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Abstract

Background: The oncolytic viruses have shown promising results for the treatment of multiple myeloma. However, the use
of human viruses is limited by the patients’ antiviral immune response. In this study, we investigated an alternative oncolytic
strategy using non-human pathogen viruses as the bovine viral diarrhea virus (BVDV) that were able to interact with CD46.

Methods: We treated several human myeloma cell lines and non-myeloma cell lines with BVDV to evaluate the expression

subcutaneously with myeloma cell lines.

tumoral burden compared to the vehicle.

of CD46 and to study the effect on cell viability by flow cytometry. The possible synergistic effect of bortezomib in
combination with BVDV was also tested. Moreover, we infected the bone marrow mononuclear cells obtained from
myeloma patients and we checked the BVDV effect on different cell populations, defined by CD138, CD14, CD3, CD19, and
CD56 expression evaluated by flow cytometry. Finally, the in vivo BVDV effect was tested in NOD-SCID mice injected

Results: Human myeloma cells were selectively sensitive to BVDV treatment with an increase of cell death and,
consequently, of apoptotic markers. Consistently, bone marrow mononuclear cells isolated from myeloma patients treated
with BVDV, showed a significant selective decrease of the percentage of viable CD138" cells. Interestingly, bortezomib pre-
treatment significantly increased the cytotoxic effect of BVDV in myeloma cell lines with a synergistic effect. Finally, the

in vitro data were confirmed in an in vivo myeloma mouse model showing that BVDV treatment significantly reduced the

Conclusions: Overall, our data indicate, for the first time, a direct oncolytic effect of the BVDV in human myeloma cells
suggesting its possible use as novel alternative anti-myeloma virotherapy strategy.
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Background

Multiple myeloma (MM) is a hematological malignancy
characterized by the accumulation of plasma cells (PCs) in
the bone marrow (BM) microenvironment that critically
supports MM cell growth and survival [1]. Despite the sig-
nificant therapeutic progress due to the introduction of sev-
eral new drugs, MM remains an incurable disease [2, 3].
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The oncolytic virotherapy is an alternative therapeutic
strategy in cancer treatment, exploiting natural or genetic-
ally engineered viruses able to infect, transduce, and conse-
quently kill cancer cells directly or indirectly through the
delivery by the microenvironment cells [4, 5]. Moreover, it
has been shown that the oncolytic virus may increase the
sensitivity of tumor cells to immunotherapy [6-8].

Several human oncolytic viruses, such as measles virus
(MV), vesicular stomatitis virus, reovirus, and adenovirus
have shown promising results for the treatment of MM
and are currently considered as potential cancer
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therapeutics [9]. These oncolytic viruses have been investi-
gated pre-clinically as monotherapy, as combination ther-
apy in conjunction with chemotherapy and/or radiation
therapy, and as purging agents during autologous stem
cells transplantation [9]. In particular, MV is the most
comprehensively studied oncolytic virus for MM and the
first virus underwent to phase I clinical trial investigation
for this disease [10]. Other naturally occurring viruses,
such as adenovirus that is currently undergoing phase III
clinical trial for solid tumors, are anticipated to undergo a
phase I clinical trial for MM in the near future [11-13].
Overall, these data suggest that the oncolytic virotherapy
could be a promising novel alternative anti-MM strategy.
However, the use of human viruses is limited by the
antiviral immune response of the patients due to vaccin-
ation or natural infection, as suggested also by prelimin-
ary data on MM patients treated with MV [14]. To
enhance the therapeutic efficacy of virotherapy, in this
project, for the first time we investigated the use of a bo-
vine viruses as alternative oncolytic strategy in MM. In
particular, we show the anti-MM activity of bovine viral
diarrhea virus (BVDV), known to bind CD46 receptor,
as reported for human MV [15, 16]. BVDV is a single-
stranded RNA virus, belonging to Pestivirus genus and
Flaviviridae family, considered one of the major viral path-
ogens of cattle, directly associated with mucosal disease
[17, 18]. It is known that BVDYV, in bovine models, in-
duces cell death by apoptosis due to an increase of intra-
cellular viral RNA accumulation [19, 20], but its oncolytic
activity has never been reported in human cancers.

Methods

Cells lines and reagents

Cell lines

The human myeloma cell lines (HMCLs) JIN3, OPM2,
INA-6, MML.S, NCI-H929, the T-acute lymphoblastic
leukemia cell line (T-ALL) SKW3-KE37 and the B-acute
lymphoblastic leukemia cell lines (B-ALL) NALM-6, and
the lymphoma cell lines GRANTA-519 and RAJI were
purchased from Leibniz Institute Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH (Braun-
schweig, Germany). The B-ALL cells RS4;11, the T-ALL
cells SUP-T1 were purchased from ATCC (Manassas, VA,
USA). Cells were maintained in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS), L-glutamine
(2 mM), amphotericin B (0.25 pg/mL), and antibiotics
(100 U/mL penicillin, and 100 pg/mL streptomycin)
(ThermoFisher Scientific, Monza, Italy).

Bovine viruses

Bovine herpesvirus-4 type 4 (BoHV-4-A-EGFPATK) [21]
and bovine viral diarrhea virus (BVDV, strain NADL,
ATCC) were propagated by infecting confluent mono-
layers of bovine embryo kidney [(BS CL-94) BEK] or
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Madin Darby Bovine Kidney cells [(ATCC: CCL-22)
MDBK] at a multiplicity of infection (MOI) of 0.5 50%
tissue culture infectious doses (TCIDsq) per cell and
maintained in MEM (ThermoFisher Scientific) with 2%
FBS (ThermoFisher Scientific) for 2 h. The medium was
then removed and replaced by fresh MEM containing
10% FBS. When approximately 90% of the cell mono-
layer exhibited cytopathic effect (CPE) (approximately
72 h post-infection), the virus was prepared by freezing
and thawing cells three times and pelleting the virions
through 30% sucrose, as described previously [22]. Virus
pellets were resuspended in cold MEM without FBS.
TCIDs, were determined in BEK or MDBK cells by lim-
iting dilution.

Drug

Bortezomib (Bor) was purchased from Selleckchem
(Munich, Germany). The drug was reconstituted follow-
ing the manufacturer’s protocol and diluted in the cell
culture medium just before the use.

Patient’s samples

A total cohort of 31 consecutive patients (13 males and
18 females) with malignant PC disorders were included
in the study: 2 plasma cell leukemia (PCL) (median age
63 years, range 53-73), 29 with active MM including 18
newly diagnosed MM (ND-MM) (median age 74 years;
range 52—-86) and 11 relapsed MM (R-MM) (median age
73 years; range 59—81). All patients were diagnosed ac-
cording to the International Myeloma Working Group
(IMWG@) revised criteria [23]. The main clinical charac-
teristics of all the patients enrolled in the study are sum-
marized in Table 1.

BM aspirates were obtained from the iliac crest of pa-
tients after informed consent according to the Declar-
ation of Helsinki. Total BM mononuclear cells (MNCs)
were obtained from BM aspirates by Ficoll-Hypaque (Bi-
chrome AG, Berlin, Germany) density sedimentation
and cultured in RPMI 1640 medium supplemented with
20% FBS, in penicillin (100 U/ml), streptomycin (100 pg/
ml), L-glutamine (2 mM), and fungizone antimycotic (2.5
pg/ml); all purchased from ThermoFisher Scientific. This
study was approved by local ethic committee institu-
tional review board of Parma (Parma, Italy).

