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Abstract

Background & Aims—Although attenuated measles virus (MV) has demonstrated potent
oncolytic activities towards human cancers, it has not yet been widely adopted into clinical
practice. One of the major hurdles is the presence of pre-existing anti-MV immunity in the
recipients. In this study, we have evaluated the combination of the potent oncolytic activity of the
attenuated MV with the unique immunoprivileged and tumor-tropic biological properties of
human bone marrow-derived mesenchymal stem cells (BM-hMSCs) to combat human
hepatocellular carcinoma (HCC), orthotopically implanted in SCID mice, passively immunized
with human neutralizing antibodies against MV as a preclinical model.

Methods—SCID mice were orthotopically implanted with patient-derived HCC tissues and
established HCC cell lines. SCID mice were passively immunized with human neutralizing anti-
measles antibodies. Bioluminescence and fluorescence imaging were employed to monitor the
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ability of systemically delivered MV-infected BM-hMSCs to infiltrate the implanted tumors and
their effects on tumor growth.

Results—Systemically delivered MV-infected BM-hMSCs homed to the HCC tumors implanted
orthotopically in the liver and it was evidenced that BM-hMSCs could transfer MV infectivity to
HCC via heterofusion. Furthermore, therapy with MV-infected BM-hMSCs resulted in significant
inhibition of tumor growth in both measles antibody-naive and passively-immunized SCID mice.
By contrast, when cell-free MV viruses were delivered systemically, antitumor activity was
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evident only in measles antibody-naive SCID mice.

Conclusions—MV-infected BM-hMSCs cell delivery system provides a feasible strategy to
elude the presence of immunity against MV in most of the potential cancer patients to be treated
with the oncolytic MV viruses.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide and is
the third leading cause of cancer-related deaths [1-3]. Liver transplantation (LT) offers one
of the best treatments for HCC since it removes both the tumor and the underlying liver
disease [4,5]. Unfortunately, the need to obtain the optimal benefit from the limited number
of organs available has prompted the selection of those patients with early HCC for LT and
has unavoidably led to many controversies around the use of LT in HCC patients [6].
Surgery currently offers the only possibility of prolonged survival in HCC patients.
Unfortunately, recurrence occurs in more than two-thirds of these patients despite initial
curative intent and converts the situation to a dismal prognosis. Transcatheter arterial
chemoembolization (TACE) is also a treatment option for patients with preserved liver
function and HCC confined to the liver [7]. However, the survival benefit of conventional
TACE is modest. Despite the successful approval of sorafenib and the fact that its clinical
applications have shown good tolerability in the studied populations [8,9], the prognosis for
patients with advanced hepatocellular carcinoma (HCC) is poor and systemic therapies for
advanced HCC remains an unmet medical need among patients with HCC.

Oncolytic virotherapy is an emerging treatment modality that uses replication-competent
viruses to destroy cancers [10]. Oncolytic viruses are viruses that selectively infect or
replicate in cancer cells but without causing harm to normal tissues and thus make them
potentially therapeutically useful. Many naturally occurring viruses, including some
naturally attenuated viral strains, have a preferential, although non-exclusive, tropism for
tumors and tumor cells. Others are genetically modified to mediate oncolytic effects. In
addition to the killing of infected cells, oncolytic viruses can mediate the killing of
uninfected cancer cells by indirect mechanisms such as destruction of tumor blood vessels,
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amplification of specific anticancer immune responses or through specific activities of
transgene-encoded proteins expressed from engineered viruses [10].

