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Measles virus (MV) Edmonston derivative strains are attrac-
tive vector platforms in vaccine development and oncolytic vi-
rotherapy. Helicobacter pylori heat shock protein A (HspA) is
a bacterial heat shock chaperone with essential function as a
Ni-ion scavenging protein. We generated and characterized
the immunogenicity of an attenuated MV strain encoding
the HspA transgene (MV-HspA). MV-HspA showed faster
replication within 48 h of infection with >10-fold higher
titers and faster accumulation of the MV proteins. It also
demonstrated a superior tumor-killing effect in vitro against
a variety of human solid tumor cell lines, including sarcoma,
ovarian and breast cancer. Two intraperitoneal (i.p.) doses of
106 50% tissue culture infectious dose (TCID50) MV-HspA
significantly improved survival in an ovarian cancer xenograft
model: 63.5 days versus 27 days for the control group. The
HspA transgene induced a humoral immune response in mea-
sles-permissive Ifnarko-CD46Ge transgenic mice. Eight of
nine animals developed a long-term anti-HspA antibody
response with titers of 1:400 to 1:12,800 without any negative
impact on development of protective anti-MV immune mem-
ory. MV-HspA triggered an immunogenic cytopathic effect as
measured by an HMGB1 assay. The absence of significant
elevation of PD-L1 expression indicated that vector-encoded
HspA could act as an immunomodulator on the immune
check point axis. These data demonstrate that MV-HspA is
a potent oncolytic agent and vaccine candidate for clinical
translation in cancer treatment and immunoprophylaxis
against H. pylori.
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INTRODUCTION
Measles virus (MV) belongs to the Paramyxoviridae family. It has a
negative strand RNA genome encoding six structural and two non-
structural proteins. MV has a lipoprotein envelope with two sur-
face glycoproteins, that is, hemagglutinin (H) and fusion protein
(F), responsible for virus attachment and entry into the host cells.1

MV has exclusive human and high primate tropism, causing the
most contagious infectious disease with more than 1.5 million esti-
mated cases and >140,000 fatalities in 2018.2 An immunoprophy-
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lactic strategy based on the live attenuated MV Edmonston vaccine
strain has significantly reduced the morbidity and mortality rate
caused by wild-type virus. The MV vaccine has an excellent safety
track record with millions of doses administered worldwide annu-
ally. In addition, MV vaccine strain derivatives are promising on-
colytic anti-cancer agents that can selectively infect and destroy
transformed cells of solid tumor or hematologic malignancy
origin.3 Clinical trials for treatment of patients with ovarian cancer,
brain tumor, and multiple myeloma are ongoing.4 Reverse genetic
engineering and rescue of recombinant MV strains has made
possible insertion of different foreign antigens, reporters, and ther-
apeutic genes into the MV genome.5–7 In our previous studies we
successfully cloned and characterized recombinant MV vaccine
strains encoding H. pylori neutrophil-activating protein (NAP)
constructs.8,9

H. pylori is a gastrointestinal tract pathogen associated with acute
and chronic gastritis, peptic ulcer, gastric cancer, and gastric mu-
cosa-associated lymphoid tissue (MALT) lymphomas.10–12 Initial
infection usually occurs early in childhood, with the chronic carrier
rate exceeding more than 80%–90% of the adult population in
developing countries.13 The current therapeutic approach is based
on triple and quadruple combinations of antibiotics, proton pump
inhibitors, and bismuth compounds.14 However, the high rate of
infection recurrence and the increasing reports of antibiotic-resis-
tant strains are the major hurdles for Helicobacter eradication strat-
egy.5 These factors and the expected population benefits and cost-
effectiveness urge the development of successful vaccine approaches
for the prevention and control of H. pylori infection.15,16 We have
previously shown that live MV vaccine strains encoding the secre-
tory form of NAP (s-NAP) antigen induced a robust anti-NAP
response.8,9 The MV-s-NAP strain significantly improved anti-tu-
mor activity against metastatic breast cancer,17 and a phase I clinical
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Schematic Representation and Growth

