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Abstract: Hematological malignancies are treated with intensive high-dose chemotherapy, with
or without radiation. This is followed by hematopoietic stem cell (HSC) transplantation (HSCT)
to rescue or reconstitute hematopoiesis damaged by the anticancer therapy. Autologous HSC
grafts may contain cancer cells and purging could further improve treatment outcomes. Similarly,
allogeneic HSCT may be improved by selectively purging alloreactive effector cells from the graft
rather than wholesale immune cell depletion. Viral agents that selectively replicate in specific
cell populations are being studied in experimental models of cancer and immunological diseases
and have potential applications in the context of HSC graft engineering. This review describes
preclinical studies involving oncolytic virus strains of adenovirus, herpes simplex virus type 1,
myxoma virus, and reovirus as ex vivo purging agents for HSC grafts, as well as in vitro and in
vivo experimental studies using oncolytic coxsackievirus, measles virus, parvovirus, vaccinia
virus, and vesicular stomatitis virus to eradicate hematopoietic malignancies. Alternative ex
vivo oncolytic virus strategies are also outlined that aim to reduce the risk of relapse following
autologous HSCT and mitigate morbidity and mortality due to graft-versus-host disease in
allogeneic HSCT.

Keywords: hematopoietic stem cells, oncolytic virus, hematopoietic stem cell transplantation,
stem cell graft purging, hematopoietic malignancy, graft vs host disease

Introduction

High-dose chemotherapy, with or without radiation, followed by hematopoietic stem
cell transplantation (HSCT) is most commonly used for the treatment of malignancies
such as acute leukemia, lymphoma, and myeloma. HSCT can rescue or reconstitute
hematopoiesis damaged by anticancer therapy, improving outcomes by allowing
larger doses to be given. HSCT has also been used for nonmalignant diseases such as
immunodeficiencies, hemoglobinopathies, and autoimmune cytopenias, as well as rheu-
matological, neurological, and gastrointestinal autoimmune disorders.! The engrafted
hematopoietic stem cells (HSCs) function as a vehicle for providing the corrected gene
product (providing metabolic enzymes or replacing cells with a mutant hemoglobin
gene, such as in sickle cell disease or thalassemia), or for replacing abnormal immune
systems (congenital immunodeficiency and autoimmune diseases).

HSCs can be obtained from the bone marrow, from the circulation after mobiliza-
tion from the marrow, and from umbilical cord blood.? The use of mobilized peripheral
blood stem cell products has become more prevalent due to donor preference, rapidity
of engraftment, and the higher yield of stem cells. Both related and unrelated donors
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(allogeneic) and the patient themselves (autologous) can
serve as sources of HSC graft products. Disease type and
donor availability are used to determine the type of HSC
graft used.

Autologous HSCT is associated with higher relapse rates
than allogeneic HSCT.? Relapse, at least in part, may come
from tumor cells contaminating the autologous peripheral
blood product.* Strategies to eliminate tumor contamination
have been attempted, such as positive selection of CD34* HSC
from the graft or ex vivo incubation with cytotoxic agents;
however, they have largely remained ineffective in altering
the outcome of autologous HSCT.

Allogeneic HSCT can result in graft-versus-host disease
(GvHD), a major complication wherein donor immune cells
react against the recipient’s tissue. A significant amount of
the morbidity and mortality associated with allogeneic HSCT
can be attributed to GvHD effects or complications of its
treatment. Immunosuppressive drugs, starting just before
graft infusion, are required to mitigate the risk of developing
GvHD. Alternatively, the depletion of donor lymphocytes
from the HSC graft product, predominantly by immuno-
magnetic selection, has been used to reduce the subsequent
risk of GvHD.*7

Better purging methods are required to reduce the tumor
contamination of the graft in order to improve the outcome
associated with autologous HSCT. Similarly, outcomes of
allogeneic HSCT may be improved by selectively removing
the alloreactive effector cells in a graft rather than whole-
sale immune cell depletion. Viral agents that selectively
replicate in specific cell populations are being studied in
experimental models of cancer and immunological diseases,
and they have potential applications in the context of HSC
graft engineering. In this review, we summarize the progress
made using oncolytic viruses (OVs) as ex vivo purging agents
for HSC grafts.

