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Abstract: Antitumor virotherapy consists of the use of replication-competent viruses to
infect and kill tumor cells preferentially, without damaging healthy cells. Vaccine-attenuated
strains of measles virus (MV) are good candidates for this approach. Attenuated MV uses
the CD46 molecule as a major entry receptor into cells. This molecule negatively regulates
the complement system and is frequently overexpressed by cancer cells to escape lysis by
the complement system. MV exhibits oncolytic properties in many cancer types in vitro,
and in mouse models. Phase I clinical trials using MV are currently underway. Here, we
review the state of this therapeutic approach, with a focus on the effects of MV on the
antitumor immune response.
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1. Introduction

During the past decade, there has been an increasing interest in antitumor virotherapy using
oncolytic viruses (OV). This consists of the use of replication-competent virus to infect and kill tumor



Biology 2013, 2 588

cells preferentially, without, or with limited, infection of healthy counterparts. The oncolytic properties
of many live, attenuated viruses have been evaluated as cancer therapeutics, including adenovirus,
vesicular stomatitis virus, herpes simplex virus, Newcastle disease virus and MV [1]. The tropism of
OV for tumor cells is due to two main factors. First, the receptor that OV use to enter cells is
overexpressed by, or has expression restricted to, tumor cells. The second level of selectivity is tumor
biology [2]. Most tumors develop many strategies to escape the immune system, and to resist apoptosis
and translational suppression. These mechanisms also play crucial roles in the control of viral
replication. Their ablations during tumor development make the tumor an efficient destination for virus
to replicate. Tumor cell death through OV infection is complex and should be considered as a
particular/original type of cell death which differs from classical cell death by apoptosis, necrosis or
autophagy [2].

In addition to killing tumor cells, OV could play a crucial role in tumor rejection to overcome or
reorient immune suppression mediated by the tumor microenvironment. By its nature, the virus is a
“danger signal” able to recruit immune cells such as dendritic cells (DC) [3]. DC are at the interface
between innate and adaptive immunity, and can prime an adaptive immune response, notably T cell
responses against specific, tumor-associated antigens if these are correctly activated [4].

Among the different oncolytic viruses, vaccine-attenuated strains of measles virus (MV) show a
promising potential for cancer therapy. As early as the 1970s, spontaneous clinical remissions were
observed in patients suffering from hematological cancers after natural infection with wild-type (wt)
MV [5,6]. Since then, it has been demonstrated that attenuated MV exhibits oncolytic properties
against many types of cancers, in vifro and in vivo, in models of human tumor xenografts in
immunodeficient mice [1]. Alternatively, the capacity of MV infection to activate a strong immune
reaction could play a crucial role in the efficiency of antitumor virotherapy based on MV [7.,8].
Antitumor virotherapy using MV is, thus, currently being evaluated in clinical trials [2].

Oncolytic virotherapy is a complex approach, requiring good viral replication in targeted tumor
tissue and the enrollment of the immune system against tumor-associated antigens, without inhibiting
earlier viral replication. Here, we review the different aspects of this approach using attenuated strains
of MV, with a special focus on MV immunogenicity and effects on the antitumor immune response.

2. MV Vaccine
2.1. Measles Virus Description: wt and Vaccine-Attenuated Strains

MV is an enveloped and negative, nonsegmented, single-strand RNA virus belonging to the
Morbillivirus genus of the Paramyxoviridae family [9]. The World Health Organization lists
twenty-four strains of measles viruses, classed into eight clades [10]. The MV RNA genome comprises
around 16,000 nucleotides and encodes eight proteins, two of which are nonstructural proteins
(V and C) resulting from an alternative transcript from the RNA coding for the phosphoprotein (P).
Large protein (L) and nucleoprotein (N) form the viral nucleocapsid, which contains the viral RNA
genome. The matrix protein (M), fusion protein (F) and hemagglutinin protein (H) form the viral
envelope with lipids from the infected host cell membrane [9].
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The first MV isolate was obtained from a child and was named the Edmonston strain. Different
attenuated strains of MV have been generated from the wild-type Edmonston strain by culture in
various cell types [11,12]. For example the Schwarz strain, which is produced and used to vaccinate
children in Europe and Brazil, was generated in 1962 by additional subcultures of the Edmonston
strain in chick embryo fibroblasts [13]. The comparative sequence analysis between wild-type-Edmonston
and Schwarz shows 42 nucleotide changes. These mutations contribute to the attenuated profile of this
strain [12].

The replication cycle starts with the adsorption of MV to the host cell through the interaction
between the MV H protein and the cell surface molecules CD150, CD46 and/or Nectin-4. The F
protein then mediates the fusion between the viral particle and the host cell membrane, allowing
penetration of the negative, single-stranded RNA and the associated proteins into the cytoplasm. These
proteins form a ribo-nucleo-proteic complex (RNP complex), which is a template for mRNA
transcription and MV genome replication [12]. The virions bud from the plasma membrane of the host
cell to end the cycle. In addition, MV infection is known to induce the formation of syncytia.
MV-infected cells fuse with uninfected neighboring cells forming multinucleated infected cells, a
phenomenon that increases the efficiency of MV replication.

2.2. Vaccine Efficacy

Measles virus is a highly contagious agent and one of the leading causes of death in children
worldwide [9]. One person with measles can infect fifteen to twenty others (Ry = 15-20), meaning that
the interruption of endemic transmission in a population requires that more than 95% of the population
is immune [ 14]. People who recover from measles are immunized for life. Most measles-related deaths
are caused by MV-associated temporary immune suppression which allows opportunistic infections.
Even though a safe and cost-effective vaccine is available, around twenty million cases of measles
infection are reported every year, and more than 95% of MV-related deaths occur in underdeveloped
countries [15].

Live, attenuated MV vaccine has been distributed at low cost to millions of children in many
countries through the Extended Program on Immunization (EPI) of the World Health Organization
(WHO). This vaccine induces a strong, long term immunity against measles virus after one or two
injections, as antibodies and specific CD8+ T cells persist for as long as 25 years after vaccination [16].
Prior to vaccination, an estimated four to five million cases of measles occurred annually between
1953 and 1962 in the US [17]. From 2001 to 2008 the annual incidence of measles was less than one
case per million in the US [18], and less than ten cases per million in Europe [19]. Measles caused an
estimated 139,300 deaths worldwide in 2010, which represents a greater than 97% decrease compared
with the estimated six million deaths occurring annually prior to use of the measles vaccine [20].

2.3. Vaccine Safety: Absence of Observed Reversion

From 1978 to 2010, 17,536 adverse experiences following immunization were reported to Merk
after M-M-R™ II administration, for approximately 575 million doses distributed. Only 4,822 cases
were considered to be serious, the relative risk of a serious event thus being 8.4 cases per million doses
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distributed [17]. The reversion of measles vaccine to a pathogenic form has never been reported [21].
Altogether, these considerations make the measles virus vaccine one of the safest human vaccines.