Viruses and drug treatments

The HMCLs, T-ALL, and B-ALL cell lines were treated
with BVDV or vehicle or heat-inactivated BVDV and
maintained at 37 °C in a 5% CO, atmosphere, for 24, 48,
and 72 h. Heat inactivated BVDV is obtained after 1 h
treatment at 95 °C. For in vitro experiments, we used 1
MOI of BVDV/1 x 10° cells. The same experiments were
performed with or without 0.05% trypsin-EDTA (Thermo-
Fisher Scientific) incubation and after treatments all cells
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Table 1: Clinical characteristc of patients

Page 3 of 15

Diagnosis Stage ISS Gender Age Light chains %PC BOM High risk
MM-1 ND M1l M 76 I 90% No
MM-2 ND Il F 73 I 60% No
MM-3 ND Il F 52 k 70% No
MM-4 ND Il M 85 k 30% Yes
MM-5 ND Ml M 80 k 70% No
MM-6 ND M1l F 72 I 70% Yes
MM-7 ND M1l F 74 k 18% No
MM-8 ND Il M 74 k 40% No
MM-9 ND M1l M 57 I 80%

MM-10 ND M1l F 71 k 100% Yes
MM-11 ND | F 80 k 30% No
MM-12 ND Il M 79 k 25% No
MM-13 ND Il F 67 k 60% No
MM-14 ND Il M 77 I 30%

MM-15 ND Il F 86 I 80% No
MM-16 ND F 57 k 25% No
MM-17 ND Ml F 74 k 70% Yes
MM-18 ND I F 53 k 30% Yes
MM-19 R M1l F 81 k 40% Yes
MM-20 R Ml M 78 I 40% Yes
MM-21 R | M 59 k 20%

MM-22 R | M 65 k 60% No
MM-23 R Ml M 78 k 85% Yes
MM-24 R - F 79 I 30% No
MM-25 R M1l F 72 I 90%

MM-26 R Ml F 79 k 80% Yes
MM-27 R I M 69 I 50% No
MM-28 R | F 72 k 50% No
MM-29 R Il M 73 k 25% Yes
PCL-1 D Il F 53 k 90% No
PCL-2 R M1l F 73 | 90% Yes

Abbreviations: MM multiple myeloma, ND newly diagnosed, R relapsed, F female, M male, ISS International Staging System, %PC BOM percentage of plasma cells
evaluated by bone biopsy, high risk defined by presence of deletion of 17P and or traslocation (t) of (4;14) and or t(14;16)

were collected for Multiplex PCR analysis. In addition,
JIN3, OPM-2, and INA-6 were also treated with BoHV-4
or vehicle or heat-inactivated BoHV-4 for the same time
course and at the same MOL.

The HMCL JJN3 cells were also pre-treated with Bor (2.5
nM) or vehicle for 24 h. Following drug washout with PBS,
cells were counted and infected with BVDYV for 24, 48, and
72 h. At the end of experiments, cells were collected for
flow cytometry analysis. For combination index experi-
ments, JIN3 cells were pre-treated with Bor at different
concentrations (0.125-8 nM) for 24 h, washed out with
PBS and incubated in 96-well plates with or BVDV at sev-
eral viral titers (0.0625—4 MOI) or the combination of the 2

drugs (2:1) or vehicle for 48 h. MTT assay was assessed to
calculate the effect of combination of the 2 drugs. The
combination index analysis was performed using Compu-
Syn software version 1 (http://combosyn.com/).

BM MNCs from patients were cultured with or without
BVDV for 72 h and maintained in at 37 °C in a 5% CO, at-
mosphere. After treatment, all cells were collected for flow
cytometry analysis, PCR analysis, and western bot analysis.

Flow cytometry
CD46 expression
Expression levels of CD46 antigen were determined on
HMCLs, B and T-ALL, lymphoma cells, and on BM
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MNCs obtained from MM patients by flow cytometry
analysis and expressed as median fluorescence intensity
(MFI). In particular, to evaluate the expression of CD46,
0.2 x 10° HMCLSs or non-MM cells were stained with a
saturating quantity of anti-CD46 PerCP (Thermofisher
Scientific) for 30 min at 4 °C protect from light. Cells
were then washed with a cell wash solution (PBS plus
5% human serum albumin and 5 w/V sodium azide) and
directly analyzed by flow cytometry.

CD46 expression levels on fresh BM MNCs were de-
tected by staining 0.5 x 10° cells/tube with saturating
quantities of antibodies (all, except anti-CD46, pur-
chased from BD Bioscience, Franklin Lakes, NJ, USA)
combined in the following two panels: (1) anti-CD56
FITC, anti CD138 PE, anti-CD46 PerCP, and anti-CD3
APC; (2) anti-CD14 FITC, anti-CD138 PE, anti-CD46
PerCP, and anti-CD19 APC. After incubation for 30
min, at 4 °C protection from light, BM MNCs were
washed with the cell wash solution and analyzed by flow
cytometry. Unstained samples were employed for gating
controls. Concerning flow cytometry gating strategy, the
analysis included a forward (FSC) and side (SSC) scatter
gating to identify the cells of interest based on the rela-
tive size and complexity of the cells, while removing
debris and cell fragments. In BM MNCs analysis, CD46
expression levels were determined on specific gates iden-
tifying: T lymphocytes (CD3+), B lymphocytes (CD19+),
monocytes (CD14+), NK cells (CD56+CD138-), and
MM cells (CD138+).

Viability staining and apoptotic assay on cell lines
HMCLs, T and B ALL cells, and lymphoma cells were
stained, according to manufacturer’s instructions, with 7-
Amino Actinomycin D (7-AAD) purchased from BD Bio-
sciences (Franklin Lakes, NJ, USA). Viable and non-viable
cells were identified as 7-AAD-negative or 7-AAD-positive
events, respectively, in dot plots of SSC vs. 7-AAD.
Apoptosis was assessed by the APO2.7 assay, which
specifically detects 7A6, a 38-kDa mitochondrial mem-
brane antigen expressed during apoptosis. After treat-
ment, cells were collected, stained with saturating
quantity of PE-conjugated APO2.7 antibody (Beckman
Coulter, Marseille, France), and analyzed by flow-

cytometry.

Identification of BM MNCs subsets

After treatments, BM MNCs were collected and stained
with saturating quantities of antibodies (purchased from
BD Bioscience) combined in the following two panels:
(1) anti-CD14-FITC, anti-CD138-PE, and anti-CD19-
APC; (2) anti-CD56-FITC, anti-CD138-PE, and anti-
CD3-APC. Before the acquisition, 7-AAD was added to
staining panels according to manufacturer instructions.
The gating strategy to evaluate the percentage of viable
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MM cells (CD138"), T lymphocytes (CD3"), B lympho-
cytes (CD19%), monocytes (CD14"), and NK cells
(CD56"CD138) included a first FSC and SSC gating to
identify the cells of interest. In particular, we analyzed
MM cells (CD138+), T lymphocytes (CD3+), B lympho-
cytes (CD19+), monocytes (CD14+), and NK cells
(CD56+CD138-) based on the relative size and com-
plexity of the cells, while removing debris and cell frag-
ments, and a subsetting live gating based on 7-AAD
negative expression.

The BVDV oncolytic effect on MM cells was calcu-
lated using the following formula: % of CD138" cells
mortality = 1-(% of CD138" 7-ADD™ in BVDV condi-
tion/CD138" 7-AAD" in control condition) x 100. In all
flow cytometry procedures, the acquisition and analysis
of samples were performed on a two-laser FACSCalibur
instrument (BD Biosciences) using CellQuest software
(BD Biosciences).

