolytic viruses as a novel
approach to treat MM. Since, MM is a disseminated
disease, the oncolytic viruses must be delivered via the
bloodstream. There are many barriers that prevent
intravenously delivered oncolytic viruses from efficiently
reaching the sites of tumor growth and destroying the
tumor. To address these barriers, recent studies used cell
carriers to deliver oncolytic virus to sites of tumor
growth. In this review, we discussed four cell types
(tumor cells, T cells, monocytes and mesenchymal
progenitor cells) that can traffic to the bone marrow,
the major site of myeloma growth, and that should be
considered as candidates to deliver oncolytic viruses to
the sites of myeloma growth. We performed feasibility
studies demonstrating that MM cells can be used to

deliver VSV-GFP to the sites of myeloma tumor growth.
Our results indicate that murine 5TGM1 myeloma cells
can be irradiated to destroy clonogenicity, but that the
irradiated cells retain their metabolic viability for at least
4 days thereafter. In addition, the irradiated 5TGM1 cells
remained susceptible to VSV-GFP infection and were
able to produce VSV-GFP progeny at levels similar to
unirradiated cells. In a pilot myeloma cell trafficking
study, we used an orthotopic human myeloma model
and delivered VSV-GFP-infected myeloma cells systemi-
cally. Our results are still preliminary but they do show
that VSV-GFP-infected myeloma cells can be used to
deliver VSV-GFP intravenously to the sites of myeloma
tumor growth. Based on the preliminary results we
presented in this review, we are performing additional
studies to determine the optimal cell carrier for the
treatment of MM.
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