Kinetics of Recombinant MV-HspA Strain

(A) HspA was cloned into the full-length MV plasmid DNA

by replacing GFP at an additional transcriptional unit

before the N gene using MluI and AatII endonuclease

enzymatic sites. (B and C) Growth kinetics of MV-HspA in

Vero cells compared to the control MV-GFP released in

supernatant (B) and cell-associated virus (C). Superna-

tants were titrated directly on Vero cells. Cell-associated

virus titers were determined by collecting the infected

cells in Opti-MEM and subsequent Vero cell titration.
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trial in breast cancer patients has recently received US Food and
Drug Administration (FDA) approval.

H. pylori heat shock protein A (HspA) is one of the key virulence fac-
tors and protective antigens against H. pylori together with CagA,
VacA, NAP, and urease.18,19 HspA is a small 118-aa residue protein
and a homolog of bacterial GroES chaperones with a unique Ni2+-
chelating domain at the C terminus.20,21 HspA interacts with Ni2+

and subsequently releases the ions as part of the essential process for
H. pylori Ni2+ homeostasis. Ni2+ is an important co-factor required
for maturation and enzymatic activity of H. pylori urease, another
key virulence factor for pathogen survival in an aggressive low pH
microenvironment at the gastric mucosal surface. HspA has an
extremely high affinity for Bi3+ ions, which block the protein function,
and is the main mechanism of bismuth compound treatment effects.22

With its key role in bacteria survival at the gastroduodenal mucosal
surfaces, HspA represents one of the main targeted antigens in vaccine
development against H. pylori. Previous studies using purified recom-
binant HspA as part of a multicomponent protein vaccine demon-
strated the protective efficacy in a Mongolian gerbil model.23 Protec-
tion depended on the adjuvant type, correlated strongly with
antibody titers, and was associated with the predominant T helper
(Th)2-type cellular immune response. The use of a two-component
subunit vaccine using HspA and g-glutamyl transpeptidase protected
mice against H. pylori colonization by inducing strong systemic and
local humoral immune response.24 In another study, a fusion tri-
component recombinant antigen of urease, HspA, andH. pylori adhe-
sion A (HpaA) proteins, but not the single antigens alone, induced
strong antibody-mediated protection against H. pylori infection in
BALB/c mice.25 These data demonstrated the major role of HspA as
a key virulence factor and antigen in the infection pathogenesis and
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development of the protective immune response.
However, all of the previous studies were focused
on evaluation of immunogenicity of the formu-
lated purified antigen but not of vector-encoded
HspA.

In this study, we present the construction and
characterization of recombinant MV Edmon-
ston vaccine strain engineered to express
H. pylori HspA antigen. The novel MV-HspA
strain demonstrated enhanced anti-tumor activity as an oncolytic
agent and strong immunogenic potential. In addition to the anti-tu-
mor properties discussed herein, this strain could be used as the
backbone for the development of a combined vaccination approach
against measles and Helicobacter infection.

RESULTS
Rescue and Growth Characteristics of Recombinant MV-HspA

The PCR product of fragment H. pylori HspA from strain 26695 was
cloned in TA-cloning vector and the correct DNA sequence was veri-
fied. The MluI/AatII digested fragment was subsequently inserted in
the full-length p(+)MV-enhanced green fluorescent protein (EGFP)
infectious clone plasmid of attenuated MV Edmonston strain up-
stream of the N protein gene (Figure 1A). The insert followed the
“hexameric rule” required for successful rescue and replication of re-
combinant MV.26 Full-length p(+)MV-HspA integrity and the HspA
transgene were confirmed by analytical restriction enzyme digestion
and DNA sequencing. MV-HspA was rescued on a 293-3-46 cell sys-
tem using co-transfection of the MV plasmid with N and L protein-
encoding plasmids. MV-HspA was amplified on the Vero cell line to
passages 2 and 3, and titers were determined on Vero cells. Control
MV strains were amplified in the same way, and corresponding pas-
sages 2 and 3 were used in all subsequent in vitro and in vivo exper-
iments. Growth kinetics experiments with MV infection of Vero cells
at a multiplicity of infection (MOI) of 1 demonstrated a different
pattern of replication between MV-HspA and other MV strains.
MV-HspA did not follow the growth characteristics of the MV strain
expressing green fluroescent protein (MV-GFP) and replicated faster
in Vero cells with rapid accumulation within the first 24–48 h of
infection both as cell-associated and released in the supernatant infec-
tious virus particles (Figures 1B and 1C). The titer for supernatant
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Figure 2. SDS-PAGE Analysis of Purified HspA and