3. MV in Antitumor Virotherapy
3.1. Receptors for MV Infection

Receptors for the entry of MV are quite well defined. The pathogenic wild-type strains of measles
virus enter the cell using the signaling lymphocyte activation molecule (SLAM/CD150) which confers
on this virus a natural tropism for T and B lymphocytes and activated monocytes/macrophages [22,23].
The live, attenuated strains of MV, which are selectively oncolytic, use the CD46 molecule as the
major receptor for entry into the cell [24-26], which is ubiquitously expressed at a low level by all
nucleated cells [27]. CD46 and other complement regulatory proteins (CRP: CD55 and CD35) block
the complement cascade at the C3 activation stage, and their expression at low density protects
normal tissues from accidental injury by activated complement. It is also clear that many tumor types
overexpress these molecules to escape complement-dependent cytotoxicity (CDC) [28,29]. This
selective expression at high density by many cancer cell types confers on live, attenuated MV a natural
tropism for tumor cells. Indeed, it has been demonstrated that, above a certain threshold of CD46
expression, the killing and syncitia formation mediated by MV infection increase dramatically [24]
whereas healthy tissues, which express a low density of CD46, remain unharmed [30].

Nectin-4 (PVRL-4) has recently been identified as a novel receptor for wtMV and vaccine
strains [31,32] and plays a crucial role in the shedding of MV from the respiratory tract of infected
individuals for transmission of the disease [33]. It is an adherent junction protein originally described
as a member of the polio virus receptor-like proteins, which act as an entry site for poliovirus [34] and
other viruses such as HSV-1 and HSV-2 [35]. In humans, PVRL-4 is mostly expressed in placenta and
trachea, and can also be found at a low density in the epithelial cells of tonsils, oral mucosa, lung
macrophages and neuronal cells of the cerebral cortex [31]. It has also been described as a tumor
marker which is frequently overexpressed in many adenocarcinomas, such as ovarian, lung, colon and
breast tumors [36-38]. It has been demonstrated recently that nectin-4 is necessary for the tumor
selectivity of infection by MV in some breast cancers [39].

Finally, other MV entry receptors may exist, as some tumor cell lines which do not express CD46,
CD150/SLAM and nectin-4 are sensitive to MV infection [40].

3.2. MV Sensitivity of Numerous Cancer Types In Vitro and In Vivo

The cytopathic effect (CPE) of MV is characterized by the formation of syncytia (giant
multinucleated cells) due to the interactions of viral hemagglutinin and fusion proteins from the
infected cells with the CD46 expressed by the neighboring cells. Many studies have described
oncolytic properties of MV, in vitro and in vivo, on immunodeficient mice bearing human tumor
xenografts. Hence, oncolytic efficacy of MV has been demonstrated against T-cell lymphoma [41,42],
myelomas [43], pancreatic cancer [44], glioblastomas, gliomas [45,46], ovarian carcinomas [30], prostate
cancer [47], breast cancer [39,47,48], melanoma [49], renal cell carcinoma [50], mesothelioma [7,51],
medulloblastoma [52,53] and lung/colorectal adenocarcinoma [54]. Recently, Zhang et al. demonstrated a
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therapeutic efficacy of MV against human hepatoblastoma, both in vivo and in vitro [55]. During the
last ten years, oncolytic activities of MV have been evaluated and demonstrated for at least twelve
different cancer types, highlighting the enthusiasm given to this approach. Furthermore, the fact that
attenuated MV has been injected to vaccinate millions of children around the world with an excellent
safety profile and with no observed reversion to the wt-MV make MV attractive, compared to other
OV that are not used in vaccination.

3.3. Engineering of MV to Increase the Efficiency of Antitumor Virotherapy

Despite its natural tropism for tumor cells and its lytic activity, the oncolytic properties of MV can
be improved by genetic engineering. RNA encoding recombinant protein can be inserted into the MV,
up to 5 kb [56]. Thus, recombinant MV can be designed to express receptors against specific tumor
markers, to increase its replication capacity, or to improve the monitoring of viral spread in vivo.

Virus entry into cells is dependent on cell-surface-marker recognition and the concept of
engineering MV to extend its recognition of tumor-specific markers is interesting. Hence, the group of
M.S. Topp efficiently retargeted MV for multiple myeloma (MM). Using site-specific mutagenesis,
they inserted the sequence encoding a single chain derived from the Wue-1 antibody, which specifically
recognizes CD138+ MM [57]. This modification makes the MV unable to infect cells by CD150 or
CD46. Despite the lack of classical recognition, the retargeted MV-Wue has shown efficient oncolytic
properties against MM [58].

Another way to improve the oncolytic potential of MV is to improve its cytotoxic activity. Meng
and colleagues developed an MV derived from Edmonston lineage, recombinant for wild-type N/P/L
protein (MV-NPL). These proteins form the ribonucleoprotein complex which is the viral replication
unit in infected cells. These genetic modifications confer on MV more efficient replication and
cytotoxic abilities against renal cancer cells than nonengineered MV, and display a minimal cytopathic
effect on normal human cell lines [50].

MYV has also been engineered to facilitate the monitoring of viral spread in vivo. E. Galanis’ group
has developed an MV recombinant for carcinoembryonic antigen (CEA). CEA is used as a reporter
gene for viral replication, which can be detected in the blood. This MV-CEA exhibits efficacy against
different types of tumor models, in vitro and in vivo [46,59], and has also been tested in a phase I
clinical trial in recurrent ovarian cancer patients, by intraperitoneal injection [60].

MYV has also been genetically modified to express the sodium iodide symporter, NIS, (MV-NIS).
This modification allows the noninvasive assessment of MV replication by administration of '*°I for
gamma-camera imaging, as infected tumor cells express NIS making them permeable to '**I. MV-NIS
was also used to improve the tumoricidal properties of MV, by allowing an ionizing radiation
treatment by administration of "*'I, a B emitter. The B particles penetrate the tissue for 0.4 mm and
provide a local bystander killing of oncolysis-refractory tumor cells [61].

Type I IFNs are known to have antiangiogenic properties [62] and to induce an antitumor immune
response by modulating the activation of different immune cell types, such as NK and T cells [63].
These properties have been exploited in an engineered MV, modified in order to express recombinant
INF-B. Li and colleagues demonstrated that MV-IFN-f displayed a better capacity to kill mesothelioma
xenografts and to increase the survival of treated mice than mice treated with an MV not recombinant
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for IFN-B [51]. This study also revealed that MV-IFN-B allows a modification of the tumor
microenvironment, by increasing the infiltration of CD68+ macrophages and limiting neoangiogenesis.

Recently, a Schwartz attenuated strain of MV containing a transgene encoding the suicide gene
super cytosine deaminase (MV-SCD) has been studied to kill sarcoma tumor cell lines that are
sensitive to MV infection, but where the MV fail to replicate due to innate antiviral mechanism, such
as IFN-stimulated genes [64]. SCD is a gene encoding a fusion protein consisting of yeast cytosine
deaminase and yeast uracil phosphoribosyltransferase that transforms the prodrug 5-fluorocytosine into
a cytotoxic drug.