Reverse transcriptase PCR amplification and nested
multiplex PCR

RNA isolation

Total cellular RNA was extracted from cells using
RNeasy total RNA isolation kit (Qiagen; Hilden,
Germany) following the manufacturer’s instructions, and
then quantified using a NanoDrop™ One (ThermoFisher
Scientific).

For the RNA viral gene NS5B detection, reverse tran-
scription (RT) and PCR were combined in a single step
as previously described [24].

Primary PCR was performed using the following spe-
cific primer pairs:

SENSE A: 5'-AAGATCCACCCTTATGA(A/G)GC-3’

ANTISENSE A: 5 -AAGAAGCCATCATC(A/
C)CCACA-3’

The product of the primary PCR was used in nested
PCR. The multiplex primers used for nested PCR are the
following:

BVDV-1: 5'-TGGAGATCTTTCACACAATAGC-3’

MULTISENSE: 5-GCTGTTTCACCCAGTT(A/
G)TACAT-3'

For internal sample quality control, a volume of 1 pg of
RNA was reverse-transcribed, in accordance with the
manufacturer’s protocol. Qualitative PCR were performed
using the following specific primer pairs for GAPDH:

F: 5'-CAACGGATTTGGTCGTATTG-3’

R: 5'-GGAAGATGGTGATGGGATTT-3’

Products were electrophoresed on a 1.5% agarose gel
(ThermoFisher Scientific) and stained with gel red (Bio-
tium, Hayward, USA).

Western blot
The cytosolic extracts were obtained using a commercial
kit (Active Motif, Carlsbad, CA, USA) following the
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manufacturer’s protocol. For immunoblotting, the fol-
lowing antibodies were used: mouse monoclonal anti-
caspase 3 antibody (Active Motif, Carlsbad, CA, USA),
rabbit monoclonal anti-Mcl-1 antibody (Cell Signaling,
Leiden, Netherlands), rabbit monoclonal anti-Bcl-2 anti-
body (Cell Signaling, Leiden, Netherlands), and mouse
monoclonal anti-B-actin (Sigma-Aldrich, Milan, Italy) as
internal control. The secondary antibodies peroxidase
conjugated were anti-mouse (BD Pharmingen, Franklin
Lakes, NJ, USA) and anti-rabbit (Cell Signaling). Protein
bands were quantified using Image] software (U.S. Na-
tional Institutes of Health, Bethesda, MA, USA).

In vivo mouse studies

Two different groups of six severe combined immuno-
deficiency/non-obese diabetic (NOD/SCID) mice (4 to 6
weeks old) were housed under specific pathogen-free
conditions and were injected subcutaneously with 5 x
10° of JJN3. When plasmacytomas have become palp-
able, BVDV or saline solution was injected intratumo-
rally twice a week for 2 weeks. All procedures were
performed according to the National and International
current regulations. Tumor growth was monitored at
different time points and, 3 weeks after cell inoculation,
mice were killed and tumor mass, spleens, and periph-
eral blood were collected for immunohistochemical
staining and western blot analysis. Maximum length,
thickness, and width of the tumor masses were measured
with a caliper, and tumor volume was calculated accord-
ing to the following formula: 0.523 x length x width®
Plasmacytomas obtained from tumors removed from mice
were fixed in 10% neutral buffered formalin, embedded in
paraffin, and stained with hematoxylin and eosin. More-
over, plasmacytomas lysates were used to perform the
western blot analysis. This study was approved by the Ital-
ian Ministry of Health review board (Italy).

Statistical analysis

Data were expressed as mean + SD. ANOVA and two-
tail Student’s ¢ tests or Kruskal-Wallis and Mann-
Whitney tests were used, and p values < 0.05 were con-
sidered statistically significant. GraphPad Prism 8™
(GraphPad Software Inc., La Jolla, CA, USA) was used
for all the statistical analyses.

Results

BVDV treatment selectively leads to HMCLs death

Firstly, we analyzed the expression levels of CD46, the cel-
lular receptor for BVDV entry, on HMCLs, and B-ALL, T-
ALL, lymphoma cell lines (defined as non-MM cells) by
flow cytometry. In line with literature data, all cell lines
were CD46-positive [25]. Interestingly, we observed that
MM cells express higher levels of CD46 (Fig. 1a) (median
MFlcpse value 523.74) than non-MM cells (median
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MFlcpye value 161.61) (Fig. 1b), suggesting that MM cells
could be more susceptible to BVDV effect.

To verify our hypothesis, the BVDV oncolytic effect
was assessed on the same MM and non-MM cell lines
after 24, 48, and 72 h of treatment. The infection effi-
ciency, in terms of viral gene expression, was checked
after 24 h by nested multiplex PCR. As reported in Fig.
1c and d, the presence of BVDV was observed both in
MM cells and non-MM cells, respectively.

Subsequently, flow cytometry analysis on HMCLs
treated with BVDV reported a significant increase of cell
mortality, as percentage of 7-AAD" cells, already after
24 h of infection for JJN3, OPM2, and MM1.S, and after
48 h for NCI-H929 (Fig. 1e). In Table 2, we reported the
mean + SD% of dead cells of HMCLs treated with
BVDV vs. untreated cells. Moreover, as expected, the
heat-inactivated BVDV does not affect cell viability (Sup-
plemental Figure S1A), comparable to the untreated cells
(control in all experiments), and we have not observed
the presence of viral genes. (Supplemental Figure S1B).

The increase of cell mortality after BVDV treatment
was not observed in non-MM cells, denoting that the
Iytic effect of BVDV is specific for MM cells (Fig. 1f). To
demonstrate the critical role of the CD46 receptor of
BVDV, we used an oncolytic virus known to lack to
interaction with CD46. Interestingly, we did not find any
significant cytotoxic effect of BoHV-4 treatment in all
the HMCLs tested at the different time course. Supple-
mental Figure S2 reported one representative experi-
ment of JJN3 treated with BoHV-4 for 24, 48, and 72 h,
evaluated by flow cytometry.

Moreover, to better investigate the mechanism of
BVDV lytic effect, we treated JJN3, SUPT-1, GRANTA-
519, and NALM-6 cell lines with 1 MOI of BVDV for 48
h. At the end of the culture period, in order to remove
the virus attached to the cellular surface, cells were col-
lected with or without trypsin incubation. Focusing on
BVDV treated cells, we found that BVDV viral gene ex-
pression was not detectable in non-MM cell lines after
trypsin incubation (Supplemental Figure S3). On the
other hand, we observed the expression of BVDV viral
gene in MM cells with and without trypsin incubation.
These results suggest that BVDV binds to both MM and
non-MM cells but is able to entry only in MM cells.