Tumor contamination of autologous
HSC graft products

Autologous HSC graft products may be contaminated with
cancer cells. Clinical experience has shown variable rates
of contamination, which have ranged from a few percent
to nearly all of the graft products examined in different
reports.® This heterogeneity is undoubtedly related to the
extent of the underlying disease, the mobilization and collec-
tion procedures used, the detection cut-off, and the method
used for tumor cell detection. Tumor cell loads between a
few malignant cells per 100,000 nucleated blood cells to
several percent of the cells in a graft product have been

reported.”'® Some clinical studies have shown a correlation
between reinfusion of grafts containing residual cancer cells
and higher rates of relapse.!!*? For instance, in a Phase II
clinical trial of autologous bone marrow transplantation for
non-Hodgkin’s lymphoma, patients whose grafts were free of
lymphoma cells, as determined by polymerase chain reaction
(PCR) for the B-cell lymphoma 2 (Bcl2) translocation, had
significantly longer relapse-free survival when compared to
the survival of patients with detectable lymphoma cells.'* This
finding suggests that reinfusion of cancer cells contributes to
relapse. Purging unwanted cancer cells from the graft could
reduce the risk of relapse by preventing the reintroduction
of cancer-initiating cells. The ultimate goal of any purging
method is to accomplish tumor cell depletion while leaving
normal hematopoietic progenitor cells unharmed.

One ex vivo purging strategy involves isolating
hematopoietic progenitor and stem cells away from all other
cells, including tumor cells, by positively selecting cells
expressing a stem cell antigen, CD34. Briefly, iron-con-
taining beads coated with anti-CD34 antibodies are mixed
with the autologous graft product and the antibody-bound
cells are isolated magnetically using semiautomated clinical
scale devices.'* This method has been tested on autologous
graft products obtained from patients with breast cancer,
neuroblastoma, myeloma, and lymphoma.'>!® To date,
there has only been one randomized controlled clinical trial
evaluating the efficacy of an ex vivo purging technology.’
This multicenter Phase III clinical trial tested whether the
use of CD34* immunomagnetic selected purged autolo-
gous HSCT conferred a survival benefit over unselected
grafts for patients with multiple myeloma. Unfortunately,
no significant difference in relapse-free survival or overall
survival was observed between the purged and control
HSCT groups.’ While this result indicates that the condi-
tioning regimen chemotherapy was unable to completely
eliminate all the myeloma-initiating cells, it is possible that
the inefficiency of CD34" selection techniques in purging
these tumor cells from the autologous graft product con-
tributed to the lack of demonstrable effect attributable to
CD34 selection.

Ex vivo purging has also been performed using a cancer-
specific marker that is not expressed on hematopoietic pro-
genitor and stem cells. This technique utilizes antibodies that
specifically bind surface markers that are highly expressed
on the malignant cells. Antibody-directed effector mecha-
nisms include complement activation or antibody-conjugated
toxins. For example, a combination of anti-CD10, anti-CD20
antibodies and rabbit complement have been used to purge
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B-cell lymphoma cells contaminating autologous bone
marrow grafts.'

A third ex vivo purging strategy involves exposing the
graft product to cytotoxic pharmacologic agents. Drugs such
as 4-hydroperoxycyclophosphamide or mafosfamide have
been tested as purging agents. Unfortunately, the narrow
therapeutic window of the cytotoxicity produced by these
chemicals results in drastically reduced progenitor cell
numbers and viability, resulting in prolonged post-transplant
pancytopenia.'®*

Current clinically-tested ex vivo purging technologies
do not have the capacity to effectively purge cancer cells
while maintaining the function of the autologous HSC graft
product. OVs infect and kill cancer cells while sparing
normal tissue. Research has largely focused on the in vivo
applications of these biotherapeutic agents. However, certain
OVs may play arole in identifying malignant cells in a graft
product. They may be practical tools that can function as
ex vivo purging agents, with the ability to eradicate residual
cancer cells from autologous graft products.

Viral agents to detect contaminating
tumor cells in HSC graft products

A variety of techniques have been used to detect microscopic
amounts of cancer, often described as minimal residual
disease. Where tumor-specific antigens are known, monoclo-
nal antibodies can be used to identify tumor cells with flow
cytometry or immunocytochemistry. However, malignant
leukemia cells often express the same array of antigens as
normal hematopoietic cells. An alternative, and more sensi-
tive approach, involves detecting tumor-specific mutations or
translocations by PCR or fluorescent in situ hybridization.??
These methods are most effective for malignancies with
characteristic genetic abnormalities, such as the Philadelphia
translocation (chronic myelogenous leukemia).