4. MV and the Antitumor Immune Response
4.1. MV Immunogenicity May Participate in the Efficiency of Antitumor Virotherapy

In addition to its capacity to lyse infected tumor cells, MV has also the ability to activate the
immune system. This ability may participate in the efficiency of antitumor virotherapy based on
MV. Indeed, tumors develop many different strategies to grow, especially by conditioning their
microenvironment to escape the immune system and to promote neoangiogenesis. They produce
immunosuppressive cytokines, notably TGF-B, and recruit immunosuppressive cells, such as T
regulatory cells (Tregs), to maintain immune tolerance within the tumor. Thus, MV may also act as an
immunoadjuvant to overcome the immunosuppressive tumor environment. It has already been
demonstrated for reovirus, another OV, that innate and adaptive immunity-mediated antitumor activity
is necessary for successful virotherapy, independent of direct oncolysis [65,66]. Infection at the tumor
site can induce a potent immune response due to the release of “danger signals” induced by MV-mediated
cell death. These danger signals can be classified into two categories: the damage-associated molecular
patterns (DAMPs) which are released as a result of immunogenic cell death, notably triggered during
viral infection [67], and the pathogen-associated molecular patterns (PAMPs) which are conserved
molecular motifs expressed by pathogens such as the single stranded RNA of MV [68]. The presence
at the tumor site of danger signals (DAMPs and PAMPs) and dead tumor cells as a source of tumor
antigens may fulfill the conditions for an efficient induction of antitumor immunity.

4.2. MV-Infected Tumor Cells Activate Myeloid Dendritic Cells

In humans, there are at least two main subsets of DC: the CD11¢c+/BDCA2- myeloid DC (mDC),
which include Langerhans cells and dermal and intestinal DC, and the CD11c-/BDCA2+ plasmacytoid
DC (pDC). Each subset is equipped with a specialized combination of pattern-recognition receptors
(PRR), allowing each DC subset to recognize different danger signals.

mDC constitute a major antigen-presenting cell family and play a crucial role in the induction of
tolerance or immune response. In normal conditions they tend to induce tolerance against self antigens,
whereas in pathogenic conditions the presence of danger signals induces their maturation, notably their
expression of costimulatory molecules (CD80, CD86), and allows them to prime T cell responses [4,69].
DC are defined by a typical morphology [70] and a unique ability to acquire and process exogenous
antigen into peptides for class II major histocompatibility complex (MHC) presentation to CD4+ T
cells in lymphoid organs, and also for class I MHC presentation to CD8+ T cells, a phenomenon named
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“cross-presentation” [71]. Their maturation/activation is required to prime adaptive immunity [72].
Recruitment of DCs could be a key regulator in the long term therapeutic benefit of oncolytic therapy
by triggering an antitumor immune response, notably T cell responses. Therefore, stimulation of the
mDC subset to promote tumor rejection is probably essential to the efficacy of antitumor virotherapy.

The effects of MV-infected tumor cells on mDC have been addressed recently. Our group
demonstrated, in vitro, that mesothelioma tumor cells infected with the Schwarz strain of MV undergo
immunogenic cell death characterized by the release of DAMPs, such as the heat shock proteins,
Hsp70 and gp96, and by the presence of the viral double-stranded RNA (dsRNA) [7]. Monocyte
derived-DC mature after internalization of MV-infected tumor cells, due to their expression pattern of
PRR (TLR3, MDAS, RIG-1) and the presence of DAMPs and PAMPs. This efficient uptake and
maturation allows DC to cross-present tumor antigen, and, thus, to cross-prime CD8+ T cells specific
for mesothelin, a tumor antigen expressed by mesothelioma tumor cells [7]. Donnelly and colleagues
also demonstrated that MV Edmonston strain induced immunogenic death of melanoma tumor cells,
through the secretion of inflammatory cytokines (IL-6, IL-8 and type I IFN) and chemokines
(RANTES and HMGBI) in an MV dose-dependent manner [49]. They also show that MV-infected
tumor cells are a good substrate to induce an antitumor T cell response by cross-presentation. The
release of HMGB1 by MV-infected tumor cells is of particular interest as it has been shown to be a
potent DAMP important for immunogenic cell death of cancer cells, acting as an adjuvant to DC
maturation through the TLR4 pathway [73].

Recently, a new subset of mDC that is more efficient than the others to perform cross-presentation,
has been described [74—77]. This new DC subset is characterized by expression of BDCA-3 membrane
protein (CD141), the chimiokine receptor XCR1, and the C-type lectin Clec9A (DNGR-1). Interaction
of this new subset of mDC with MV has not been addressed.

4.3. MV-Infected Tumor Cells Activate Plasmacytoid DC (pDC)

pDC, also known as type I interferon-producing cells (IPC), are present in the blood and lymphoid
organs. This subset of DC is particularly involved in the antiviral immune response, due to their
expression of intracellular toll-like receptors specialized in sensing viral nucleic acid (TLR7 and 9).
Hence, pDC respond to a wide range of RNA and DNA viruses, in response to TLR triggering, by
producing large amounts of type I IFN (IFN-a, -f) and by upregulating their expression of maturation
markers and costimulation molecules. pDC have already shown their capacity to present viral antigens
to CD8+ and CD4+ T cells when they are infected by influenza virus [78], and to cross-present viral
antigen acquired from infected cells to CD8+ T lymphocytes [79,80].

We recently demonstrated that MV antitumor virotherapy could be an efficient way to recruit pDC
in antitumor immunity [8]. We showed, in vitro, that MV-infected melanoma cell lines are efficiently
internalized by pDC and induce their maturation, characterized by a huge secretion of IFN-a in a
TLR7-dependent manner. We demonstrated that human pDC can cross-present a tumor-associated
antigen (NYESO-1) to CD8+ T cells from the MV-infected tumor cells. We also observed that
cross-presentation occured only when pDC acquired antigen from MV-infected tumor cells, whereas
pDC exposed to UV-irradiated tumor cells (nonimmunogenic cell death) did not perform tumor
antigen cross-presentation. These results show that MV-infected tumor cells activate pDC, notably
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their capacities to produce large amounts of IFN-a and to cross-present tumor antigens to CD8+ T
cells. IFN-a plays an important role in the antitumor immune response, as it is necessary for the
induction of tumor-antigen-specific T cell responses [81,82].

pDC have been shown to play a beneficial role in the antitumor immune response, when they are
adequately activated. It has been demonstrated recently, in a mouse melanoma model, that topical
imiquimod treatment of tumors can induce tumor rejection. Imiquimod is a ligand of TLR7, expressed
by pDC, and activates their cytotoxic properties through the expression of TRAIL and the secretion of
granzyme B [83]. In a similar model, C. Liu ef al. show that injection of TLR9-activated pDC induces
tumor regression in mice by recruitment of NK cells at the tumor site in a CCR5-dependent manner [84].
Furthermore, J. Mourries et al. have shown in a mouse model that antigen cross-presentation by
pDC can be triggered by viruses or by TLR7 or TLR9 ligands, which results in cross-priming of
antigen-specific CD8+ T cells [85]. Finally, Jolanda De Vries group has recently completed the first
phase I clinical trial by intranodal injection of tumor-antigen-loaded and -activated pDC in metastatic
melanoma patients. They reported that all patients mounted a T cell response against the tumor
antigens. The clinical outcomes of this trial were promising with a significantly extended survival in
the majority of the patients [86].