BVDV triggers apoptosis in HMCLs

In order to further evaluate the cytotoxic effect of
BVDV, we analyzed the expression of apoptotic markers.
HMCLs treated with BVDV showed a significant in-
crease of APO2.7 expression after 48 and 72 h of infec-
tion as compared to controls, as showed in Fig. 2a. The
mean + SD% of APO2.7 expression in HMCLs treated
with BVDV vs. untreated cells was reported in Table 3.
In Fig. 2b, we reported a representative experiment of
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Fig. 1 Expression levels of CD46 and oncolytic effect of BVDV on several hemopoietic cancer cell lines. Representative histogram plots of flow
cytometry showed CD46 expression levels on a four HMCLs (JJN3, NCI-H929, MM.1S, and OPM2) and b two T-ALL lines as SKW3-KE37, SUP-TT,
two B-ALL lines as NALM-6, RS4;11, and two B cell lymphomas lines as GRANTA-519, RAJI. The graphs represent the CD46 median fluorescence
intensity (MFI). The picture shows the presence of BVDV in MM cell lines (c) and in non-MM cell lines (d) evaluated by Nested multiplex PCR after
24 h of BVDV (1 MOI) treatment. GAPDH was used as internal quality control. e The histograms represent the percentage of 7-AADcells after 24,
48, and 72 h of treatment with BVDV (1 MOI). We reported the mean + SD percentage of dead cells, as 7-AAD™ cells, of four independent
experiments on JJN3, MM1.S, OPM2, and NCI-H929 and (f) three independent experiments of non-MM cells (SKW3-KE37, SUP-T1, NALM-6, RS4;11,
GRANTA-519, RAJI); p values were calculated by two-tailed Student’s t test. (*p < 0.05, **p < 0.01, **p < 0.001) (CNT = control, untreated cells)

24H s il

APO2.7 staining on MM cells treated with BVDV for
24, 48, and 72 h. These results demonstrate that
BVDV treatment increases the percentage of APO2.7*
cells over the time. Conversely, in non-MM cell lines,
we did not find any differences in terms of APO2.7
expression between BVDV-treated cells and control
conditions (Supplemental Figure S4). Furthermore, we

found that the BVDV treatment of JJN3 and OPM2
cells for 48 h leads to the activation of caspase-3, and
the downregulation of the anti-apoptotic proteins
BCL-2 and MCL-1 (Fig. 2¢c, d). All these experiments
showed that BVDV treatment reduced selectively the
viability of MM cells by activating the apoptotic
pathway.
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Table 2 Statistical analysis on HMCLs treated with BVDV

Mean + SD % of dead cells p value
BVDV vs. CNT
JIN3 24 h 185+ 25% vs. 53 £ 1% 0.00005
48 h 442 £98% vs. 113 + 1.5% 0.0002
72 h 543 £128% vs. 215 + 1.9% 0.002
OPM2 24 h 28+ 1% vs. 9+ 1.4% < 0.00001
48 h 48 £ 56% vs. 13 + 2.7% 0.00002
72 h 58 £ 1.7% vs. 22 + 1.8% < 0.00001
MM1.S 24 h 9+18%vs.4+1.7% 0.012
48 h 12+ 9%3vs.5+1.2% 0.005
72 h 20 £ 1.7% vs. 4 = 0.5% < 0.00001
NCI-H929 24 h 10 £ 001 vs. 8 £ 0.01 0.16553
48 h 26 +26% vs. 10 + 1.2% 0.00004
72 h 76 £ 2.5% vs. 105 = 0.5% < 0.00001

Abbreviations: BVDV bovine viral diarrhea virus, CNT control (untreated cells),
SD standard deviation

Bortezomib pre-treatment increases the oncolytic effect
of BVDV in HMCLs
Because it has been reported that Bor increases the efficacy
of several human oncolytic viruses in MM and other tumoral
models [26—28], therefore, we tested MM cell death combin-
ing Bor and BVDV treatments. As reported in a representa-
tive sample in Fig. 3a, the Bor (2.5 nM) pre-treatment of JJN3
cells for 24 h enhances the cytotoxic in vitro effect of BVDV,
increasing MM cell death over time. We observed a statisti-
cally significant decrease of cell viability after 24 and 48 h of
BVDV treatment after Bor pre-treatment (mean + SD% of 7-
AAD" dead cells: 24 h BVDV 1522 + 1.4 vs. Bor + BVDV
1847 + 1, p = 0.009; 48 h BVDV 35.06 + 3.8 vs. Bor + BVDV
62.88 + 6.4, p = 0.0003), reaching the highest mortality rates
after 72 h (mean + SD% of 7-AAD" dead cells: 72 h BVDV
72.04 + 4.8 vs. Bor + BVDV 87.25 + 7.3, p = 0.013) (Fig. 3b).
Using Chou-Talalay analyses, we examined the drugs
interaction between Bor and BVDV. JIN3 cells were pre-
treated with various doses of Bor (0.125 nM—-8 nM) for 24
h following the infection with different MOIs of BVDV for
48 h (0.0625—-4 MOI). Viability data were then utilized to
calculate the CI by the Compusyn program, in which CI <
1 indicates synergistic interaction and CI = 1 is additive.
Our data showed that the combination of Bor and BVDV
(at 2:1 ratio, respectively) synergistically killed MM cells.
A synergistic effect was obtained for concentrations of Bor
lower than 1.9 nM and of BVDV lower than 0.58 MO], as
shown for JIN3 in Fig. 3c. An additive effect was obtained
for concentrations of Bor 1.9 nM and BVDV 0.58 MOL.

Primary MM CD138"cells are susceptible to oncolytic
activity of BVDV

We firstly analyzed the CD46 expression levels on the
different BM subpopulations, as MM cells, monocytes,
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T, B, and natural killer (NK) lymphocytes. As expected,
CD46 was expressed by all BM MNCs, but there was a
marked heterogeneity in terms of the intensity of expres-
sion. In all samples, the flow cytometry analysis showed
that the MFI of CD46 was higher on MM cells
(CD138") (median MFlcpyg value 1269.8, range 704.16—
5149.88) in comparison with other subpopulations such
as monocytes (CD14"), T lymphocytes (CD3*), NK
(CD138°CD56"), and B lymphocytes (CD19"). Figure 4a
reported the CD46 expression analysis on fresh BM
MNCs from one representative MM patient (CD138"
MFlcpgg = 2232.43; CD14" MFlcpys = 1345.57; CD3*
MFlcpss = 552.32; CD56'CD138" MFlcpys = 463.46;
CD19" MFlcpge = 273.84). Subsequently, we investigated
the BVDV ex vivo effect in 29 patients with active MM
and from 2 patients with PCL after 72 h of treatment.
As shown in a representative analysis of one MM patient
(Fig. 4b), the BM MNCs treated with BVDV display a
decrease of percentage of CD138", while the other sub-
populations remain unchanged.

Analyzing our total cohort of BM MNCs from MM
patients, we found a significant decrease of both the per-
centage of CD138" cells (Fig. 5a) (p < 0.0001) and of the
MFlcpiss (Fig. 5b) (p < 0.0001) after BVDV treatment
compared to the control. Furthermore, considering pa-
tients with newly diagnosed MM and relapsed MM, we
found that the BVDV-related mortality of CD138" was
not significantly different between two groups (Fig. 5c).
Also between refractory patients to Bor or Lenalidomide
(Len) treatment, we did not observed significantly differ-
ences in term of mortality cells of CD138" cells (Fig. 5dc).

We also reported that the percentage of CD14" in-
creased after BVDV treatment (p < 0.0001) (Fig. 5e), also
in terms of MFlcpi4 (p < 0.0001) (Fig. 5f). Interestingly,
we found that the percentage of CD3*, CD19", and
CD56" cells, evaluated in a subset of our samples cohort
after BVDV treatment, did not change (Fig. 5g—i). These
results suggest that the BVDV oncolytic effect was lim-
ited to MM cells, potentially associated with a monocyte
activation and did not affect lymphocyte populations.