OVs infect and replicate in a cancer-specific manner as
they exploit defective antiviral signaling pathways in these
cells. By integrating a detectable marker into these viruses,
OVs could be used to detect and differentiate malignant
cells from normal hematopoietic cells. Bioimaging reporter
genes, such as green fluorescent protein (GFP), firefly
luciferase, HSV-1 thymidine kinase, or human sodium iodide
symporter (NIS), have already been engineered into several
OV candidates (Table 1). Furthermore, preclinical studies
have shown that many OVs infect malignant leukemia,
lymphoma, and myeloma cells. The measles virus (MV)
has been engineered to express human NIS (MV-NIS).
Expression of the symporter in an infected cell leads to

Table | Oncolytic viruses with reporter genes used for the
detection of human cancer

Transgenes Detection Oncolytic References
methods viruses
Human sodium/ Positron Adenovirus 23
iodide symporter  emission Herpes simplex 24
(NIS) tomography virus type |
Measles virus 25
Vaccinia virus 26
Vesicular 27
stomatitis virus
Thymidine kinase ~ Positron Adenovirus 28
from herpes emission Herpes simplex 29
simplex virus tomography virus type |
type | (HSV-I-tk)
Fluorescent Light source Adenovirus 30
protein (eg, green  with filter Measles virus 31
fluorescent Myxoma virus 32
protein [GFP]) Vaccinia virus 33
Vesicular 34
stomatitis virus
Firefly luciferase Charged- Adenovirus 35

coupled device Herpes simplex 36

camera virus type |
Vaccinia virus 37
Vesicular 38

stomatitis virus

the accumulation of radioiodine ("*'I) in these cells and
ultimately results in their death. They become detectable
by positron emission tomography following the accumula-
tion of radioisotopes in these cancer cells. OVs could be
used as detection tools for contaminating cancer cells in
autologous HSC grafts.

Viral ex vivo tumor purging agents
OVs kill cancer cells through a number of distinct
mechanisms. While tumor lysis after viral infection is the
most direct mechanism of killing, following infection,
OVs destroy tumor vasculature, induce inflammation in the
tumor, and recruit innate and adaptive immune responses.
Furthermore, these effector mechanisms are selectively
operative in the tumor environment. Preclinical and clinical
studies have shown OVs to be safe in normal tissues.*
While the initial clinical experience using replication-
competent OVs to treat patients with solid tumors has not
resulted in illness associated with viral replication, patients
with hematopoietic cancers are generally highly immune sup-
pressed and are possibly at greater risk for toxicity. Patients
undergoing HSCT are even more severely immune deficient
and at higher risk of untoward complications following
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systemic treatments with OVs. Viral replication is restricted to
cancer cells making OV suitable for ex vivo graft purging. Ex
vivo purging of tumor cells from autologous stem cell grafts
could reduce tumor burden while minimizing the exposure of
immune-deficient or immune-suppressed patients to potential
morbidity from replication-competent OV agents.

To function as an ex vivo purging agent, OVs must
directly infect and selectively kill malignant cells as down-
stream mechanisms, reliant on vasculature or immunity,
which are not operative. It is important to note that viral
replication may not be required, as high multiplicities of
infection (MOIs) could be used. Secondly, viruses should not
affect normal hematopoietic elements. Antiviral pathways
suppress proliferation and could reduce the engraftment

of hematopoietic stem and progenitor cells (ie, interferon
suppresses normal hematopoiesis).*® Caution must be
taken to monitor antiviral cytokines in the graft following
OV treatment. Methods to mitigate the negative effects of
these cytokines might include choosing OVs that selectively
infect only the malignant cells, or it may involve the use of
antibodies or reagents that block inflammatory cytokine
signaling.