Thus, MV used in antitumor virotherapy may be an interesting method of activating pDC subsets in
cancer patients. Furthermore, it has an additional advantage over classical TLR7 or TLR9Y ligands such
as imiquimod, as MV induces the release of tumor antigens for cross-presentation following the lysis
of infected tumor cells.

4.4. Effects of MV on other Immune Cell Types

Besides DC, the effects of MV virotherapy on the antitumor immune response have also been
studied on neutrophils [87]. In a human lymphoma xenograft model in immunodeficient mice,
intratumoral injection of MV induced the regression of large tumors, characterized by an important
influx of activated neutrophils in the tumor. The number of these neutrophils correlated with the level
of tumor regression, suggesting a role for these cells in the efficiency of antitumor virotherapy by MV.

It is also possible that MV virotherapy is able to induce natural killer (NK) cell activation, as IFN-a
produced by pDC is able to activate an NK response [84]. However, D. Grote et al. failed to observe
an influx of NK into tumor in their model of MV virotherapy using a human lymphoma xenograft in
immunodeficient SCID mice [87]. The authors did not look at cells of the adaptive immune response,
since T and B lymphocytes are deficient in SCID mice.

This last study highlights one problem encountered by immunologists to determine the effect of
MYV virotherapy on antitumor immune response. Indeed, mouse cells, including tumor cells, are not
sensitive to MV infection. Thus, this therapeutic approach cannot be studied in immunocompetent
mice. Most in vivo work on MV virotherapy has been performed with human tumor xenografts in
immunodeficient mice (nude, SCID, Nod/SCID), which limits study of the antitumor immune response
on some cells of the innate immune response, such as neutrophils or NK, but does not allow to study
the adaptive antitumor immune response. This is not the case of some other OV, such as vesicular
stomatitis virus or vaccinia, which can infect human cells, as well as mouse cells [2].
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4.5. Effects of Anti-Measles Immune Response on MV Antitumor Virotherapy

Due to the very high contagiousness of wt-MV and to MV vaccination programs started at the end
of the 70s, more than 90% of occidental countries population is immunized again MV, with notably
presence of neutralizing antibodies that can persist throughout life [16]. These neutralizing antibodies
may limit infection of tumor cells by MV. Indeed, in a model of human disseminated myeloma
xenograft in immunodeficient mouse, the presence of adoptively transferred neutralizing antibody
impaired efficiency of MV antitumor virotherapy when the MV is injected systematically [88]. One
way to circumvent this problem is to inject MV-infected cells as virus carriers, which protect the virus
from neutralizing antibodies, instead of injection of free MV. This virus carrier strategy has also been
used to treat orthotopic ovarian cancer by intraperitoneal injection of mesenchymal stem cells infected
with MV [89]. Thus, systemic injection of free MV for antitumor virotherapy is not efficient due to
the presence of neutralizing antibodies. Virus carrier is a strategy that permits to limit effects of
neutralizing antibody.

Another approach to limit effects of neutralizing antibodies may be to inject MV directly inside
tumors. In a recent phase II clinical study using as OV, vaccinia virus with disruption of the viral
thymidine kinase gene and engineered to express GM-CSF to treat advanced hepatocellular carcinoma,
Heo et al. show that intratumoral injections of high doses of virus induce strong clinical responses
which are independent of a preexisting immunity against vaccinia in treated patients [90].

5. Clinical Trials
5.1. Phase I Clinical Trial on Cutaneous T Cell Lymphoma (CTCL)

Viral oncolysis has been proposed as a mechanism explaining the spontaneous tumor regressions of
Hodgkin lymphoma [91,92] and Burkitt’s lymphoma [5,93] after natural MV infections. These case
reports suggest an important oncolytic activity for MV against hematological tumors. These observations
led Heinzerling and colleagues to carry out the first phase I clinical trial of MV antitumor virotherapy
using the Edmonston-Zagreb strain of MV on patients with CTCL [94]. This malignancy is characterized
by an accumulation of clonal T lymphocytes in the skin, inducing patches, plaques and tumors. This
clinical study showed that intratumoral injection of MV after systemic treatment by IFN-a (to avoid MV
infection in IFN-a-sensitive healthy cells) induced local infection and a characteristic cytopathogenic
effect of MV on tumor cells which was not abrogated by the presence of preexisting MV antibodies.
Tumor regressions were observed in three patients with, interestingly, some regression of distant
lesions where MV was not injected.

5.2. Phase I Clinical Trial on Chemotherapy-Refractory Ovarian Cancer

The oncolytic properties of MV have also been evaluated clinically in patients with Taxol- and
platinum-refractory, recurrent ovarian cancers, who are seropositive for measles virus. In this phase |
clinical study, Evanthia Galanis and colleagues (Mayo Clinic, Rochester, MN, USA) used MV-CEA, a
modified Edmonston strain engineered to produce carcinoma embryonic antigen as a soluble maker,
which allows the monitoring of MV replication by serum dosage [60]. Escalating doses were given to
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patients who were preimmunized against MV to assure the safety of the trial. Doses ranged from 10° to
10° TCIDs, with no dose-limiting toxicity observed. Clinical objective responses were observed in
fourteen of twenty-one patients, with a stabilization of disease for a median duration of 92.5 days. The
stabilization of the disease was associated, in five patients, with a diminution of the tumor-specific
marker, CA-125. The median survival time of the MV-treated patients (12.15 months) was double that
of the expected median survival of the patient population (6 months). These results highlight the
promising potential of oncolytic measles therapy in ovarian cancer patients.

5.3. Ongoing Clinical Trials

Three phase I clinical trials of antitumor virotherapy using MV are currently underway, recruiting
patients with either recurrent ovarian cancer, mesothelioma or multiple myeloma. All of these trials are
being performed at the Mayo Clinic, Rochester, Minnesota, USA, with a common outcome: to
determine the maximum tolerated dose of a modified Edmonston strain of measles virus genetically
engineered to produce the human thyroid sodium iodide symporter (MV-NIS) [95]. All recruited
patients must be seropositive for measles virus with a level of serum anti-measles IgG greater
than 20 EU/mL. The multiple myeloma clinical trial presents the particularity of evaluating the
beneficial role of cyclophosphamide, an immunomodulatory agent able to suppress immune response, in
MV-NIS-treated patients, to improve the spread of virus in tumor cells.