Western Immunoblotting for Detection of HspA

Expression by MV-HspA-Infected Cells

(A) Fractions 1 and 2 (lanes 5 and 6) correspond to Ni-NTA

column-eluted 6-His-tagged HspA. The protein was pro-

duced in E. coli BL21 Star (D3) cells. An insoluble crude

fraction from pET-28a-transfected bacteria and column

wash were loaded on lanes 1 and 3. Crude extract and an

Ni-NTA-purified fraction from irrelevantH. pyloriNAP 6-His-

tagged recombinant protein are shown in lanes 2 and 4,

respectively. MW protein standards (lane m) on the left

show the HspA band between the 15- and 20-kDamarkers

corresponding to the predicted ~16.5-kDa MW size of the

6-His-taggedHspA protein. (B) Immunoblotting using a polyclonal mouse antibody demonstrated HspA protein accumulation following 72-hMV-HspA infection of Vero cells

at 32�C. Presented results are from duplicate samples with MV-GFP used as the control strain. Ni-NTA-purified recombinant HspA was used as positive control.
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MV-HspA was >10-fold and for the cell-associated viruses was >100-
fold higher than that for the MV-GFP control at the 24-h time point.
At the peak of amplification both MV-GFP and MV-HspA reached
similar titers. Passage 3 of parallel grown MV-GFP and MV-HspA
had similar titers of 4.67 � 107 and 5.53 � 107 50% tissue-culture in-
fectious dose (TCID50)/mL, respectively. These results indicated that
insertion of the HspA transgene did not interfere negatively but rather
improved MV replication at the early steps of infection.

Purification of Recombinant HspA and Detection of HspA

Expression by MV-HspA-Infected Cells

HspA was cloned into the pET28a bacterial expression vector using
BamHI/NotI sites with a 6-histidine (His)-tagged peptide sequence
at the N terminus. His-tagged HspA was purified from transformed
E. coli BL21 Star (DE3) bacteria using the Ni-nitrilotriacetic acid
(NTA) fast kit under denaturing conditions. Protein concentration
was measured by absorbance at 280 nm. The eluted fractions were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) on 15% Criterion gel under reducing conditions
(Figure 2A). The HspA preparation showed high-purity grade with
correspondence to the theoretically expected molecular weight
(MW) band at �16.5 kDa of the recombinant protein. The HspA
transgene is expressed at a high level by infected cells, as confirmed
by immunoblotting (Figure 2B). Vero cells were infected at an MOI
of 1, and cell lysates were analyzed at 72 h of incubation at 32�C by
immunoblotting using the polyclonal mouse anti-HspA serum anti-
body. Purified H. pylori NAP from pET-28-NAP plasmid-trans-
formed bacteria was used as a control. Recombinant HspA encoded
by pET28-HspA plasmid appeared at a higher MW because of the
longer 6-His-tagged peptide at the N terminus expressed, while
MV-HspA expressed the full-length natural HspA sequence.