Harnessing the tumor-selective killing of OVs for ex vivo
purging of contaminating tumor cells in a stem cell graft
product could be beneficial in the clinical setting. The fol-
lowing discussion will focus on OV candidates that have been
tested as ex vivo purging agents for autologous HSC graft
products, and the suitability of other OVs that have yet to be

Table 2 Oncolytic viruses for ex vivo purging of hematopoietic malignancies in autologous bone marrow graft products

Oncolytic Virus type Malignancies Preclinical testing as an ex vivo  Undergoing clinical testing  References
viruses targeted purging agent as an oncolytic agent?
Adenovirus Double-stranded Breast cancer, Infects cell lines Clinically approved in the 48,49,
DNA leukemia, Infects primary cells People’s Republic of China 53-56,58
lymphoma Does not infect normal precursors (Oncorine)
Capable of ex vivo purging
Coxsackievirus  Single-stranded, Myeloma Infects cell lines Yes 85
positive-sense Infects primary cells
RNA Does not infect normal precursors
at low MOls
Herpes Double-stranded Breast cancer, Infects cell lines Yes 60,61
simplex DNA lymphoma Infects primary cells
virus type | Does not infect normal precursors
Capable of ex vivo purging
Measles virus Enveloped, single- Myeloma Infects cell lines Yes 31,89
stranded, negative- Infects primary cells
sense RNA Does not infect normal precursors
Myxoma virus Enveloped, Leukemia, Infects cell lines No 32,65,66
double-stranded myeloma Infects primary cells
DNA Does not infect normal precursors
Capable of ex vivo purging
Capable of graft purging tested
xenotransplantation models
Parvovirus Single-stranded Lymphoma Infects cell lines Yes 82
DNA Infects primary cells
Does not infect normal precursors
Reovirus Double-stranded Lymphoma, Infects cell lines Yes 43,46
RNA myeloma Infects primary cells
Does not infect normal precursors
Capable of ex vivo purging
Capable of graft purging tested
xenotransplantation models
Vaccinia virus Enveloped, Myeloma Infects cell lines Yes 33
double-stranded Infects primary cells
DNA Does not infect normal precursors
Vesicular Enveloped, single- Leukemia, Infects cell lines Yes 34,78
stomatitis stranded, negative- lymphoma, Infects primary cells
virus sense RNA myeloma Does not infect normal precursors

Abbreviation: MOls, multiplicities of infection.
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applied in this context. Table 2 contains a brief summary of
these agents.

Agents that have been used in
preclinical models of graft purging

Reovirus

Reovirus is a nonenveloped double-stranded RNA virus
that naturally infects humans, resulting in generally asymp-
tomatic upper respiratory tract infections. Reovirus is
internalized by binding to sialic acid receptors on the cell
surface. Transformation by the ras oncogene, commonly
found in some cancers, results in defective interferon sig-
naling, allowing for selective reovirus replication in tumor
cells.*42

In vitro, reovirus does not affect human progenitor cell
viability or colony-forming capacity, yet the virus is able to
kill malignant lymphoid cells.*** Effective reovirus-induced
cytotoxicity has been shown against indolent lymphoid
malignancies such as chronic lymphocytic leukemia, and
more aggressive lymphoid malignancies such as diffuse large
B-cell lymphoma. These studies suggested that reovirus could
be utilized as an ex vivo purging agent for hematopoietic
malignancies.

Reovirus has demonstrated efficacy in preclinical mod-
els of multiple myeloma. Thirukkumaran et al** found that
reovirus infected several human myeloma cell lines and pri-
mary myeloma cells isolated from patients. The group also
showed that human stem and progenitor cells treated with
reovirus were able to engraft sublethally irradiated immune-
deficient mice, but these studies did not quantify changes in
hematopoietic precursor numbers following OV treatment.

In a separate study, Thirukkumaran et al*® seeded human
HSC grafts with human myeloma cell lines, and showed
depletion of the myeloma cells following exposure to live
reovirus, using flow cytometry and PCR detection strategies.
RPMI 8226 contaminated HSC graft product treated with
live reovirus successfully engrafted sublethally irradiated
mice, which had prolonged survival compared to control
mice transplanted with RPMI 8226 spiked grafts treated
with killed reovirus.

Currently, reovirus (Reolysin®; Oncolytics Biotech®
Inc., Calgary, AB, Canada) is being tested in a number
of single-agent and combination Phase I, II, and III trials
for different solid cancers.*’” Intriguingly, given its safety
profile, Reolysin® is being tested as a systemic agent alone
and in combination with chemotherapeutic agents in two
Phase I trials for relapsed multiple myeloma. While, reo-
virus shows promise as an ex vivo purging agent, there are

no ongoing clinical trials testing Reolysin® as a stem cell
graft purging agent.