The attenuated Edmonston vaccine strain of measles virus (MV) has demonstrated potent
selective oncolytic activity against a number of human cancers, including HCC [11,12]. MV
induces extensive cytopathic effects (CPE) specifically in tumor cells by intercellular fusion
and syncytial formation while causing minimal damage in non-transformed cells. This
selective oncolytic activity against human cancers has been mainly attributed to the elevated
expression of CD46 on tumor cells [13]. An earlier phase | dose escalation clinical trial to
test the safety of intraperitoneal administration of MV-CEA, a recombinant MV genetically
modified to express a soluble marker peptide to enable non-invasive monitoring of the
profiles of viral gene expression, was recently completed [14]. We observed that the virus
was well tolerated, and no dose-limiting toxicity was observed. Although no dose-limiting
toxicity was observed, there was development of anti-CEA antibodies and increase in anti-
MV antibody titers [14]. Although replication-competent MV viruses can propagate
selectively in tumor, the major limitation with systemic MV therapy for cancer remains the
inefficiency of gene delivery to cancer cells in vivo due to host’s immunity against MV. We
are therefore keen to explore various strategies to improve delivery of measles virus to the
tumor site, especially in patients with pre-existing anti-measles antibodies.

Mesenchymal stromal cells (MSC) are multipotent non-hematopoietic cells that can self-
renew and exhibit ability to differentiate into multiple lineages with specific surface marker
expression [15,16]. Many studies have demonstrated their remarkable tumor tropic and
strong immunosuppressive properties [17,18]. Consequently, MSCs have been exploited in
many clinical settings, including regenerative medicine, immune modulation, and tissue
engineering. Accumulating pre-clinical and clinical studies have further demonstrated the
efficacy of genetically modified MSC to express and release therapeutic factors, confirming
their ability to serve as an excellent base for cell-mediated gene therapy.

In this study, we have evaluated the combination of the potent oncolytic activity of the
attenuated MV against human tumors with the unique immunoprivileged and tumor-tropic
biological properties of BM-hMSCs to combat human HCC, orthotopically implanted in
SCID mice, passively immunized with human neutralizing antibodies against MV as a
preclinical model.

Materials and methods

Cell cultures and viruses

All HCC cell lines and Vero cells were maintained in Dulbecco’s modified Eagle’s
medium(DMEM) containing 10% and 5% fetal bovine serum, respectively. MV-expressing
green fluorescent protein (GFP), firefly luciferase (FLuc), and sodium iodide symporter
(NIS) were prepared as described previously [19]. These viruses exhibit comparable growth
characteristics on Vero producer cells (Supplementary Fig. 1).
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Isolation and characterization of human bone marrow-derived mesenchymal stem cells

(BM-hMSCs)

This study was approved by the SingHealth Centralised Institutional Review Board (CIRB)
and conducted in accordance with the policies of its Ethics Committee. Informed consent
was obtained from all participating patients. BM-hMSCs were isolated and characterized as
previously described [20]. Only low-passage cells (P4—P7) were used for all the
experiments.

Virus infection assay

Cells were infected with MV-GFP at different multiplicities of infection (MOI) for 2 h at 37
°C. At the end of the incubation, virus inoculum was removed and the cells were maintained
in culture medium containing fusion inhibitory peptide (FIP; Bachem, Germany). The
percentage of GFP-positive infected cells was analyzed by flow cytometry. Cell viability
was determined by MTS assay (Aqueous One Solution; Promega, WI). For cell heterofusion
assays, green CFSE-stained (Invitrogen, CA) BM-hMSCs were infected with MV-FLuc
(MOI = 2) and co-cultured with red Vybrant CM-Dil-labeled (Invitrogen) HuH7 cells. Cells
were then maintained at 37 °C and cell heterofusion was observed under confocal
microscopy (Carl Zeiss, Germany).

Plague neutralization assay (PRN)

Pooled human AB sera were purchased from Valley Biomedical Inc. (Winchester, VA).
Anti-measles antibody titers in pooled human sera were determined using anti-MV
immunoglobulin (IgG) detection kit (Abnova, Taiwan). PRN assay was performed as
described previously [21]. The numbers of plaques were counted at day 4 post-infection.
Neutralizing titers were determined by the highest dilution of serum that resulted in at least
50% inhibition of cytopathic effect in at least two out of three wells. Anti-measles antibody
titers are reported as EU/ml.