BVDV reduces tumor growth in vivo in NOD/SCID MM
mouse model

Based on these in vitro results, we next evaluated the ef-
fect of BVDV treatment in an in vivo mouse model sub-
cutaneously injected with JJN3 cells. Tumor volume
measurements performed during treatment (at 4, 6, 10,
13, and 16 days after cells injection) showed a progres-
sive reduction of tumor growth in mice treated with
BVDV compared to controls (Fig. 6a). At the end of the
experiment, we found that mice treated with BVDV
showed a significant reduction of tumor masses as com-
pared with untreated mice (p = 0.04) in terms of tumor
volumes (Fig. 6b). A significant reduction of the tumors



Marchica et al. Journal of Hematology & Oncology (2020) 13:89 Page 8 of 15

A) 100 IN3 s MM1.5
g 80 b ﬂw
2 4
':_ 6o o E 30 wax
N N *rx
g 40 gzo
R 20 R 10
2aH 48H 72H 2aH a8H 72H
501 opm2 100 NCI-H929
v = BVDV
4 401 4 w0 - CNT
,:. 304 ‘:_ 60
by «
2 2 g Y
< <
X 104 X 20
24H 48 H 72H 24H 48 H 72H
B) . 24 hours 48 hours 72 hours
oNT | 5 £
R 10,7%+ oL 10.9% o= 10.5%)
B2 )y (eI R
L =l 1 2 4 2 1 2 4 =
d APO‘ZUJ’ PE ! 9 0 1 APO‘27PE * 0 ‘Ul APO‘ZU7PE ‘03 ‘04
BVDV £ 23 28
9 9.4% g 31% 52 86%
29 M1 { 2 M1 { k3 M1 {
— e 10 a0 1 2 3 4 ° X 1 2 3 4
APO27PE 0 L APO‘Zﬂ7PE " L o i APO‘Z“.?PE 1 1
Q) Q
& QA & O .
S P Active-Caspase 3
& 'bg o é\’ é\’ 20
SIS £
= 0
ER 15
35KDa — ] Pro-Caspase 3 ;f
©
S Y 1.0
—— . 0.5
17Kba — “'. —:[ Active Caspase 3 <§
0.0
& 3 & 3\
IO — e | st & 8
i S
¥ & & OQ\*
D) N N
g &S Bel2 Mcl-1
$o TR 20 20
< ”)C' ”)X é\/ @’\/
= e
SIS 5§ sg
26 KDa — ' ] B2 §e 1o §e w
- =
o | 5 e
44D . = @5 ] Beacti * °
P e ey - -actin & S N & 3 3
- B & & &9 & & & 8
S S
Yo 8 & Yo & &

Fig. 2 The cytotoxic in vitro effect of BVDV on HMCLs. a Mean + SD of the percentage of Apo 2.7" cells in JIN3, MM1.S, OPM2, and NCI-H929
after 24, 48, and 72 h of treatment with BVDV (1 MOI). The graphs represent the mean percentage of Apo2.7" cells of four independent
experiments for each cell line evaluated by flow cytometry. b Representative histogram plots of flow cytometry showing the percentages of NCl-
H929 cells positive for the apoptotic marker APO2.7, after 24, 48, and 72 h of BVDV (1 MOI) treatment or in the control condition. ¢ Pro- and
active-caspase 3 expression was evaluated by western blot in JIN3 and OPM2 cells treated with or without BVDV (1 MOI) for 48 h. -actin was
used as loading control and JIN3 treated with high doses of Bor as positive control (Cnt+). The histogram represents the protein bands intensity
quantified using ImageJ software reported as arbitrary unit normalized by the loading control. d Western blot of Bcl-2 and Mcl-1 expression on
JIN3 and OPM2 cells treated for 48 hours with or without BVDV (1 MOI). B-actin was used for loading control and RPMI-8226 cells line as positive
control for both protein (Cnt+). The histograms represent the protein bands intensity quantified using ImageJ software reported as arbitrary unit
normalized by the loading control. The p values were calculated by two-tailed Student’s t test. (*p < 0.05, **p < 0.01, **p < 0.001) (CNT = control,
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Table 3 Statistical analysis of APO2.7 expression in HMCLs
treated with BVDV

Mean + SD % of APO2.7 expression p value
BVDV vs CNT
JIN3 48 h 328 +6.1vs. 1302+ 23 0.0009
72 h 5135+ 68vs. 174 £97 0.001
OPM2 48 h 126 £ 25vs. 45 £ 06 0.0007
72 h 397 +72vs.62£18 0.0001
MM1.S 48 h 164+ 1vs.84+15 0.0001
72 h 234+ 1.7vs. 104 £ 15 0.00003
NCI-H929 48 h 305+ 33 vs. 105 £ 05 0.00002
72 h 853 £3vs. 102 £035 < 0.0001

Abbreviations: BVDV bovine viral diarrhea virus, CNT control (untreated cells),
SD standard deviation

size was confirmed after plasmacytoma explant and
hematoxylin-eosin staining, as shown for 2 representa-
tive mice in Fig. 6¢. Interestingly, 3 mice out of 6 of the
BVDV group showed a complete reduction and dis-
appearance of tumor masses at the time of the mice sac-
rifice. The presence of BVDV has been assessed by
multiplex PCR in all tumor masses treated with the bo-
vine virus, where the plasmacytomas was still present at
the end of the experiment as reported in Fig. 6d. Finally,
the IHC analysis performed on tumor masses showed
that the mice treated with BVDV presented necrotic
tumor area as compared to control (Fig. 6e). Further-
more, we analyzed the protein levels of active-caspase 3
and [-actin by western blot on ex vivo plasmacytoma ly-
sates from a representative mouse treated with BVDV or
saline solution. Interestingly, we observed the activation
of caspase-3 only in mouse treated with BVDV, showing
that the reduced tumor mass is associated with apoptotic
death of tumor cells (Fig. 6f).

Discussion

Oncolytic virotherapy is an emerging therapeutic ap-
proach for MM as for other cancers [29, 30]. Most of
the data published reported the use of human MV to kill
MM cell [31]. More recently, other virus as reovirus,
myxoma, and adenovirus were reported to have oncoly-
tic activity in MM cells [12, 32, 33].

MV interacts with CD46 to enter into MM cells and
to induce a cytopathic effect [15]. Actually, different MV
constructs have been administrated to patients with MM
in clinical trial with encouraging results [14, 34]. How-
ever, one of the main concerns regarding the use of MV
as well as of other human virus is the presence of neu-
tralizing anti-virus antibodies in cancer patients related
to previous immunity. Indeed, the cases reported of an
anti-MM effect of MV administration had undetectable
circulating anti-MV antibodies. Because the vaccination
anti-MV is a worldwide necessary procedure to protect
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from MYV, infection alternative approach for oncolytic
virus therapy should be found [35]. The Mayo Clinic ap-
proach considers different modalities to overcome the
blocking activity of anti-MV antibodies including pre-
therapy transiently depletion of anti-MV antibodies, the
use of MV-infected cell carriers to deliver the virus evad-
ing anti-MV antibodies and the use of engineering onco-
lytic MV not recognized by anti-MV antibodies [35].
Despite these promising approaches, an alternative and
innovative strategy for virotherapy could be the use of
non-human virus. In this study, we tested this hypoth-
esis, investigating the possible oncolytic activity in hu-
man MM cells of the BVDV a bovine pestivirus
associated with mucosal disease in the caw. For the first
time we demonstrated the oncolytic activity of this virus
for tumor cells. We studied the BVDV, a non-pathogen
virus for humans; it is known to bind CD46 to enter into
cells, as showed for the MV [16]. We also tested in
HMCLs the BoHV-4, a bovine virus known to have an
oncolytic activity in tumor cells, but we did not find any
significant cytopathic effect in MM cells. Interestingly,
BoHV-4 is not able to bind CD46 as reported for the
BVDV [16, 36], indicating that CD46 is critical for the
oncolytic activity of BVDV.