Adenovirus

Adenovirus (Ad) is a double-stranded DNA virus that causes
upper respiratory tract and enteric infections in humans.
There are 57 serotypes (1-57) of the seven Ad species (A—G).
Binding to the coxsackie and Ad receptor (CAR) is used by
many Ad species to initiate cell entry. Studies using adenovi-
ral gene therapy vectors (Adv) for the modification of CD34*
hematopoietic stem and progenitor cells found that these cells
lack CAR and exhibit poor infection efficiency.** These
replication-incompetent Adv have been tested as ex vivo
purging agents that selectively express prodrug-converting or
proapoptotic enzymes in nonhematopoietic malignancies.™!
An Adv-expressing cytosine deaminase was found to purge
as many as six logs of breast cancer cells.’> These agents
do not harm HSC engraftment following transplantation
into immunodeficient mice.*>%5? An array of replication-
competent Ad strains (AdS, Ad6, Ad26, and Ad48) selectively
killed human CD138* multiple myeloma cells while sparing
CD138 normal bone marrow cells.>* Comparably, a panel of
species D Ad types, Ad26, and Ad48 Ad serotypes, exhibited
the best killing of human B-cell cancers.>

Conditionally replicative Ad5 (CRAd) with replication
mediated by a midkine promoter was tested as an ex vivo purg-
ing agent for neuroblastoma and Ewing’s sarcoma. Midkine
is a heparin-binding growth factor and its overexpression in
these cancer cell lines correlated with enhanced CRAd killing,
as determined by MTS viability assays and colony-forming
assays.> In contrast, the colony-forming capacity of bone mar-
row CD34" stem cells, which express low levels of midkine,
remained unaffected even at a MOI of 1,000.

A challenge for CRAd therapy of leukemia is the lack
of CAR expression. ColoAd1 (known as Enadenotucirev;
PsiOxus Therapeutics, Ltd., Oxford, UK), a chimeric Ad cur-
rently in clinical testing, merits investigation as a HSC graft
purging agent. While this virus was isolated from directed
evolution on colon cancer cells, it binds to CD46, a cell sur-
face protein that is highly expressed on many hematopoietic
malignancies.**’ Jin et al*® constructed a CRAd expressing
chimeric Ad5/35 knob fiber and tumor necrosis factor-related
apoptosis-inducing ligand (SG235-TRAIL) to retarget and
enhance CAR-independent CRAd killing of leukemia cells.
The group found that SG235-TRAIL abrogated the colony-
forming ability of several leukemia cell lines and primary
acute myeloid leukemia (AML) blasts, while sparing healthy
bone marrow mononuclear cells.
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An oncolytic Ad with E1B-55k deletion (known as
Oncorine®; Shanghai Sunway Biotech Co., LTD., Shanghai,
People’s Republic of China) is currently the only clinically
approved OV in the world. The Chinese Health Regulatory
Body has approved its use for the treatment of head and neck
cancer. Although oncolytic Ad has limited experience as an
ex vivo purging agent for hematopoietic malignancies, CRAd
and retargeted iterations show potential as ex vivo purging
agents for hematopoietic malignancies contaminating stem
cell graft products.

Herpes simplex virus type |

Herpes simplex virus type 1 (HSV-1) is a double-stranded
DNA virus responsible for recurrent mucosal (oronasal,
genital) infections in humans. Occasionally, HSV-1 can
cause more serious infections such as encephalitis. Several
genetic modifications of HSV-1 have been introduced to
create strains with reduced viral pathogenicity and improved
oncolytic abilities.” Hu et al®® showed that the JS-1 strain
could selectively kill MDA-MB-231 breast cancer cells
when mixed with healthy bone marrow. Additionally, bone
marrow samples from breast cancer patients were effectively
purged with up to a 95% reduction of contaminating cancer
cells, as quantified by cytokeratin-19 expression. Oncolytic
HSV-1 can also infect and replicate in T-cell lymphomas and
Burkitt’s lymphoma cell lines.®! Currently, talimogene laher-
parepvec or T-VEC (Amgen Inc., Thousand Oaks, CA, USA),
an oncolytic strain of HSV-1 expressing human granulocyte
macrophage colony-stimulating factor (GM-CSF), is under-
going Phase III clinical trials for melanoma. The selective
killing of malignant cells while maintaining hematopoietic
colony-forming capacity highlights the potential role of
HSV-1 as a stem cell graft-purging agent.