MV-HspA Showed a Significantly Improved Anti-tumor Effect as

Compared to Control MV Strains against Different Solid Tumor

Types

In one-step viral growth curves (MOI of 1 at 32�C incubation) theMV-
HspA strain efficiently replicated and had a comparable cytopathic ef-
fect to MV-GFP on MV producer Vero cells (Figure 3A) and to the
other control strains at 37�C incubation (Figure S1). However, at a
lower MOI of 0.01 (Figure 3C) MV-HspA showed faster development
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of the cytopathic effect as compared to MV-GFP and significantly
reduced cell viability to 5% at the final endpoint of the experiment
(144-h incubation), versus 20% of the cells surviving following MV-
GFP infection at the same time point (p < 0.05). As a next step, five tu-
mor cells lines, including breast cancer (MCF-7 and MDA-231 deriv-
ative lines), ovarian cancer SR-B2 cells, and sarcoma lines HOS and
MG-63 were inoculated with MV strains at different MOIs, and cell
viability was analyzed by the MTT method. MV-HspA treatment
demonstrated a superior in vitro tumor-killing effect as compared to
control virus strains against the cancer cell lines tested. Response to
MV-HspA treatment of the MV-susceptible human breast cancer
MCF-7 cells at an MOI of 0.1 was faster, with more than 70% of the
monolayers destroyed by 48-h incubation versus only 38% for the
MV-NIS strain (Figure 4A). MV-HspA at later time points (72-h
and 120-h infection) killed 85% and 90% of the cells, respectively,
versus approximately 50% for the MV-NIS strain (p < 0.001). The
MV-HspA anti-tumor effect was also superior to MV-GFP (p <
0.001) against the MDA-MB-231 derivative breast cancer line, with
less than 10% surviving cells at 72 h following infection and almost
complete elimination by the end of the experiment at 144-h incubation
(Figure 4B). In contrast, more than 25% and 12% of the cells, respec-
tively, were viable after MV-GFP infection at these time points.

The sarcoma HOS cells were very permissive to theMV infection, with
an almost 100% cell-killing effect following infection at MOIs of 1.0,
0.5, and 0.1 with both MV-HspA and the control strains. However,
MV-HspA showed significantly faster kinetics, with rapid oncolytic ef-
fect development within the first 48 h from infection (Figure 4C) and
84% cell killing as compared to only 35% for the MV-NIS strain (p <
0.001). The anti-tumor effect against the other MG-63 sarcoma cell
line, which exhibits strong interferon (IFN) response upon stimulation
(ATCC cell line characteristics), required a higher MOI of 1.0 in order
to achieve almost 80% tumor-killing by 72-h infection withMV-HspA.
In contrast, 75%–85% of the cells were still viable at later time points
following MV-GFP infection (Figure 4D).

MV-HspA Demonstrated a Strong Oncolytic Effect against

Ovarian Cancer Cells Both In Vitro and In Vivo

SR-B2 cells were infected at different MOIs, and cell viability was
determined by MTT and trypan blue cell exclusion assays. As shown



Figure 3. MV-HspA Infection Kinetics in Vero Cells

(A–C) MTT cell viability assays after infection of the MV

producer Vero cell line at an MOI of 1.0 (A), 0.1 (B), and 0.01

(C) of MV-HspA or the MV-GFP control strain. The assays

were run and calculated from eight repeats in 96-well plates.

At an MOI of 0.01, MV-HspA demonstrated a significant

increase in cytopathic effect as compared to MV-GFP

following 72- and 144-h infection (p = 0.0064 and p =

0.0029, respectively). Bars indicate standard deviation.
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by the cell viability assay, a higherMOI of 1.0 MV-GFP killed approx-
imately 80% of the ovarian cancer cells following 96-h-incubation
(Figure 5A). However, infection again spread faster in the wells inoc-
ulated with HspA-expressing virus, and cell viability was reduced by
80% within first 48 h and reached more than 96% at 96 h versus only
49% and 78% for MV-GFP, respectively (p < 0.001). Similar results
were obtained with an MOI of 0.5 (Figure 5B) and when MV-NIS
was used as another MV strain (Figure S2). The oncolytic efficacy
of MV-HspA was even more prominent at a lower MOI of 0.1,
with residual viability of 12%–13% after 72–96 h compared to a
much higher viability of 75%–76% following MV-GFP infection
(Figure 5C).