CD46 is known to be expressed by all cell types, ex-
cept erythrocytes [37-39]. Ong HT et al. showed that
even though CD46 is ubiquitously expressed at low
levels on all nucleated cells, it is expressed, quantita-
tively, at higher levels on MM cells compared to all
other cellular populations in the BM [15], and it is con-
sidered a possible target either for virotherapy or for
antibody-mediated immunotherapy [40, 41]. It was re-
ported that MV infection induced cell death of several
cancer cell lines other than MM cells [42], and that its
efficacy was correlated to the level of CD46 expression
by tumor cells [43]. In addition, it was recently reported
that, in MM cells, CD46 expression was associated with
p53 mutational status and that P53 mutated MM cells
were highly sensitive to MV cytopathic effect [41]. Other
authors reported a relationship between CD46 expres-
sion and the presence of 1q gain amplification in MM
cells [40]. In our study, firstly, we confirmed the expres-
sion profile of CD46 on both HMCLs and primary MM
cells and then we demonstrated the cytopathic activity
of BVDV. This effect was independent by the presence
of p53 mutational status of HMCLs and was attenuated
by nutlin3a as reported by others [41]. Interestingly, we
show that other cell lines, as acute leukemia and lymph-
oma, did not respond to the oncolytic effect of BVDYV,
despite their CD46 expression and BVDV ability to
bind these cell lines. Overall, our results indicate that
CD46 expression by tumor cells is necessary for the
attachment of BVDYV, but it is not sufficient to turn
cells susceptible to infection and to achieve the



Marchica et al. Journal of Hematology & Oncology (2020) 13:89

Page 10 of 15

p
t?or 2.5nM + BVDV
A) ] g g g
%3 P g2 ggi
24 hours :6" 0! 7\|A6AZD o 10t ?6“ 10! 7:&6:0 07 10t :m'“ 10! vfjéj:ﬁa 104 jmo 10! F-LDAZD 0 10d
24 2 1 2 v 1 240 1
° zl;u et e+ttt S e e o P M Y S gt g
FSC-Height FSC-Height FSC-Height FSC-Height
+BVDV _ +Bor2.5nM ++Bor 2.5 nM + BVDV
H i = T
3 8 8 | rizgd R 8
A b5 j g2 i g7
48 hours s AN D] 7146:0 TR ] 1T R jm” il ufD L
83 g ) g2
° z"no W o o e b z‘n 4u T e 6 e e o e o & 2 abs abo e Ta0o
FSCHeight FSCHeight Height FSC-Height
+BVDV +Bor 2.5 nM -+ Bor 2.5 nM+ BVDV
g % = § g RT T
=2 22 R £ 22 §
@ g, 2 e 9 e T el e
72 hours §|0 10 ?»‘QOADI‘O 1 gi‘l 10 7mAD 10° 10 % 10 gI- 10 7-.‘40AD 10° 10
-1 = cn% mE
0200 46;3 600 300 1000 pivipr et e sag R g g o P S RS
FSCHeight FSC-Height FSC-Height
B) 24 hours 48 hours 72 hours C)
100 0.8+
2 2 4
5] 5] Y 80 0.6
o @ b =
£ £ £ 5
E @ > S 0.4+
o o o -
s 2 2 40 3 o2
3 E: $ 2
~ ~ ~ 0.
3 ® x o T T T T 1
0 05 10 15 20 25
027 Bortezomib (nM)
Fig 3. Pre-treatment with Bor increases the susceptibility of JJN3 to BVDV oncolytic activity. a Representative dot plots of flow cytometry analysis
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oncolytic effect of BVDV, thus suggesting the involve-
ment of other mechanisms. Literature data reported
that Heparan sulfate family, including CD138 hall-
mark of MM, acts as a cellular receptor for BVDV

binding to the host cells [36]. Our hypothesis is that
other receptor/co-receptor, as CD138, could be in-

volved in the mechanism of virus internalization into
MM cells.
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Several authors have reported that BVDV induces
apoptosis in mammalian cells associated with the
caspase-9 and caspase-8 activation that ultimately results
in caspase-3 cleavage [20, 44, 45]. In line with literature
data, our data show the cleavage of the effector
caspases-3 in BVDV-treated MM cells. The activation of
cellular caspase-3 on MM cells clearly correlated with

the cytopathic BVDV-induced changes, suggesting a dir-
ect oncolytic effect of BVDV in MM cells mediated by
apoptosis. In addition, beside caspase-3 activation, we
found a significant downregulation of the BCL-2 and
MCL-1 protein expression in BVDV-treated MM cells.
As known BCL-2 proteins particularly MCL-1 are critic-
ally involved in the survival of MM cells [46-48].
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However, appropriate studies will be necessary to clarify
which transcriptional profile of MM cells as compared
to other lymphoid cells is associated with the permissive
role for BVDV in MM cells.

Data obtained on HMCLs were then confirmed in a
large number of primary BM samples. Interestingly, we
found that BVDV was able to induce a cytopathic effect

independently by the type of primary sample tested ei-
ther at the diagnosis or at the relapse. In all the BM
samples tested, we found that CD138" cells were only
cell type susceptible to the oncolytic activity of BVDYV,
as demonstrated by the unchanged viability of CD14",
CD3", CD19%, and CD56" cells after BVDV treatment,
despite their CD46 expression. These data interestingly
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suggest the lack of toxicity of the potential BVDV-based
oncolytic virotherapy among BM cells. Along with the
reduction of CD138" viable cells, our results show that
MM cells treated with BVDV displayed a significantly
decrease in CD138 surface expression, thus suggesting
its involvement in BVDV internalization. Moreover,
these observations are in line with literature data show-
ing a progressive loss of surface expression of CD138 on
primary MM cells undergoing apoptosis [49]. Interest-
ingly, we did not find any difference on BVDV effect be-
tween MM patients resistant or not to therapy and in
addition between patients resistant to Bor or Len. These
data suggested that the BVDV activity was independent
to the presence of drug resistance in MM patients.

Based on the evidence of the oncolytic activity of
BVDV in MM cells, following, we checked whether anti-
MM drugs might improve the BVDV activity. Bor is a
widely used proteasome inhibitor known to induce
apoptosis through caspase-8 and caspase-9 signaling
which further leads to caspase-3 activation in multiple
myeloma cells [50]. Furthermore, several studies re-
ported Bor ability to increase the oncolytic activity of
different virus, as adenovirus and reovirus, in MM [51,
52]. In line with these observations, we showed that Bor
pre-treatment significantly increase the oncolytic effect
of BVDV with a synergistic effect due to the activation
of the same apoptotic signaling, caspase-3-mediated. On
the other hand, Len did not improve the oncolytic activ-
ity of the BVDV in MM cells (data not published).

Finally, to confirm the in vitro data, we tested the
oncolytic activity of BVDV in an in vivo mouse model.
We used a NOD/SCID mouse model to focus on the
direct cytopathic effect of BVDV on MM cells using a
subcutaneous route of administration of the virus. This
preclinical model showed a significant in vivo anti-MM
effect with a progressive reduction of tumor growth in
mice treated with BVDV. In particular, we found that
the reduced tumor mass is associated with caspase-3-
mediated apoptotic death of tumor cells, confirming the
in vitro and ex vivo data. Interestingly, we lack to find the
presence of the virus in the vital organs as the heart and
the lung indicating the high specificity of the BVDV for
MM cells and the lack of toxicity (data not published).

Conclusions

In conclusion, our results demonstrated for the first time
an oncolytic activity of BVDV a bovine virus non-
pathogen for human being showing that the BVDV
oncolytic activity was specific for MM cells. Our data
suggest that the use of BVDV is a possible alternative to
human virus for an oncolytic approach in MM treat-
ment. This study gives the rational to design clinical ap-
proach for the use of BVDYV in patients with MM.