Myxoma virus
Myxoma virus (MYXV) is a poxvirus, but in contrast to vac-
cinia virus (VACV), it does not infect humans.®* Pathogenicity
is tightly restricted to rabbits, and there have been no reported
complications in humans or immune-deficient mice exposed
to the virus.®* While it was once thought that this tropism was
particular to European rabbits, productive infection occurs in
human cancer cells with defective Akt signaling pathways.*
MY XYV has been tested as an ex vivo purging agent. Kim
et al*? showed that MYXV could infect and kill human pri-
mary AML blasts. Normal hematopoietic stem and progenitor
cell viability was maintained following exposure to MY XV
as measured by colony formation in vitro and semiquantita-
tive in vivo murine xenograft assays. The immunodeficient

murine hosts did not develop evidence of myxoma infection.
Transplantation of mononuclear cells from patients with
AML in a murine xenograft model resulted in engraftment
of normal human hematopoiesis. AML cells were detected
by PCR of a leukemia marker gene in 10/10 mock-infected
samples, but only in one of ten that were treated with MY XV
prior to transplantation. A follow-up study by Madlambayan
et al® found that MY XV binding to cells in vitro, rather than
viral replication, was sufficient to mediate in vivo killing of
leukemic blasts.

MYXYV has also been used as an ex vivo purging agent
for multiple myeloma. MYXV could infect and kill four
human MM cell lines RPMI 8266, MM.1S, HuNSI1, and
U266.% A specific reduction in CD138* myeloma cells, but
not CD34* progenitor cells, was observed in MY X V-infected
primary bone marrow samples from myeloma patients. When
lethally irradiated immunodeficient mice were transplanted
with healthy human bone marrow admixed with U266 cells
and infected with MY XV, no MM cells were observed in the
bone marrow 6 weeks following transplantation.®

OV graft purging may also prove beneficial in mitigating
GvHD following allogeneic stem cell transplantation. Bartee
et al®” found that MY XV can inhibit in vitro human leukocyte
antigen haplo-mismatched mixed lymphocyte reactions.
They showed that ex vivo incubation of an allogeneic stem
cell graft with MY XYV prior to transplantation limited the in
vivo expansion of transplanted CD3* T-cells and suppressed
graft-versus-host alloreactivity, preventing fatal GvHD in
a murine model of allogeneic stem cell transplantation.
Furthermore, hematopoietic engraftment and alloreactivity
against malignant leukemia blasts (graft-versus-leukemia)
were not affected.

MY XYV has demonstrated promise as an ex vivo purging
agent in preclinical models. Its safety profile is truly impres-
sive, with experience in healthy humans, other animals,
and immunodeficient animals used for xenograft assays.
Furthermore, MY XYV treatment of HSC grafts does not affect
engraftment. These are advantageous properties for its use as
an ex vivo graft purging agent; however, the MY XV Kkilling
mechanism may require in vivo effectors that may be prone
to biologic variation between individuals.

Agents that have demonstrated
activity against hematopoietic
cancer

Vaccinia virus
VACYV is a large enveloped double-stranded DNA virus
belonging to the poxvirus family. Cellular uptake is
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mediated by the viral particle binding to the cell surface
glycosaminoglycans, which initiates macropinocytosis.®
Poxviruses contain an array of genes with immunomodula-
tory functions, including viral proteins that mimic or bind
host cytokines, chemokines, and complement.® Viral replica-
tion in cancer cells can be made more selective by genetic
engineering of the virus, eliminating an essential viral product
that can be supplied in trans by the cancer cell. This is exem-
plified by a thymidine kinase-inactivated VACV expressing
GM-CSF, known as Pexa-Vec (SillaJen Inc., Busan, South
Korea), that is in Phase IIB clinical testing for hepatocellular
carcinoma.”

A double-deleted recombinant VACV (deleted genes for
thymidine kinase and vaccinia growth factor) has been shown
to infect several human multiple myeloma cell lines and
patient samples in vitro.** This attenuated oncolytic strain,
however, produced little to no infection of peripheral blood
mononuclear cells from healthy donors. Historically, there
have been anecdotal reports of documented remission of
chronic lymphocytic leukemia following smallpox vaccina-
tions.”"”? Similarly, there was a reduction in myeloma tumor
burden in a patient that received the AS strain of VACV.”