6. Conclusions

Antitumor virotherapy is a promising strategy to treat cancer. The broad range of cancer types
sensitive to attenuated MV, the relatively high safety of attenuated MV for vaccinating children, the
high immunogenicity of MV, and progress in industrial virus production, make MV a very good
candidate for the development of this strategy. Furthermore, MV can be engineered to express
transgenes to increase its oncolytic efficiency, to allow tracking of viral replication in vivo, or to
increase its immune-stimulatory effects.

Acknowledgements

The authors are financed by INSERM, La ligue régionale grand ouest contre le Cancer
(CSIRGO), the Association pour la recherche contre le cancer (ARC), the Nantes Hospital and the
ARSMESOQO44 association.

References and Notes

1. Boisgerault, N.; Tangy, F.; Gregoire, M. New perspectives in cancer virotherapy: Bringing the
immune system into play. Immunotherapy 2010, 2, 185-199.
Russell, S.J.; Peng, K.W.; Bell, J.C. Oncolytic virotherapy. Nat. Biotechnol. 2012, 30, 658—670.

3. Mogensen, T.H. Pathogen recognition and inflammatory signaling in innate immune defenses.
Clin. Microbiol. Rev. 2009, 22, 240-273, Table of Contents.

4. Banchereau, J.; Steinman, R.M. Dendritic cells and the control of immunity. Nature 1998, 392,
245-252.



Biology 2013, 2 597

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

Bluming, A.Z.; Ziegler, J.L. Regression of burkitt’s lymphoma in association with measles
infection. Lancet 1971, 2, 105-106.

Pasquinucci, G. Possible effect of measles on leukaemia. Lancet 1971, 1, 136.

Gauvrit, A.; Brandler, S.; Sapede-Peroz, C.; Boisgerault, N.; Tangy, F.; Gregoire, M.
Measles virus induces oncolysis of mesothelioma cells and allows dendritic cells to cross-prime
tumor-specific cd8 response. Cancer Res. 2008, 68, 4882—4892.

Guillerme, J.B.; Boisgerault, N.; Roulois, D.; Menager, J.; Combredet, C.; Tangy, F.;
Fonteneau, J.-F.; Gregoire, M. Measles virus vaccine-infected tumor cells induce plasmacytoid
dendritic cell maturation and tumor antigen cross-presentation. Clin. Cancer Res. 2013, 19,
1147-1158

Moss, W.J.; Griffin, D.E. Global measles elimination. Nat. Rev. Microbiol. 2006, 4, 900-908.
Nomenclature for describing the genetic characteristics of wild-type measles viruses (update).
Wkly. Epidemiol. Rec. 2001, 76, 249-251.

Enders, J.F.; Peebles, T.C. Propagation in tissue cultures of cytopathogenic agents from patients
with measles. Proc. Soc. Exp. Biol. Med. 1954, 86, 277-286.

Bankamp, B.; Takeda, M.; Zhang, Y.; Xu, W.; Rota, P.A. Genetic characterization of measles
vaccine strains. J. Infect. Dis. 2011, 204, S533—-S548.

Schwarz, A.J. Preliminary tests of a highly attenuated measles vaccine. Am. J. Dis. Child. 1962,
103, 386-389.

Griffin, D.E.; Pan, C.H.; Moss, W.J. Measles vaccines. Front. Biosci. 2008, 13, 1352-1370.
World Health Organisation: Immunization, Vaccines and Biologicals: Measles. Available online:
http://www.who.int/immunization/topics/measles/en/index.html/ (accessed on 24 April 2012).
Griffin, D. Measles virus. In Field’s Virology; Knipe, D., Howley, P., Eds.; Lippincott-Raven
Publishers: Philadelphia, PA, USA, 2001; Volume 2, pp. 1401-1441.

Lievano, F.; Galea, S.A.; Thornton, M.; Wiedmann, R.T.; Manoff, S.B.; Tran, T.N.; Amin, M.A_;
Seminack, M.M.; Vagie, K.A.; Dana, A.; ef al. Measles, mumps, and rubella virus vaccine (m-m-
rii): A review of 32 years of clinical and postmarketing experience. Vaccine 2012, 30, 6918-6926.
Parker Fiebelkorn, A.; Redd, S.B.; Gallagher, K.; Rota, P.A.; Rota, J.; Bellini, W.; Seward, J.
Measles in the united states during the postelimination era. J. Infect. Dis. 2010, 202, 1520-1528.
Progress towards measles elimination in who’s european region, 2005-2008. Wkly. Epidemiol.
Rec. 2009, 84, 57-64.

Wolfson, L.J.; Strebel, P.M.; Gacic-Dobo, M.; Hoekstra, E.J.; McFarland, J.W.; Hersh, B.S. Has
the 2005 measles mortality reduction goal been achieved? A natural history modelling study.
Lancet 2007, 369, 191-200.

Hilleman, M.R. Current overview of the pathogenesis and prophylaxis of measles with focus on
practical implications. Vaccine 2001, 20, 651-665.

Hsu, E.C.; Iorio, C.; Sarangi, F.; Khine, A.A.; Richardson, C.D. Cdw150(slam) is a receptor for a
lymphotropic strain of measles virus and may account for the immunosuppressive properties of
this virus. Virology 2001, 279, 9-21.

Tatsuo, H.; Ono, N.; Tanaka, K.; Yanagi, Y. Slam (cdw150) is a cellular receptor for measles
virus. Nature 2000, 406, 893—-897.



Biology 2013, 2 598

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

Anderson, B.D.; Nakamura, T.; Russell, S.J.; Peng, K.W. High cd46 receptor density determines
preferential killing of tumor cells by oncolytic measles virus. Cancer Res. 2004, 64, 4919-4926.
Dorig, R.E.; Marcil, A.; Chopra, A.; Richardson, C.D. The human cd46 molecule is a receptor for
measles virus (edmonston strain). Cel/ 1993, 75, 295-305.

Naniche, D.; Varior-Krishnan, G.; Cervoni, F.; Wild, T.F.; Rossi, B.; Rabourdin-Combe, C.;
Gerlier, D. Human membrane cofactor protein (cd46) acts as a cellular receptor for measles virus.
J. Virol. 1993, 67, 6025—6032.

Liszewski, M.K.; Atkinson, J.P. Membrane cofactor protein. Curr. Top. Microbiol. Immunol.
1992, 178, 45-60.

Fishelson, Z.; Donin, N.; Zell, S.; Schultz, S.; Kirschfink, M. Obstacles to cancer immunotherapy:
Expression of membrane complement regulatory proteins (mcrps) in tumors. Mol. Immunol. 2003,
40, 109-123.