The fast replication ability of the recombinant MV-HspA strain was
confirmed by immunoblot analysis for accumulation of two of the
main MV structural proteins N and P using monoclonal antibodies
(mAbs) generated in our laboratory, that is, hybridoma clone 8A11
(IgG1 isotype) against the N protein and 9E11 (IgG2b isotype) against
the P protein. Specificity for the corresponding antigen was confirmed
by immunoblotting in 293T cells transfected with MV N, P, or V pro-
tein-encoding plasmids (Figure S3). Of note, mAb 8A11 has been
approved for human use in MV virotherapy clinical trials for detec-
tion of MV infection in tumor samples. Western immunoblotting al-
lowed us to characterize the time kinetics of the MV protein synthesis
in MV-HspA-infected ovarian cancer cells. Rapid accumulation of N
and P proteins was observed within 24–48 h as compared to the MV-
GFP (Figure 5D). This correlated with a significant increase of MV-
HspA replication and virus mRNA production versus the control
MV strain as determined by quantitative RT-PCR (qRT-PCR) for
N gene expression (Figure S4). In addition, we evaluated the possible
interference of MV-HspA replication with immune response regula-
tion mechanisms in the infected cells. In SR-B2 cells, the MV firefly
luciferase (MV-luc) control strain triggered rapid (24-h post-infec-
Molecular T
tion) surface expression of the immune check-
point PD-L1, which is considered a key tumor
immune escape mechanism (Figure 5E). Approx-
imately 10% of the cells were positive with high
mean fluorescence intensity (MFI). In contrast,
MV-HspA did not induce significant elevation
of the PD-L1 expression as compared to the unin-
fected control cells. PD-L1 was detected in only
0.2% of the infected cells, with significantly lower
(<25) relative MFI versus >70 MFI for the MV-
luc-infected SR-B2 cells (Figure 5F). Both MV-HspA and MV-luc
control virus induced strong release of the immunogenic cell death
biomarker HMGB1 in the supernatants at 24 h following infection
(Figure 5G). The average secretion by control cells was 18 ng/mL in
SR-B2 cells and 23 ng/mL in 293T samples. In SR-B2 cells infected
with MV-HspA the effect was stronger (179 ng/mL) but not signifi-
cant versus MV-luc (153 ng/mL). In 293T cells, MV-HspA infection
resulted in a significant 2-fold increase of HMGB1 expression versus
MV-luc, that is, 182 ng/mL versus 91 ng/mL, respectively.

MV-HspA-induced IFN response showed delayed kinetics in the
post-infection time course. At 24 h post-infection IFN-b expression
was detected in MV-GFP-infected cells but not in the supernatants
of MV-HspA-infected SR-B2 cells (Figure S5). IFN-b was detected
at a higher level than in the control strain at 48-h infection, when
the MV-HspA-mediated cytopathic effect with large syncytia forma-
tion became prominent and resulted in significant reduction of cell
viability. In contrast, IFN-a expression upon MV infection was not
detected in SR-B2 cells at these time points (data not shown). These
data suggest that despite the rapid accumulation of virus RNA, MV-
HspA replication remained undetected by innate immune mecha-
nisms within the first 24 h, which are critical for establishing a pro-
ductive infection. The qRT-PCR results support this finding and
showed a decline of N gene expression in MV-GFP-infected cells
by 72 h. In contrast, the number of N gene copies in MV-HspA-in-
fected cells increased more than 400-fold by 72 h of incubation (see
Figure S4).

In the ovarian cancer SR-B2 orthotopic xenograft model, mice
received two therapeutic doses of 106 TCID50 of MV strains through
the intraperitoneal (i.p.) route of administration. For the control
group, which was treated with inactivated virus, the median survival
was 27 days (Figure 6). Both MV-HspA and MV-GFP treatment
herapy: Oncolytics Vol. 19 December 2020 139
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Figure 4. MV-HspA Showed a Significant In Vitro