There is extensive clinical experience with VACV as a
smallpox vaccine. Its safety profile is well understood and
there is a very low risk of serious complications in humans,
except for those with cellular immune deficiencies including
patients with hematological malignancies.”* ¢ Ex vivo purg-
ing may harness the ability of VACV to target hematopoietic
malignancies while minimizing the risk of uncontrolled
infection.

Vesicular stomatitis virus

Vesicular stomatitis virus (VSV) is a tiny bullet-shaped
negative-strand RNA virus with only five genes. Its natural
hosts are insects and domestic farm animals. Virus entry into
the cells is mediated by binding to low density lipoprotein
(LDL) cell surface receptors followed by internalization by
endocytosis in clathrin-coated pits.”” The broad expression of
the LDL receptor contributes to VSV’s extensive host cell tro-
pism. VSV infection is hindered by type I interferon. Normal
cells are able to produce interferon quickly following VSV
infection, which shuts down further viral replication. Tumors
with defects in interferon signaling are permissive for VSV
replication, which results in tumor-specific cytolysis.

VSV could be used as an ex vivo purging agent. Lichty
et al** showed that VSV can effectively kill a number of
human leukemia, myeloma, and lymphoma cell lines.
Exposing peripheral blood samples from patients with

circulating myeloma cells to a single dose of VSV resulted
in a significant decrease in CD138* cells. This selective phe-
nomenon was also observed when Stojdl et al”® took healthy
human bone marrow mixed with the human leukemia cell
line, OCI/AML3, and infected the samples with VSV. Only
normal immune cell colonies were observed in a colony-
forming assay 14 days later.” This study demonstrated that
VSV has the potential to eliminate hematologic malignan-
cies contaminating bone marrow and peripheral blood while
sparing normal marrow elements.’

When used at very high MOIs, ultraviolet-irradiated,
replication-incompetent VSV (nonreplicating rhabdovirus
particles [NRRPs]) have been shown to induce cell death
in several murine and human leukemia cell lines. The
mechanism of killing is not defined. Culturing peripheral
blood samples from two patients with chronic myelogenous
leukemia blast crisis in the presence of NRRPs resulted in
the reduction of CD33* blasts cells, while parallel short cul-
tures of bone marrow mononuclear cells exposed to NRRPs
remained viable.” Low-dose ultraviolet irradiation could be
used as an additional measure to augment safety, reducing
the possible risks of infusing live replicating viruses.

There is limited experience using VSV in humans. VSV
expressing human interferon- is currently in Phase I clini-
cal testing as a therapy for hepatocellular carcinoma (NLM
identifier: NCT01628640). Preclinical testing of VSV sug-
gests it will be applicable to a range of cancers including
those derived from hematopoietic origins. These studies®*’
provide evidence to support the use of VSV as an ex vivo
purging agent but, to our knowledge, there are no ongoing
clinical trials.

Parvovirus

Oncolytic parvovirus (H-1PV) is a nonenveloped, single-
stranded rodent DNA virus. Oncotropism relies on improved
replication in transformed cells, while its oncolytic abilities are
due to the accumulation of viral nonstructural protein 1, which
is selectively toxic to transformed cells.®” H-1PV (clinically
known as ParvOryx01; Oryx GmbH & Co. KG, Baldham,
Germany) is currently undergoing a Phase I/II clinical trial
in patients with glioblastoma multiforme.®' H-1PV has been
shown to effectively kill human Burkitt’s lymphoma cell lines
while sparing normal B-cells both in vitro and in xenograft
preclinical models of lymphoma.®? Other parvoviruses, such as
B19 and Aleutian mink disease virus can infect hematopoietic
cells, leading to pure red cell aplasia or aplastic anemia.®?
Further testing would be required before considering H-1PV
as a purging agent.
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Oncolytic coxsackievirus A21 (CVA21) is a positive
strand RNA virus. Viral entry is facilitated by binding
to cell surface intracellular adhesion molecule-1 and
decay-accelerating factor.* Subsequent oncolysis is mediated
by viral shutdown of essential cellular processes and by trig-
gering apoptosis. CVA21, clinically known as CAVATAK™
(Viralytics Limited, Sydney, NSW, Australia), is being tested
in a Phase IIIC/IV clinical trial for malignant melanoma
(NLM identifier: NCT01636882).