Page 14 of 15

Abbreviations

MM: Multiple myeloma; BVDV: Bovine viral diarrhea virus; PCs: Plasma cells;
BM: Bone marrow; MV: Measles virus; HMCLs: Human myeloma cell lines; T-
ALL: T-acute lymphoblastic leukemia; B-ALL: B-acute lymphoblastic leukemia;
FBS: Fetal bovine serum; Bor: Bortezomib; PCL: Plasma cell leukemia; ND-
MM: Newly diagnosed MM; R-MM: Relapsed MM; BoHV-4: Bovine
herpesvirus-4 type 4; MNCs: Mononuclear cells; MFI: Median fluorescence
intensity

Acknowledgements
We thank Associazione Italiana contro Leucemie, Linfomi e Mielomi ONLUS,
ParmAIL for the support.

Authors’ contributions

V.M. and V.F. performed all the in vitro experiments, supported by P.S, EV.,,
and DT, V.F, and G.D. provided the oncolytic virus. RV. and F.C. performed
the flow cytometry analysis. A.Z. and I.A. performed in vivo experiments. B.D.
provided clinical and patient data. N.C, CM, and EM. performed the
histological analysis. V.M. and N.G. analyzed the data and wrote the
manuscript. G.D. and N.G. were involved in the interpretation of the results.
G.D. read, provided comments, and approved the final version of the
manuscript. All authors read and approved the final manuscript.

Funding

This work was supported in part by a grant from the Associazione Italiana
per la Ricerca sul Cancro 1G2017 n. 20299, the International Myeloma
Foundation under 2018 Brian D. Novis Senior Research Grant and a grant
from the Ministero della Salute Italiana PE-2016-02361261.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article [and its supplementary information files].

Ethics approval and consent to participate

Patient samples were obtained after informed consent according to the
Declaration of Helsinki. This study was approved by local ethic committee
institutional review board of Parma (Parma, ltaly). (44614 12/04/2017).
The experiments included animals which were approved by the [talian
Ministry of Health review board (Italy). (0023797 10/18/2017).

Consent for publication
Not applicable

Competing interests

N.G. received research funding and honoraria from Amgen, Bristol Mayers
Squibb, Celgene, Millenium Pharmaceutical, and Janssen Pharmaceutical.
All other authors declare no competing financial interests.

Author details

'Department of Medicine and Surgery, University of Parma, Parma, ltaly.
’Department of Medical-Veterinary Science, University of Parma, Parma, Italy.
3Stem Cell Laboratory and Cell Therapy Center, IRCCS “Istituto Giannina
Gaslini”, Genoa, Italy. 4Hemato\ogy, “Azienda Ospedaliero-Universitaria di
Parma’, Parma, ltaly. *Pathology, “Azienda Ospedaliero-Universitaria di Parma’,
Parma, Italy.

Received: 5 November 2019 Accepted: 16 June 2020
Published online: 11 July 2020

References

1. Mahindra A, Hideshima T, Anderson KC. Multiple myeloma: biology of the
disease. Blood Rev. 2010;24(Suppl 1):S5-11.

2. Kocoglu M, Badros A. The Role of Immunotherapy in Multiple Myeloma.
Pharmaceuticals. 2016;9(1).

3. Mahindra A, Cirstea D, Raje N. Novel therapeutic targets for multiple
myeloma. Future Oncol. 2010,6(3):407-18.

4. Sze DY, Reid TR, Rose SC. Oncolytic virotherapy. J Vasc Intervention Radiol.
2013;24(8):1115-22.

5. Eisenstein S, Coakley BA, Briley-Saebo K, Ma G, Chen HM, Meseck M, et al.
Myeloid-derived suppressor cells as a vehicle for tumor-specific oncolytic
viral therapy. Cancer Res. 2013;73(16):5003-15.



Marchica et al. Journal of Hematology & Oncology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

(2020) 13:89

Rojas JJ, Sampath P, Hou W, Thorne SH. Defining effective combinations of
immune checkpoint blockade and oncolytic Virotherapy. Clinical Cancer.
2015;21(24):5543-51.

Meyers DE, Wang AA, Thirukkumaran CM, Morris DG. Current
immunotherapeutic strategies to enhance oncolytic Virotherapy. Front
Oncol. 2017;7:114.

Kaufman HL, Kohlhapp FJ, Zloza A. Oncolytic viruses: a new class of
immunotherapy drugs. Nat Rev Drug Discov. 2015;14(9):642-62.
Thirukkumaran CM, Morris DG. Oncolytic virotherapy for multiple myeloma:
past, present, and future. Bone marrow research. 2011,2011:632948.

Dingli D, Offord C, Myers R, Peng KW, Carr TW, Josic K, et al. Dynamics of
multiple myeloma tumor therapy with a recombinant measles virus. Cancer
Gene Ther. 2009;16(12):873-82.

Thirukkumaran CM, Shi ZQ, Luider J, Kopciuk K, Gao H, Bahlis N, et al.
Reovirus as a viable therapeutic option for the treatment of multiple
myeloma. Clinical Cancer Res. 2012;18(18):4962-72.

Thirukkumaran CM, Shi ZQ, Luider J, Kopciuk K, Gao H, Bahlis N, et al.
Reovirus modulates autophagy during oncolysis of multiple myeloma.
Autophagy. 2013,9(3):413-4.

Thirukkumaran CM, Shi ZQ, Luider J, Kopciuk K, Bahlis N, Neri P, et al.
Reovirus as a successful ex vivo purging modality for multiple myeloma.
Bone Marrow Transplant. 2014;49(1):80-6.

Russell SJ, Federspiel MJ, Peng KW, Tong C, Dingli D, Morice WG, et al.
Remission of disseminated cancer after systemic oncolytic virotherapy.
Mayo Clin Proc. 2014;89(7):926-33.

Ong HT, Timm MM, Greipp PR, Witzig TE, Dispenzieri A, Russell SJ, et al.
Oncolytic measles virus targets high CD46 expression on multiple myeloma
cells. Exp Hematol. 2006;34(6):713-20.

Maurer K, Krey T, Moennig V, Thiel HJ, Rumenapf T. CD46 is a cellular
receptor for bovine viral diarrhea virus. J Virol. 2004;78(4):1792-9.

Bolin SR. Immunogens of bovine viral diarrhea virus. Vet Microbiol. 1993;
37(3-4):263-71.

Lindberg A, Houe H. Characteristics in the epidemiology of bovine viral
diarrhea virus (BVDV) of relevance to control. Prev Vet Med. 2005;72(1-2):55—
73 discussion 215-9.

Vassilev VB, Donis RO. Bovine viral diarrhea virus induced apoptosis
correlates with increased intracellular viral RNA accumulation. Virus Res.
2000,69(2):95-107.

Zhang G, Aldridge S, Clarke MC, McCauley JW. Cell death induced by

cytopathic bovine viral diarrhoea virus is mediated by apoptosis. J Gen Virol.

1996;77(Pt 8):1677-81.

Donofrio G, Cavirani S, Simone T, van Santen VL. Potential of bovine
herpesvirus 4 as a gene delivery vector. J Virol Methods. 2002;101(1-2):49-
61.

Donofrio G, Franceschi V, Capocefalo A, Taddei S, Sartori C, Bonomini S,
et al. Cellular targeting of engineered heterologous antigens is a
determinant factor for bovine herpesvirus 4-based vaccine vector
development. Clin Vaccine Immunol. 2009;16(11):1675-86.