Ravindranath, N.M.; Shuler, C. Expression of complement restriction factors (cd46, cd55 & cd59)
in head and neck squamous cell carcinomas. J. Oral Pathol. Med. 2006, 35, 560-567.

Peng, K.W.; TenEyck, C.J.; Galanis, E.; Kalli, K.R.; Hartmann, L.C.; Russell, S.J. Intraperitoneal
therapy of ovarian cancer using an engineered measles virus. Cancer Res. 2002, 62, 4656—4662.
Noyce, R.S.; Bondre, D.G.; Ha, M.N.; Lin, L.T.; Sisson, G.; Tsao, M.S.; Richardson, C.D. Tumor
cell marker pvrl4 (nectin 4) is an epithelial cell receptor for measles virus. PLoS Pathog. 2011, 7,
€1002240.

Mubhlebach, M.D.; Mateo, M.; Sinn, P.L.; Prufer, S.; Uhlig, K.M.; Leonard, V.H.; Navaratnarajah,
C.K.; Frenzke, M.; Wong, X.X.; Sawatsky, B.; ef al. Adherens junction protein nectin-4 is the
epithelial receptor for measles virus. Nature 2011, 480, 530-533.

Racaniello, V., Virology. An exit strategy for measles virus. Science 2011, 334, 1650—1651.
Mendelsohn, C.L.; Wimmer, E.; Racaniello, V.R. Cellular receptor for poliovirus: Molecular
cloning, nucleotide sequence, and expression of a new member of the immunoglobulin
superfamily. Cell 1989, 56, 855-865.

Lopez, M.; Cocchi, F.; Menotti, L.; Avitabile, E.; Dubreuil, P.; Campadelli-Fiume, G.
Nectin2alpha (prr2alpha or hveb) and nectin2delta are low-efficiency mediators for entry of
herpes simplex virus mutants carrying the leu25pro substitution in glycoprotein d. J. Virol. 2000,
74, 1267-1274.

Derycke, M.S.; Pambuccian, S.E.; Gilks, C.B.; Kalloger, S.E.; Ghidouche, A.; Lopez, M.; Bliss,
R.L.; Geller, M.A.; Argenta, P.A.; Harrington, K.M.; et al. Nectin 4 overexpression in ovarian
cancer tissues and serum: Potential role as a serum biomarker. Am. J. Clin. Pathol. 2010, 134,
835-845.

Takano, A.; Ishikawa, N.; Nishino, R.; Masuda, K.; Yasui, W.; Inai, K.; Nishimura, H.; Ito, H.;
Nakayama, H.; Miyagi, Y.; et al. Identification of nectin-4 oncoprotein as a diagnostic and
therapeutic target for lung cancer. Cancer Res. 2009, 69, 6694—-6703.

Fabre-Lafay, S.; Garrido-Urbani, S.; Reymond, N.; Goncalves, A.; Dubreuil, P.; Lopez, M.
Nectin-4, a new serological breast cancer marker, is a substrate for tumor necrosis factor-alpha-
converting enzyme (tace)/adam-17. J. Biol. Chem. 2005, 280, 19543—-19550.



Biology 2013, 2 599

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Sugiyama, T.; Yoneda, M.; Kuraishi, T.; Hattori, S.; Inoue, Y.; Sato, H.; Kai, C. Measles virus
selectively blind to signaling lymphocyte activation molecule as a novel oncolytic virus for breast
cancer treatment. Gene Ther. 2012, 20, 338-347.

Boisgerault, N.; Fonteneau, J.F.; Gregoire, M. INSERM UMR&92, Nantes, France. Unpublished
work, 2011.

Parrula, C.; Fernandez, S.A.; Zimmerman, B.; Lairmore, M.; Niewiesk, S. Measles virotherapy in
a mouse model of adult t-cell leukaemia/lymphoma. J. Gen. Virol. 2011, 92, 1458—1466.

Grote, D.; Russell, S.J.; Cornu, T.I.; Cattaneo, R.; Vile, R.; Poland, G.A.; Fielding, A.K. Live
attenuated measles virus induces regression of human lymphoma xenografts in immunodeficient
mice. Blood 2001, 97, 3746-3754.

Peng, K.W.; Ahmann, G.J.; Pham, L.; Greipp, P.R.; Cattaneo, R.; Russell, S.J. Systemic therapy
of myeloma xenografts by an attenuated measles virus. Blood 2001, 98, 2002—2007.

Penheiter, A.R.; Wegman, T.R.; Classic, K.L.; Dingli, D.; Bender, C.E.; Russell, S.J.; Carlson,
S.K. Sodium iodide symporter (nis)-mediated radiovirotherapy for pancreatic cancer. AJR Am. J.
Roentgenol. 2010, 195, 341-349.

Allen, C.; Opyrchal, M.; Aderca, 1.; Schroeder, M.A.; Sarkaria, J.N.; Domingo, E.; Federspiel,
M.J.; Galanis, E. Oncolytic measles virus strains have significant antitumor activity against
glioma stem cells. Gene Ther. 2012, 122, 745-754.

Phuong, L.K.; Allen, C.; Peng, K.W.; Giannini, C.; Greiner, S.; TenEyck, C.J.; Mishra, P.K;
Macura, S.I.; Russell, S.J.; Galanis, E.C. Use of a vaccine strain of measles virus genetically
engineered to produce carcinoembryonic antigen as a novel therapeutic agent against glioblastoma
multiforme. Cancer Res. 2003, 63, 2462-2469.

lankov, 1.D.; Msaouel, P.; Allen, C.; Federspiel, M.J.; Bulur, P.A.; Dietz, A.B.; Gastineau, D.;
Ikeda, Y.; Ingle, J.N.; Russell, S.J.; et al. Demonstration of anti-tumor activity of oncolytic
measles virus strains in a malignant pleural effusion breast cancer model. Breast Cancer Res.
Treat. 2010, 122, 745-754.

McDonald, C.J.; Erlichman, C.; Ingle, J.N.; Rosales, G.A.; Allen, C.; Greiner, S.M.; Harvey,
M.E.; Zollman, P.J.; Russell, S.J.; Galanis, E. A measles virus vaccine strain derivative as a novel
oncolytic agent against breast cancer. Breast Cancer Res. Treat. 2006, 99, 177-184.

Donnelly, O.G.; Errington-Mais, F.; Steele, L.; Hadac, E.; Jennings, V.; Scott, K.; Peach, H.;
Phillips, R.M.; Bond, J.; Pandha, H.; ef al. Measles virus causes immunogenic cell death in
human melanoma. Gene Ther. 2011, 20, 7-15.

Meng, X.; Nakamura, T.; Okazaki, T.; Inoue, H.; Takahashi, A.; Miyamoto, S.; Sakaguchi, G.;
Eto, M.; Naito, S.; Takeda, M.; et al. Enhanced antitumor effects of an engineered measles virus
edmonston strain expressing the wild-type n, p, | genes on human renal cell carcinoma. Mol. Ther.
2010, /8, 544-551.