CVAZ21 has been tested on ten bone marrow samples
from multiple myeloma patients and was found to pro-
duce a dose-dependent reduction of up to 98.7% of the
CD138* cell population.®* Larger viral doses were found
to affect the viability of CD138~ normal hematopoietic cell
populations. A potential concern for using CVA21 as an ex
vivo purging agent may be inadvertent virus infection of
CD34* HSC, as these cells express intracellular adhesion
molecule and decay-accelerating factor.®®” Further testing
is required to verify whether CVA21 exposure will affect
HSC engraftment.

Measles virus

The Edmonton vaccine strain of the MV has proven to be
a capable OV. This negative-sense RNA virus binds to cell
surface CD46 and signaling lymphocyte activation molecule
(SLAM) receptors to initiate cell entry.’® A study by Ong
et al*! found a link between the overexpression of CD46
on CD138* multiple myeloma cell lines, as well as patient
samples, and the cytopathic effect of MV therapy. In contrast,
normal progenitor cells, with normal CD46 expression, were
not harmed, as determined by their intact colony-forming
capacity. Oncolytic MV has also been engineered to retarget
cancers that do not overexpress its natural receptors; instead,
MYV can bind CD20, which is overexpressed on lymphoma
cells, and gain cell entry.®® A NIS-expressing MV variant
has been created and is being tested in a Phase I clinical
trial for patients with multiple myeloma (NLM identifier:
NCT00450814).

Viral ex vivo tumor-purging

agents — summary

OVs are promising biotherapeutic agents for the treatment of
cancer. While the majority of clinical applications research
examines the role that these viruses play following systemic
administration, in some circumstances, OVs may find roles
as ex vivo purging agents, eliminating tumor cells that con-
taminate autologous HSC grafts. Their advantages over other

purging agents include the ease of graft manipulation, their
selectivity for cancer cells, and their demonstrated ability
to kill certain hematopoietic malignancies. In some cases,
as will be discussed, infected tumor cells can act as vac-
cines, inducing immunological responses for an additional
therapeutic effect. Preclinical testing has identified oncolytic
strains of HSV-1, Ad, reovirus, and MYXYV as potentially
useful tools for ex vivo graft manipulation, but early-phase
clinical trials are now required to select the agents with char-
acteristics that make them feasible to use, at the scale required
for purging clinical graft products, before widespread clinical
testing for effectiveness can begin.

Alternative ex vivo OV strategies —

infected cell vaccines

Relapse continues to be the major concern following autolo-
gous stem cell transplantation. Lower relapse rates are seen
following allogeneic stem cell transplantation where allograft
immune responses — the graft-versus-tumor effect — provide
an additional modality for control of any lingering malignant
cells. Systemic treatment with OVs induce tumor-specific
adaptive immune responses in both preclinical animal models
and human clinical trials.*7*% Adaptive immune responses
can be induced using ex vivo OV-infected tumor cell vac-
cines (ICVs). The efficacy of ICV has been demonstrated
in a number of preclinical models and clinical studies for
solid cancers.”"

ICVs are also effective in hematological malignancies.
Mice immunized with MG1 (an oncolytic maraba virus)
infected L1210 leukemia cells generate specific anti-L.1210
immunity capable of rejecting subsequent challenges with
viable L1210 leukemia cells.” The antileukemia immunity is
specific and durable. While it is unlikely that a HSC recipient
could mount an immune response in the immediate period
following HSCT, the infected leukemia cells in a HSC graft
could function as an ICV, although this has not been directly
examined.

More likely, future translational efforts would focus on
creating a patient-specific ICV at a diagnosis that could be
administered after immunological recovery from autologous
HSCT in an attempt to induce antileukemia immunity and
reduce the risk of relapse.

Conclusion

The role of ex vivo treatment of HSC grafts to eliminate
contaminating cancer cells is controversial. The difficulty in
demonstrating a role for graft purging is hampered by inef-
ficient purging techniques, toxicity to normal hematopoietic
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elements in the graft, and incomplete killing of the

malignancy by HSCT conditioning regimens. OV's represent

a new class of purging agents that have shown promise in

preclinical studies and may find their way into translational

studies in the future.
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