Anti-tumor Effect against Different Solid Tumor

Types

(A and B) The results showMV-HspA infection of the breast

cancer MCF-7 line at an MOI of 0.1 (A) and MDA-231-RFP

derivative cells at anMOI of 1.0 (B). Each sample was run in

8 separate wells of 96-well plates, and cell viability was

determined using an MTT assay. MV-NIS and MV-GFP

were used as control strains, respectively. (C and D) MV-

HspA oncolytic efficacy was compared to MV-NIS in an

MTT assay against two sarcoma cell lines: HOS infected at

an MOI of 0.1 (C) and the resistance to MV-NIS-mediated

killingMG63 cells following infection at anMOI of 1 (D). Data

show mean ±SD at different incubation times.
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significantly improved median survival to 64.5 days and 61 days as
compared to the control heat-inactivated MV-treated group (p =
0.0027 and p = 0.0037). There was no statistically significant differ-
ence between the two treated groups (p > 0.05). These data confirmed
that the faster replicating MV-HspA resulted in potent oncolytic
in vivo activity against an orthotopic ovarian cancer model.

MV-HspA Induced Strong Long-Term Protective Anti-measles

Immunity and Antibody Response to H. pylori HspA Antigen

The immune response to MV and HspA antigen was analyzed
following three repeated immunizations of measles infection-sus-
ceptible Ifnarko-CD46Ge transgenic mice. The virus neutralization
(VN) test demonstrated a rapid response with development of pro-
tective MV neutralizing titers 2 weeks after the first immunization
(50% plaque reduction neutralization titer [PRNT50] range of
1:106 to 1:1,306). PRNT50 titers increased significantly after the sec-
ond immunization on day 28 and reached highly protective levels
corresponding to sterile anti-measles immunity before the third
MV-HspA injection on day 42, with an average titer >1:4,400 and
no statistical difference between male and female mice (Figures
7A and 7B; Table S1). A durable anti-measles response with protec-
tive levels above 1:120 was detected in all mice at the final endpoint
of the study (Figure 7C).

An antibody response to purified HspA in an antigen-mediated
enzyme-linked immunosorbent assay (ELISA) showed an initial
response on day 14 after the first immunization in all except one fe-
male of the Ifnarko-CD46Ge mice (Figures 7D and 7E). Anti-HspA
antibody titers were boosted in all animals with a range between
1:200 and 1:12,800 after the second and third immunization, suggest-
ing that MV-HspA-infected cells expressed high levels of H. pylori
HspA antigen in vivo and induced strong humoral immunity without
any negative interference with the anti-measles vaccine protection.
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The humoral response against HspA was long-
lasting, with immunized mice having a mean
antibody titer 1:3,200 (Figure 7F). This was
confirmed by persistence of IgG-secretingmem-
ory B cells in the female immunized mice
(range, 17–70 spots per 106 spleen cells) but
not in the male animals in the B cell enzyme-linked immunospot
(ELISPOT) assay at the end of the study (Figure S6).

Cell-mediated immunity was evaluated using the ELISPOT assay on
isolated spleen cells stimulated with purified HspA or MV-NIS infec-
tion at an MOI of 1. All animals maintained strong long-term inflam-
matory type cell-mediated immunity against MV on the endpoint day
120 of the study asmeasured by an IFN-g ELISPOT assay. Spleen cells
from non-immunized animals were stimulated in the same way and
used as controls (Figure 8). The cellular immune response to MV an-
tigens was detected in all immunized mice, with an average of 656
IFN-g-positive spots per 106 spleen cells. The assay was run following
a short overnight MV antigen induction before plating the cells in
ELISPOT plates. Following a 72-h induction with 100 ng/mL purified
antigen, a cell-mediated response against HspA antigen was detected
in five of nine MV-HspA-vaccinated animals (range of 38–166 by
IFN-g-specific spots per 106 spleen cells). The Ni-NTA column
mock extracts from pET-28a empty vector-transformed E. coli
BL21 Star (DE3) bacterial cells was used as a control stimulant. Sam-
ples were run in duplicates, and results from the control wells were
subtracted for calculation of the HspA antigen-specific induction of
the IFN-g response.