Li, H.; Peng, K.W.; Dingli, D.; Kratzke, R.A.; Russell, S.J. Oncolytic measles viruses encoding
interferon beta and the thyroidal sodium iodide symporter gene for mesothelioma virotherapy.
Cancer Gene Ther. 2010, 17, 550-558.

Hutzen, B.; Pierson, C.R.; Russell, S.J.; Galanis, E.; Raffel, C.; Studebaker, A.W. Treatment of
medulloblastoma using an oncolytic measles virus encoding the thyroidal sodium iodide
symporter shows enhanced efficacy with radioiodine. BMC Cancer 2012, 12, 508.



Biology 2013, 2 600

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Studebaker, A.W.; Kreofsky, C.R.; Pierson, C.R.; Russell, S.J.; Galanis, E.; Raffel, C. Treatment
of medulloblastoma with a modified measles virus. Neuro. Oncol. 2010, 12, 1034—-1042.
Boisgerault, N.; Guillerme, J.B.; Pouliquen, D.; Achard, C.; Mesel-Lemoine, M.; Combredet, C.;
Fonteneau, J.F.; Tangy, F.; Gregoire, M. Natural oncolytic activity of live-attenuated measles
virus against human lung and colorectal adenocarcinomas. BioMed Res. Int. 2013, 2013, 387362.
Zhang, S.C.; Wang, W.L.; Cai, W.S.; Jiang, K.L.; Yuan, Z.W. Engineered measles virus
edmonston strain used as a novel oncolytic viral system against human hepatoblastoma. BMC
Cancer 2012, 12, 427.

Tangy, F.; Naim, H.Y. Live attenuated measles vaccine as a potential multivalent pediatric
vaccination vector. Viral Immunol. 2005, 18, 317-326.

Greiner, A.; Neumann, M.; Stingl, S.; Wassink, S.; Marx, A.; Riechert, F.; Muller-Hermelink,
H.K. Characterization of wue-1, a novel monoclonal antibody that stimulates the growth of
plasmacytoma cell lines. Virchows. Arch. 2000, 437, 372-379.

Hummel, H.D.; Kuntz, G.; Russell, S.J.; Nakamura, T.; Greiner, A.; Einsele, H.; Topp, M.S.
Genetically engineered attenuated measles virus specifically infects and kills primary multiple
myeloma cells. J. Gen. Virol. 2009, 90, 693—701.

Myers, R.; Greiner, S.; Harvey, M.; Soeftker, D.; Frenzke, M.; Abraham, K.; Shaw, A.;
Rozenblatt, S.; Federspiel, M.J.; Russell, S.J.; et al. Oncolytic activities of approved mumps and
measles vaccines for therapy of ovarian cancer. Cancer Gene Ther. 2005, 12, 593-599.

Galanis, E.; Hartmann, L.C.; Cliby, W.A.; Long, H.J.; Peethambaram, P.P.; Barrette, B.A.; Kaur,
J.S.; Haluska, P.J., Jr.; Aderca, I.; Zollman, P.J.; et al. Phase 1 trial of intraperitoneal
administration of an oncolytic measles virus strain engineered to express carcinoembryonic
antigen for recurrent ovarian cancer. Cancer Res. 2010, 70, 875-882.

Dingli, D.; Peng, K.W.; Harvey, M.E.; Greipp, P.R.; O’Connor, M.K.; Cattaneo, R.; Morris, J.C.;
Russell, S.J. Image-guided radiovirotherapy for multiple myeloma using a recombinant measles
virus expressing the thyroidal sodium iodide symporter. Blood 2004, 103, 1641-1646.

Brem, H.; Gresser, L.; Grosfeld, J.; Folkman, J. The combination of antiangiogenic agents to
inhibit primary tumor growth and metastasis. J. Pediatr. Surg. 1993, 28, 1253—-1257.

Le Bon, A.; Tough, D.F. Links between innate and adaptive immunity via type i interferon. Curr.
Opin. Immunol. 2002, 14, 432-436.

Berchtold, S.; Lampe, J.; Weiland, T.; Smirnow, L.; Schleicher, S.; Handgretinger, R.; Kopp,
H.G.; Reiser, J.; Stubenrauch, F.; Mayer, N.; et al. Innate immune defense defines susceptibility
of sarcoma cells to measles vaccine virus-based oncolysis. J. Virol. 2013, 87, 3484-3501.
Prestwich, R.J.; Ilett, E.J.; Errington, F.; Diaz, R.M.; Steele, L.P.; Kottke, T.; Thompson, J.;
Galivo, F.; Harrington, K.J.; Pandha, H.S.; ef a/. Immune-mediated antitumor activity of reovirus
is required for therapy and is independent of direct viral oncolysis and replication. Clin. Cancer
Res. 2009, 15, 4374-438]1.

Errington, F.; Steele, L.; Prestwich, R.; Harrington, K.J.; Pandha, H.S.; Vidal, L.; de Bono, J.;
Selby, P.; Coffey, M.; Vile, R.; ef al. Reovirus activates human dendritic cells to promote innate
antitumor immunity. J. Immunol. 2008, 180, 6018-6026.

Kepp, O.; Tesniere, A.; Zitvogel, L.; Kroemer, G. The immunogenicity of tumor cell death. Curr.
Opin. Oncol. 2009, 21, 71-76.



Biology 2013, 2 601

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Kumar, H.; Kawai, T.; Akira, S. Pathogen recognition by the innate immune system. Int. Rev.
Immunol. 2011, 30, 16-34.

Steinman, R.M. Decisions about dendritic cells: Past, present, and future. Annu. Rev. Immunol.
2012, 30, 1-22.

Steinman, R.M.; Lustig, D.S.; Cohn, Z.A. Identification of a novel cell type in peripheral
lymphoid organs of mice. 3. Functional properties in vivo. J. Exp. Med. 1974, 139, 1431-1445.
Joffre, O.P.; Segura, E.; Savina, A.; Amigorena, S. Cross-presentation by dendritic cells. Nat.
Rev. Immunol. 2012, 12, 557-569.

Fujii, S.; Liu, K.; Smith, C.; Bonito, A.J.; Steinman, R.M. The linkage of innate to adaptive
immunity via maturing dendritic cells in vivo requires c¢d40 ligation in addition to antigen
presentation and ¢d80/86 costimulation. J. Exp. Med. 2004, 199, 1607-1618.

Krysko, D.V.; Garg, A.D.; Kaczmarek, A.; Krysko, O.; Agostinis, P.; Vandenabeele, P.
Immunogenic cell death and damps in cancer therapy. Nat. Rev. Cancer 2012, 12, 860—875.
Bachem, A.; Guttler, S.; Hartung, E.; Ebstein, F.; Schaefer, M.; Tannert, A.; Salama, A.;
Movassaghi, K.; Opitz, C.; Mages, H.W.; et al. Superior antigen cross-presentation and xcrl
expression define human cdl1ctcd141+ cells as homologues of mouse cd8+ dendritic cells. J.
Exp. Med. 2010, 207, 1273-1281.