Orthotopic implantation of human hepatocellular carcinoma in SCID mice

Freshly resected human HCC tumors were collected from patients undergoing partial liver
resection for HCC at the Singapore General Hospital. All samples were collected with
informed consent and have been approved by SingHealth CIRB. Tumor tissues harvested
were cut into small pieces and implanted subcutaneously into SCID mouse. When the tumor
volume reached approximately 1 cm?3, tumor was harvested, cut into 1 mm?3 pieces and then
implanted orthotopically into the liver of SCID mice. The development of tumor was
monitored by measuring the serum levels of alpha-fetoprotein (AFP) using the human AFP
ELISA detection kit (Abnova). At euthanasia, tumor size was measured using calipers.

In vivo experiments

All animal experiments were performed according to protocols approved by the SingHealth
Institutional Animal Use and Care Committee. To determine the half-life of human anti-MV
antibody post-passive transfer into SCID mice, SCID mice were given an i.p. injection of
anti-measles serum, euthanized and bled at 3 h (day 0), day 1, 2, 3, 4, 5, and 6 post transfer.
The level of anti-MV Ab in the recipient mice was determined by PRN assay.

J Hepatol. Author manuscript; available in PMC 2015 February 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ong et al. Page 5

For in vivo imaging experiments, BM-hMSCs were infected with an MV cocktail (MV-NIS
and MV-Luc at 10:1), labeled with 10 pM DiR, and injected intravenously via the tail vein
into tumor-bearing SCID mice. Localization of the MV-infected BM-hMSCs and the
subsequent transfer of MV infection to tumors were monitored by fluorescence and
bioluminescence and were quantified using the Xenogen 1VIS system (Caliper Life
Sciences, CA). MV infection in the tumor site was also confirmed by immune-histochemical
staining for MV nucleoprotein (MV-N), as previously described [22].

For efficacy testing of experimental therapy, tumor-bearing mice were passively immunized
by intraperitoneal (IP) injection of 95 EU of measles immune serum 3 h prior to therapy and
thereafter 47.5 EU daily throughout the experiment. All mice were given single dose (2 x
100) of free-virus or MV-infected BM-hMSCs via tail vein. Mice were euthanized when the
AFP reached 1000-fold compared to the level at starting therapy.

Statistical analysis

Analysis of variance (ANOVA) and t-test were used for statistical comparisons between
groups (GraphPad Prism 5.0; GraphPad Software, CA). A p <0.05 was considered
statistically significant.

Results

Susceptibility of BM-hMSCs to MV infection

BM-hMSCs were infected with MV-GFP and infectivity was quantitated by flow cytometry.
Increasing the MOI produced a corresponding increase in the numbers of infected cells (Fig.
1A), ranging from 40-45% for MOI of 1 to 60-72% for MOI of 4 at 96 h (Fig. 1B) with no
significant effect on cell viability for up to 96 h post-infection (Fig. 1C).

In vitro transfer of MV infection from pre-infected BM-hMSCs to tumor cells via
heterofusion

The ability of MV-infected BM-hMSCs to transfer the virus to human HCC cells was
assessed in co-culture experiments using dual-fluorescent-labeled cells. Pre-infected green
CFSE-stained BM-hMSCs were overlaid onto monolayer of red CM-Dil-labeled human
HuH7 cells at 1:20 ratio. After co-cultured for 48 and 72 h, significant heterocellular fusion
was observed (Fig. 1D) as evidenced by the formation of large multinucleated yellow
syncytia resulting from the fusion of the red HuH7 cells and green MV-infected BM-hMSCs
(Fig. 1Eii). By contrast, no heterofusion events were seen if uninfected BM-hMSCs were
mixed with HuH7 cells (Fig. 1Ei). The extent of syncytia formation increases with the
increasing number of MV-infected BM-hMSCs (Fig. 1F).