Rajkumar SV, Dimopoulos MA, Palumbo A, Blade J, Merlini G, Mateos MV,
et al. International myeloma working group updated criteria for the
diagnosis of multiple myeloma. Lancet Oncol. 2014;15(12):e538-48.
Gilbert SA, Burton KM, Prins SE, Deregt D. Typing of bovine viral diarrhea
viruses directly from blood of persistently infected cattle by multiplex PCR. J
Clin Microbiol. 1999;37(6):2020-3.

Christmas SE, de la Mata Espinosa CT, Halliday D, Buxton CA, Cummerson
JA, Johnson PM. Levels of expression of complement regulatory proteins
CD46, CD55 and CD59 on resting and activated human peripheral blood
leucocytes. Immunology. 2006;119(4):522-8.

Yarde DN, Nace RA, Russell SJ. Oncolytic vesicular stomatitis virus and
bortezomib are antagonistic against myeloma cells in vitro but have
additive anti-myeloma activity in vivo. Exp Hematol. 2013;41(12):1038-49.
Kelly KR, Espitia CM, Mahalingam D, Oyajobi BO, Coffey M, Giles FJ, et al.
Reovirus therapy stimulates endoplasmic reticular stress, NOXA induction,
and augments bortezomib-mediated apoptosis in multiple myeloma.
Oncogene. 2012;31(25):3023-38.

Yoo JY, Hurwitz BS, Bolyard C, Yu JG, Zhang J, Selvendiran K; et al.
Bortezomib-induced unfolded protein response increases oncolytic HSV-1
replication resulting in synergistic antitumor effects. Clinical Cancer Res.
2014;20(14):3787-98.

Oliva S, Gambella M, Boccadoro M, Bringhen S. Systemic virotherapy for
multiple myeloma. Expert Opin Biol Ther. 2017;17(11):1375-87.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

Page 15 of 15

Russell SJ, Peng KW. Oncolytic Virotherapy: a contest between apples and
oranges. Mol Ther. 2017;25(5):1107-16.

Hummel HD, Kuntz G, Russell SJ, Nakamura T, Greiner A, Einsele H, et al.
Genetically engineered attenuated measles virus specifically infects and kills
primary multiple myeloma cells. J Gen Virol. 2009,90(Pt 3):693-701.

Bartee MY, Dunlap KM, Bartee E. Myxoma virus induces ligand independent
extrinsic apoptosis in human myeloma cells. Clin Lymphoma Myeloma
Leuk. 2016;16(4):203-12.

Raus S, Coin S, Monsurro V. Adenovirus as a new agent for multiple
myeloma therapies: opportunities and restrictions. Korean J Hematol. 2011;
46(4):229-38.

Dispenzieri A, Tong C, LaPlant B, Lacy MQ, Laumann K, Dingli D, et al. Phase
I trial of systemic administration of Edmonston strain of measles virus
genetically engineered to express the sodium iodide symporter in patients
with recurrent or refractory multiple myeloma. Leukemia. 2017;31(12):2791-
8.

Russell SJ, Babovic-Vuksanovic D, Bexon A, Cattaneo R, Dingli D, Dispenzieri
A, et al. Oncolytic Measles Virotherapy and Opposition to Measles
Vaccination. Mayo Clin Proc. 2019 94: 1834.

Krey T, Himmelreich A, Heimann M, Menge C, Thiel HJ, Maurer K, et al.
Function of bovine CD46 as a cellular receptor for bovine viral diarrhea
virus is determined by complement control protein 1. J Virol. 2006,80(8):
3912-22.

Seya T, Hirano A, Matsumoto M, Nomura M, Ueda S. Human membrane
cofactor protein (MCP, CD46): multiple isoforms and functions. Int J
Biochem Cell Biol. 1999;31(11):1255-60.

Riley-Vargas RC, Gill DB, Kemper C, Liszewski MK, Atkinson JP. CD46:
expanding beyond complement regulation. Trends Immunol. 2004;25(9):
496-503.

Liszewski MK, Kemper C. Complement in motion: the evolution of CD46
from a complement regulator to an orchestrator of Normal cell physiology.
J Immunol. 2019;203(1):3-5.

Sherbenou DW, Aftab BT, Su Y, Behrens CR, Wiita A, Logan AC, et al.
Antibody-drug conjugate targeting CD46 eliminates multiple myeloma cells.
J Clin Invest. 2016;126(12):4640-53.

Lok A, Descamps G, Tessoulin B, Chiron D, Eveillard M, Godon C, et al. p53
regulates CD46 expression and measles virus infection in myeloma cells.
Blood Adv. 2018;2(23):3492-505.

Zhou D, Zhao ZY. Advances in measles virus for cancer therapy. Zhejiang
Da Xue Xue Bao Yi Xue Ban. 2015;44(4):458-64.

Aref S, Bailey K, Fielding A, et al. Viruses. 2016;8(10):294.

Grummer B, Bendfeldt S, Wagner B, Greiser-Wilke I. Induction of the intrinsic
apoptotic pathway in cells infected with cytopathic bovine virus diarrhoea
virus. Virus Res. 2002,90(1-2):143-53.

St-Louis MC, Massie B, Archambault D. The bovine viral diarrhea virus (BVDV)
NS3 protein, when expressed alone in mammalian cells, induces apoptosis
which correlates with caspase-8 and caspase-9 activation. Vet Res. 2005;
36(2):213-27.

Slomp A, Peperzak V. Role and regulation of pro-survival BCL-2 proteins in
multiple myeloma. Front Oncol. 2018;8:533.

Le Gouill' S, Podar K, Harousseau JL, Anderson KC. Mcl-1 regulation and its
role in multiple myeloma. Cell Cycle. 2004;3(10):1259-62.

Derenne S, Monia B, Dean NM, Taylor JK, Rapp MJ, Harousseau JL, et al.
Antisense strategy shows that mcl-1 rather than Bcl-2 or Bcl-x(L) is an
essential survival protein of human myeloma cells. Blood. 2002;100(1):194-9.
Jourdan M, Ferlin M, Legouffe E, Horvathova M, Liautard J, Rossi JF, et al.
The myeloma cell antigen syndecan-1 is lost by apoptotic myeloma cells. Br
J Haematol. 1998;100(4):637-46.

Chauhan D, Anderson KC. Mechanisms of cell death and survival in multiple
myeloma (MM): therapeutic implications. Apoptosis. 2003;8(4):337-43.
Stewart G, Tazzyman ST, Lath D, Down J, Lawson M, Muthana M, et al. Brit J
Haematol. 2019;185:97.

Thirukkumaran CM, Shi ZQ, Nuovo GJ, Luider J, Kopciuk KA, Dong VY, et al.
Oncolytic immunotherapy and bortezomib synergy improves survival of
refractory multiple myeloma in a preclinical model. Blood Adv. 2019;3(5):
797-812.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cells lines and reagents
	Cell lines
	Bovine viruses
	Drug

	Patient’s samples
	Viruses and drug treatments
	Flow cytometry
	CD46 expression
	Viability staining and apoptotic assay on cell lines
	Identification of BM MNCs subsets

	Reverse transcriptase PCR amplification and nested multiplex PCR
	RNA isolation

	Western blot
	In vivo mouse studies
	Statistical analysis

	Results
	BVDV treatment selectively leads to HMCLs death
	BVDV triggers apoptosis in HMCLs
	Bortezomib pre-treatment increases the oncolytic effect of BVDV in HMCLs
	Primary MM CD138+cells are susceptible to oncolytic activity of BVDV
	BVDV reduces tumor growth in�vivo in NOD/SCID MM mouse model

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