DISCUSSION
MV Edmonston vaccine strains have been explored as vaccine and
oncolytic live vector for expression of foreign antigens, anti-cancer
therapeutic genes, and reporters for monitoring infection spread.6,27

Insertion of foreign long-length sequences, including multiple genes
required for progenitor cell reprograming into the MV genome, is
tolerated, and recombinant vectors have been successfully rescued
and propagated.7 We have previously shown that attenuated MV
strains represent an excellent vaccine platform for expression of pro-
tective antigens of bacterial origin. MV encoding the H. pylori NAP



Figure 5. MV-HspA Showed a Strong Anti-tumor

Effect against Ovarian Cancer Cells In Vitro

(A–C) SR-B2 cells were infected at MOIs of 1.0 (A), 0.5 (B),

and 0.1 (C), and cell proliferation was determined at

different incubation times using an MTT assay. Each

sample was run in 8 separate wells of 96-well plates. Error

bars represent the mean ±SD at different incubation

times. (D) MV-GFP as used as a control MV strain in the

rapid accumulation of the MV N and P proteins reflects

MV-HspA faster growth kinetics and a tumor cell-killing

effect against SR-B2 cells. For the immunoblot analysis,

cells were infected at an MOI of 1.0. N and P expression

levels were compared to those of MV-GFP-infected or

uninfected control cells. Tubulin-specific antibody was

used to confirm equal protein transfer on the PVDF

membrane. PD-L1 surface expression by MV-infected

SR-B2 cells was analyzed by flow cytometry. (E) The MV-

luc control strain-infected cells responded rapidly with

approximately 10% positive cells by 24 h versus only

0.2% positive cells following MV-HspA infection. (F) The

mean fluorescence intensity (MFI) was also significantly

lower in MV-HspA-infected cells as compared to the MV-

luc control. (G) The HMGB1 concentration in the super-

natants from MV-infected (MOI of 2) SR-B2 and 293T

cells was measured by ELISA at 24 h. Data represent the

mean of two independent samples, with each sample run

in duplicates.Error bars represent standard deviation.

Asterisks denote significance: *p < 0.05, **p < 0.01 and

***p < 0.001, respectively.
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virulence factor was able to induce robust humoral and cell-mediated
immune responses against both NAP and MV.8 The NAP transgene
significantly enhances the oncolytic MV therapeutic efficacy against
breast cancer, including a lung metastatic model, which is resistant
to virotherapy with conventional oncolytic MV strains.17 Acting as
a potent immunoadjuvant, H. pylori NAP boosted significantly the
immune response against poor immunogens expressed by the MV
vector as chimeric NAP-tagged proteins.9 These data encouraged
additional exploration of the attractive approach of using bacterial
virulence factors, infection modulators, and immunostimulatory
molecules encoded by replication-competent virus vectors as vaccine
candidates and anti-cancer therapeutics.

HspA, a protein with unique function and a key virulence factor, has
already been targeted in H. pylori vaccine development and demon-
strated its efficacy in a multicomponent purified formulation.23 We
cloned the HspA gene in the attenuated MV Edmonston backbone
as an additional transcription unit before the N gene and successfully
rescued the MV-HspA strain. The polar transcription pattern in
negative-strand RNA viruses, such as Paramyxoviridae,28 creates
the opportunity to influence the level of gene expression dependent
on the position in the genome of the MV vector.29 HspA coded up-
Molecular The
stream of the N gene favored the highest degree
of expression required for functional intracel-
lular activity and immunogenic potency of the
protein. Bacterial heat shock proteins are effec-
tive stimulators of a Th1-type cytokine response and are used in den-
dritic cell-based anti-tumor vaccines.30–32 Therefore, combining the
anti-tumor oncolytic effect of MV Edmonston strain derivatives
with immunostimulatory properties of HspA represents a novel com-
bined immunovirotherapy approach. HspA expression boosted
significantly MV replication and a faster oncolytic effect in vitro
against solid tumors of at least three different types, that is, ovarian
cancer, breast cancer, and sarcomas. The robust anti-tumor effect
against ovarian cancer cells in vitro could be explained by the lack
of detectable innate immune response to MV-HspA infection at the
early stage of infection. Delayed IFN-b release allowed early spread
of the virus, and the late IFN-b peak at 48 h could be attributed to
the robust cytopathic effect and large syncytia formation.33 Improved
MV replication correlated well with increased viral mRNA produc-
tion, virus protein synthesis, and rapid accumulation of both released
and cell-associated infectious viral particles. Previous reports demon-
strated that H. pylori infection interferes with heat shock protein
signaling, reducing expression of the HSP70, HSP8, and HSF-1 (a
transcriptional activator of HSP70) independently of the main
H. pylori extracellular virulence factor VacA and Cag pathogenicity
island.34 Heat shock proteins are essential stress-induced molecular
chaperones that facilitate protein folding and remodeling critical for
rapy: Oncolytics Vol. 19 December 2020 141
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Figure 6. Animal Survival (Groups of 12 Mice) in the Orthotopic SR-B2