Experimental SCID mouse model for human hepatocellular carcinoma

We have developed an orthotopic model of human HCC by surgically implanting serially
transplantable patient-derived HCC into SCID mice. All tumors grew locally in the liver
(Fig. 2A). The serum AFP level correlated well with the tumor size (R? = 0.9339; p = 0.01;
Fig. 2B). Mice (for example, #2-1), in which there was no macroscopic tumor detectable,
also gave no detectable AFP (Fig. 2A and B). There was a latency period of approximately 2
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weeks after which the AFP level (ng/ml) increased rapidly from 3404 + 1348 (day 14) to
17,850 + 12,020 (day 18) (Fig. 2C). Using these observations as reference, we employed
mice with detectable AFP level =500 ng/ml, typically around 11 days post-tumor
implantation (inset, Fig. 2C), for subsequent experiments.

MV-infected BM-hMSCs transferred MV infection to orthotopically implanted human HCC
tumors and replicated in the HCC cells of the recipient SCID mouse

Targeting of MV-infected BM-hMSCs in vivo and the subsequent inhibition of tumor
growth were demonstrated in the orthotopically implanted human HCC model. SCID mice
bearing patient-derived HCC tissues or HUH7 tumors were given DiR-labeled MV-infected
BM-hMSCs or cell-free viruses intravenously. MV mixture consisting of 1:10 MV-
FLuc:MV-NIS was used in the experiment to enable in vivo monitoring of viral replication
by imaging for FLuc expression as well as evaluating the efficacy of MV-NIS.

DiR signals (for monitoring BM-hMSCs) were detected in the livers of all the mice that
received DiR-labeled MV-infected BM-hMSCs on day 2 post-cell infusion, but signal
intensity faded by day 5 (Fig. 3A). At day 2 post-injection, weak FLuc signal could be
detected in only one out of three mice bearing patient-derived HCC tumor and none in the
mice implanted with HuH7 tumors that received MV-infected BM-hMSCs (Fig. 3A).
However, the FLuc signals continued to increase with time, suggesting active viral
replication. Furthermore, the FLuc signal overlapped with the DiR signal, indicating that it
was possibly due to the transfer of MV infection from MV-infected BM-hMSCs to the
orthotopically implanted HCC tumor cells. Moreover, both cell-free and hMSC-associated
MV viruses were highly efficient in inhibiting the development of tumors in treated mice
compared to control mice (Fig. 3B). Immunohistostaining of tumor cryosections was
performed and measles nucleocapsid (MV-N) protein was detected in both cell-free virus
and MV-infected BM-hMSCs-treated tumors, confirming the spread of MV viruses in the
treated mice (Fig. 3C).

Cell-associated MV virus is more resistant to neutralizing anti-MV antibodies than cell-free

MV virus

Cell-free MV-GFP or MV-GFP-infected BM-hMSCs were added to monolayer culture of
Vero cells in the absence or presence of increasing concentrations of measles-immune serum
(anti-MV 1gG titer = 190 EU/mI). As shown in Fig. 4A, the virus infectivity recovered
gradually with increasing dilutions of measles-immune sera. At 1:16 dilution, 30% of
syncytia were present in Vero cells overlaid with MV-infected BM-hMSCs. In comparison,
cell-free MV viruses were completely neutralized at this same serum dilution. For the cell-
free MV viruses, only 15% of syncytia could be recovered in the Vero monolayer even at
the serum dilution of 1:256 (Fig. 4A), indicating cell-associated viruses were more
efficiently protected from the neutralizing effect of host anti-MV antibodies. Similar trends
were observed in two additional independent experiments where at high concentration of
measles-immune sera (up to 128-fold diluted), naked MV was less effective in inducing cell
fusion compared to MV delivered in BM-hMSCs (Supplementary Fig. 2).
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Cell-associated but not cell-free MV viruses suppressed HCC growth in the presence of
measles immune serum