Crozat, K.; Guiton, R.; Contreras, V.; Feuillet, V.; Dutertre, C.A.; Ventre, E.; Vu Manh, T.P.;
Baranek, T.; Storset, A.K.; Marvel, J.; et al. The xc chemokine receptor 1 is a conserved selective
marker of mammalian cells homologous to mouse cd8alpha+ dendritic cells. J. Exp. Med. 2010,
207, 1283-1292.

Jongbloed, S.L.; Kassianos, A.J.; McDonald, K.J.; Clark, G.J.; Ju, X.; Angel, C.E.; Chen, C.J.;
Dunbar, P.R.; Wadley, R.B.; Jeet, V.; et al. Human cdl141+ (bdca-3)+ dendritic cells (dcs)
represent a unique myeloid dc subset that cross-presents necrotic cell antigens. J. Exp. Med. 2010,
207, 1247-1260.

Poulin, L.F.; Salio, M.; Griessinger, E.; Anjos-Afonso, F.; Craciun, L.; Chen, J.L.; Keller, A.M.;
Joffre, O.; Zelenay, S.; Nye, E.; ef al. Characterization of human dngr-1+ bdca3+ leukocytes as
putative equivalents of mouse cd8alpha+ dendritic cells. J. Exp. Med. 2010, 207, 1261-1271.
Fonteneau, J.F.; Gilliet, M.; Larsson, M.; Dasilva, 1.; Munz, C.; Liu, Y.J.; Bhardwaj, N.
Activation of influenza virus-specific cd4+ and cd8+ t cells: A new role for plasmacytoid
dendritic cells in adaptive immunity. Blood 2003, 101, 3520-3526.

Di Pucchio, T.; Chatterjee, B.; Smed-Sorensen, A.; Clayton, S.; Palazzo, A.; Montes, M.; Xue, Y.;
Mellman, 1.; Banchereau, J.; Connolly, J.E. Direct proteasome-independent cross-presentation of
viral antigen by plasmacytoid dendritic cells on major histocompatibility complex class i. Nat.
Immunol. 2008, 9, 551-557.

Hoeffel, G.; Ripoche, A.C.; Matheoud, D.; Nascimbeni, M.; Escriou, N.; Lebon, P.; Heshmati, F.;
Guillet, J.G.; Gannage, M.; Caillat-Zucman, S.; et al. Antigen crosspresentation by human
plasmacytoid dendritic cells. Immunity 2007, 27, 481-492.

Diamond, M.S.; Kinder, M.; Matsushita, H.; Mashayekhi, M.; Dunn, G.P.; Archambault, J.M.;
Lee, H.; Arthur, C.D.; White, J.M.; Kalinke, U.; ef al. Type i interferon is selectively required by
dendritic cells for immune rejection of tumors. J. Exp. Med. 2011, 208, 1989-2003.



Biology 2013, 2 602

82.

83.

&4.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95

Fuertes, M.B.; Kacha, A.K.; Kline, J.; Woo, S.R.; Kranz, D.M.; Murphy, K.M.; Gajewski, T.F.
Host type 1 ifn signals are required for antitumor cd8+ t cell responses through cd8{alpha}+
dendritic cells. J. Exp. Med. 2011, 208, 2005-2016.

Drobits, B.; Holcmann, M.; Amberg, N.; Swiecki, M.; Grundtner, R.; Hammer, M.; Colonna, M.;
Sibilia, M., Imiquimod clears tumors in mice independent of adaptive immunity by converting
pdcs into tumor-killing effector cells. J. Clin. Invest. 2012, 122, 575-585.

Liu, C.; Lou, Y.; Lizee, G.; Qin, H.; Liu, S.; Rabinovich, B.; Kim, G.J.; Wang, Y.H.; Ye, Y.;
Sikora, A.G.; et al. Plasmacytoid dendritic cells induce nk cell-dependent, tumor antigen-specific
t cell cross-priming and tumor regression in mice. J. Clin. Invest. 2008, 118, 1165-1175.

Mouries, J.; Moron, G.; Schlecht, G.; Escriou, N.; Dadaglio, G.; Leclerc, C. Plasmacytoid
dendritic cells efficiently cross-prime naive t cells in vivo after tlr activation. Blood 2008, 112,
3713-3722.

Tel, J.; Aarntzen, E.H.; Baba, T.; Schreibelt, G.; Schulte, B.M.; Benitez-Ribas, D.;
Boerman, O.C.; Croockewit, S.; Oyen, W.J.; van Rossum, M.; et al. Natural human plasmacytoid
dendritic cells induce antigen-specific t-cell responses in melanoma patients. Cancer Res. 2013,
73, 1063—-1075

Grote, D.; Cattaneo, R.; Fielding, A.K. Neutrophils contribute to the measles virus-induced
antitumor effect: Enhancement by granulocyte macrophage colony-stimulating factor expression.
Cancer Res. 2003, 63, 6463—6468.

Liu, C.; Russell, S.J.; Peng, K.W. Systemic therapy of disseminated myeloma in passively
immunized mice using measles virus-infected cell carriers. Mol. Ther. 2010, 18, 1155-1164.
Mader, E.K.; Maeyama, Y.; Lin, Y.; Butler, G.W.; Russell, H.M.; Galanis, E.; Russell, S.J.; Dietz,
A.B.; Peng, K.W. Mesenchymal stem cell carriers protect oncolytic measles viruses from
antibody neutralization in an orthotopic ovarian cancer therapy model. Clin. Cancer Res. 2009,
15, 7246-7255.

Heo, J.; Reid, T.; Ruo, L.; Breitbach, C.J.; Rose, S.; Bloomston, M.; Cho, M.; Lim, H.Y.; Chung,
H.C.; Kim, C.W.; ef al. Randomized dose-finding clinical trial of oncolytic immunotherapeutic
vaccinia jx-594 in liver cancer. Nat. Med. 2013, 19, 329-336.

Taqi, A.M.; Abdurrahman, M.B.; Yakubu, A.M.; Fleming, A.F. Regression of Hodgkin’s disease
after measles. Lancet 1981, 1, 1112.

Zygiert, Z., Hodgkin’s disease: Remissions after measles. Lancet 1971, 1, 593.

Ziegler, J.L. Spontaneous remission in burkitt’s lymphoma. Natl. Cancer Inst. Monogr. 1976, 44,
61-65.

Heinzerling, L.; Kunzi, V.; Oberholzer, P.A.; Kundig, T.; Naim, H.; Dummer, R. Oncolytic
measles virus in cutaneous t-cell lymphomas mounts antitumor immune responses in vivo and
targets interferon-resistant tumor cells. Blood 2005, 106, 2287-2294.

. ClinicalTrials.gov. Available online: http://www.clinicaltrials.gov/ (accessed on 12 December 2012).

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