Mice are not susceptible to infection by measles virus because they lack the CD46 receptor
required for virus entry. Measles virus is also unable to replicate in murine tissues due to an
intracellular block of the transcription of viral genes [16,17]. Thus, we employed the
passively immunization strategy in which human measles immune serum was injected IP
into mice to produce measles immunity. The immune status of the recipient SCID mice was
validated by measuring the level of neutralizing anti-MV antibodies present in their sera
over time. At 3 h post-infusion, the mice were confirmed to be immune to measles with the
half-life of passively acquired MV antibodies determined to be approximately 21.4 h (Fig.
4B).

The geometric mean antibody titers against measles in the sera of newly diagnosed HCC
patients and healthy individuals are 169 + 28.22 EU/ml (n = 8) and 117 + 65.77 EU/ml (n =
4), respectively (Table 1). To test the effect of MV virotherapy with antibody treatment,
tumor-bearing SCID mice were passively immunized with human measles immune serum at
20 EU/mouse (low) or 95 EU/mouse (high). Three hours later, all the passively immunized
mice received one intravenous injection of 2 x 108 - TCIDsg MV cocktail (10 MV-NIS: 1
MV-FLuc) (n =5 mice/group). Measles-naive mice were also treated with the same amount
of virus (n = 3 mice). No significant luciferase signals were detected in all the mice on day 1
after virus infusion (Fig. 4C). On day 3, there were intense signals in tumors of all measles-
naive mice and mice immunized with 20 EU immune sera. By contrast, luciferase signals
detected in mice given 95 EU measles-immune sera were approximately 10-fold lower
compared to both measles-naive and 20 EU-immunized mice. Virus spread, indicated by
quantification of intratumoral luciferase activity, in naive mice and mice receiving 20 EU
measles-immune serum, was comparable, but virus spread was significantly reduced in mice
given 95 EU immune sera compared to the other two groups (p <0.05; Fig. 4D). These
observations further suggested that cell-free viruses were able to infect and spread to tumor
cells in the presence of low (20 EU) but not high neutralizing anti-MV antibody (95 EU).

To determine if BM-hMSCs can deliver and protect MV in the presence of pre-existing
immune serum, SCID mice bearing orthotopically implanted patient-derived HCC xenograft
were passively immunized by IP injection of human measles immune serum (95 EU) or
saline three hours pre-therapy. Mice were then treated intravenously either with 2 x 108 cell-
free MV or 2 x 108 MV-infected BM-hMSCs cells. The BM-hMSCs were pre-infected with
MV at MOI of 2. Quantification of serum AFP indicated that HCC developed progressively
in saline-treated control mice, Fig. 4E. Cell-free MV viruses significantly suppressed tumor
growth only in human measles immune serum naive mice (p <0.01) but not in measles-
immune mice, Fig. 4E. Furthermore, there was a significant difference in therapy outcome
for cell-free MV viruses in the presence or absence of human measles-immune serum (p
<0.05), Fig. 4E. On the other hand, treatment of both measles-naive and measles-immune
mice with MV-infected BM-hMSCs achieved good tumor control (p <0.01 and p <0.05,
respectively), with no significant difference in therapy outcome between measles-naive mice
and mice receiving measles-immune sera (Fig. 4E), demonstrating that the presence of pre-
existing measles-immune sera did not diminish the therapeutic efficacy of MV delivered in
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BM-hMSCs. These results are further supported by the observations that tumor growth
between the immune cell-free MV group and the control group was similar (Fig. 4E) while
MV-infected BM-hMSCs immune mice achieved significant tumor suppression compared to
the control group (“p <0.05), Fig. 4E.

Discussion

There are a number of challenges associated with intravenous administration of viruses that
could limit the efficiency of measles virotherapy. Intravenously injected MV can be quickly
neutralized by antimeasles antibodies in previously vaccinated individuals. Liver and spleen
sequestration of viral particles also reduces the circulatory half-life of the virus and
bioavailability to tumor cells. In addition, the virus has to extravasate efficiently from the
lumenal side of tumor blood vessels into the tumor parenchyma to initiate an infection. We
and others have suggested that cells infected with replication-competent MV viruses can
serve as “Trojan horses” to deliver viruses to the tumor sites, alleviating virus sequestration
and potential neutralization by the host immune factors.

In this study, we have firstly developed a highly reproducible model of human HCC in
SCID mice. The spread of oncolytic viruses, which express the firefly luciferase reporter
gene from the site of tumor inoculation, can be monitored using bioluminescent imaging for
luciferase activity and this can be correlated with the tumor burden that can be quantitated
by the measurement of AFP levels in the blood, since the orthotopically implanted HCC
secreted AFP. Using this model, we evaluated and demonstrated the feasibility of using
human MSC to deliver oncolytic MV to HCC orthotopically implanted in the liver of SCID
mice that had been passively immunized against MV. Using DiR-labeled-MV-infected BM-
hMSCs, we have demonstrated that MV-infected BM-hMSCs homed to orthotopically
implanted HCC tumors, following systemic delivery via tail vein injection of tumor-bearing
measles-immune SCID mice, and suppressed tumor growth. The average anti-MV 1gG in
newly diagnosed HCC patients has been estimated to be 169 EU/ml and is comparable to
that of the healthy individuals (117 EU/mI). We maintained the anti-MV titer at 95 EU/
mouse in our experiments and represented the maximum achievable antibody titer with the
human measles-immune serum available in the lab. Although this was below the average
observable anti-MV titer in HCC patients, this level was shown to produce sufficient
inhibition of in vivo free virus replication and spread (Fig. 4C and D) and is also
significantly higher than the titer of 20 EU/ml, at which an individual is considered to be
measles immune.

There is, however, another set of potential challenges associated with the use of cells as
carriers for virotherapy. We and others have previously shown that systemically
administered cell carriers tend to arrest in the lungs, immediately upon infusion and could
diminish the efficacy of cell-mediated virotherapy [23,24]. However, we have subsequently
demonstrated that CD14 monocytes, immature dendritic cells, interleukin-2 expanded T
cells arrested in lungs are only transient and they are later disseminated to the liver, spleen,
and bone marrow after the initial arrest [25,26]. The pattern of transient cell arrest in the
lungs and subsequent redistribution to liver and spleen was also seen in human studies
where 111Indium oxine-labeled peripheral blood lymphocytes or T cells were injected
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intravenously into humans and monitored using gamma cameras [27]. As with other non-
transformed cells, it requires a large amount of MV to infect significant numbers of BM-
hMSCs carriers (Fig. 1B, 60% infectivity at MOI = 4). Moreover, virus replication/progeny
production was 10-fold less in Vero monolayer cells infected with the same amount of MV-
infected BM-hMSCs compared to infection with free virus (data not shown).

However, using MSC as a carrier for HCC therapy offers many attractive features.
Circulating MSC cells can home to the liver and the trafficking profiles of MSC cells are
well studied. In addition to its natural tropism for the tumor, MSC can efficiently be infected
by MV, as well as support viral gene expression. Many thorough safety studies using high
numbers of MSC have been reported and employed for clinical studies [10]. The human
experience, together with the extensive toxicology and pharmacology studies, has
demonstrated the safety of using MSC cells in patients with end stage cancer, making the
strategy of cell carriers highly feasible for clinical testing. Currently, MSC based clinical
trials have been conducted for at least 12 kinds of pathological conditions, with many
completed trials demonstrating safety and efficacy [10]. In addition, there are further
compelling reasons to use cell carriers for systemic delivery of MV. Unlike “naked” MV,
which can be rapidly sequestered by the reticuloendothelial system or neutralized by
antiviral antibodies in the circulation, we have demonstrated here that cell-associated MVs
are protected from antiviral antibodies (Fig. 4A). Subsequent virus transfer via heterocellular
fusion between infected cell carriers with target cells is more resistant to neutralization by
anti-MV antibodies, perhaps because the interface of cell-to-cell fusion is less accessible to
antibodies than the junction of virus-cell membrane fusion. Indeed, MV may be particularly
suited for cell carrier delivery as natural MV infection is cell-associated [28].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. MV can infect BM-hM SCs and transfer the infection to HCC cellsin vitro
(A) BM-hMSCs were infected with MV-GFP, (B) quantitated by flow cytometry for GFP-

expressing cells and (C) evaluated for cell viability with MTS assay at the indicated time-
points. CFSE-stained MV-infected BM-hMSCs were overlaid on Dil-labeled HuH7 cells at
a 1:20 ratio. (D) At 48 and 72 hours post-overlaid, cells were photographed with a confocal
microscope. (E) High-resolution analysis of heterofusion between green BM-hMSCs and red
HuH?7 cells resulted in observation of multinucleated yellow-colored synctia (Eii). For
comparison, co-culture of uninfected BM-hMSCs (green) with HuUH7 (red) did not result in
heterofusion (Ei). Scale bar = 50 um. (F) MV-induced syncytia formation increases with the
number of infected BM-hMSCs. (This figure appears in colour on the web.)
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Fig. 2. Orthotopically implanted human HCC tumor model

HCC tumors were surgically implanted into the liver of SCID mice. (A) Macroscopic view
of the implanted tumor developed in the liver of a representative SCID mouse with their
corresponding serum AFP level indicated below the picture. Scale bar =5 mm. (B) AFP
levels plotted against tumor size. RZ = 0.9339 and p = 0.01. (C) Growth kinetics of the
orthotopically implanted HCC tumor. Tumor growth increased rapidly when serum AFP
level was >500 ng/ml, indicated by the dotted line (in the inset). (This figure appears in

colour on the web.)
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Fig. 3. Systemic delivery of MV infection via infected BM-hM SCsto orthotopically implanted
HCC tumorsresulted in significant tumor growth suppression

(A) Tumor-bearing mice were given 2 x 108 TCIDsg MV-Luc or 2 x 10 MV-Luc-infected
DiR-labeled BM-hMSCs (MV/BM-hMSCs). Bioluminescence imaging of virally encoded
firefly luciferase is shown in green, and fluorescence imaging of DiR-labeled BM-hMSCs is
indicated in red. Overlaid images (bottom panel) showed colocalization of both signals
indicating delivery of MV-Luc infection (green) by infected BM-hMSCs (red). (B) Relative
tumor burden at necropsy; “*p <0.01; *p <0.05. (C) Immunohistochemistry staining for MV-
N protein. Scale bar = 50 um. (This figure appears in colour on the web.)
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(A) The degree of in vitro MV infection by cell-free or cell-associated MV after exposure to
increasing dilutions of measles-immune serum is represented as a percentage of syncytia
count in the absence of anti-MV serum. (B) Timeline for decay of human measles-immune
serum in SCID mice. (C) Bioluminescence imaging of viral spread in low and high anti-MV
antibodies, (D) quantitated in photon counts. (E) Relative tumor burden in measles-naive
and passively immunized tumor-bearing mice treated with cell-free or cell-associated MV
via intravenous injection; *"p <0.01; "p <0.05. (This figure appears in colour on the web.)
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Table 1

Anti-MV 1gG levels in newly diagnosed HCC patients and healthy donors.

SampleID  Anti-MV 1gG (EU/ml)

HCC patients
240T 177.43
239T 169.89
234T 189.69
233T 192.47
232T 171.42
231T 195.21
196245  113.81
196140  140.98

Healthy donors
1 76.46
2 180.41
3 145.50
4 163.90
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