Ovarian Cancer Model

SCIDmice were engrafted with SR-B2 cells and treated with two repeated injections

of 106 TCID50 of MV-HspA, MV-GFP, or inactivated MV-GFP. Median survival: heat-

inactivated control, 27 days; MV-GFP, 61 days; MV-HspA, 64.5 days. Significance:

MV-GFP versus inactivated MV, p = 0.0037; MV-HspA versus inactivated MV, p =

0.0027; MV-GFP versus MV-HspA, not significant (p = 0.907).
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virtually all main cellular processes,35 with evidence of intracellular
localization in the cytosol of infected gastric mucosa cells.36 Proteo-
mic studies showed that H. pylori cysteine-rich proteins can interact
directly and indirectly in complex formation with human heat shock
protein members and other intracellular proteins important in the
response to viral and bacterial infection.37 HspA by itself is a strong
promoter of an inflammatory-type cytokine response via the Toll-
like receptor-4-mediated signaling pathway.38,39

In contrast to the MV-GFP control strain, MV-HspA infection was
associated with a delay in the type I IFN response in ovarian cancer
cells, which could account for the quick expansion of infection and
improved oncolytic effect (see Figure S5). Recently, we identified
the IFN-induced protein RSAD2 as a major restriction factor of
MV infection and inhibitor of anti-tumor activity against SR-B2 xe-
nografts.40 Baseline anti-viral state and infection-triggered IFN-stim-
ulated gene expression could predict the response to oncolytic MV
therapy,41 and the differences in eliciting an early IFN response could
explain the difference in tumor cell sensitivity to MV-HspA versus
control strains. Since the IFN sensitivity is attributed to the P protein
gene in the backbone of MV vaccine derivative strains,42,43 we hy-
pothesized that the HspA transgene could interfere with the IFN
response pathway. Our experiments demonstrated that the HspA
transgene not only facilitated MV replication but it also regulated
the important immune checkpoint axis by inhibiting MV infection-
triggered PD-L1 expression in cancer cells (see Figure 7). These
data suggest that HspA expressed within MV-HspA-infected cells
might retain bacterial chaperonin function, interfering with the
cellular protein remodeling machinery by modulating the cellular
anti-pathogen immune defense. Crosstalk between IFN type I
receptor signaling and the immune checkpoint pathway is known
to upregulate autocrine PD-L1 expression.44 However, the detailed
mechanisms involved in the observed HspA transgene immunomod-
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ulatory effect on innate immunity and immune response control need
to be elucidated in future investigations.

MV infection by itself triggers a pro-inflammatory response that
could act synergistically with other therapeutic modalities in cancer
treatment.45 Expression of Th1-type cytokines by MV could signif-
icantly enhance immunomodulatory properties of the viral infection
and establishment of a stable anti-tumor response.46 The fast repli-
cation and quick release of infectious virus could be the major
advantage of MV-HspA as a virotherapeutic agent, and it was sup-
ported by in vivo data in orthotopic ovarian cancer xenografts. In
the ovarian cancer SR-B2 orthotopic xenograft model, MV-HspA
demonstrated a strong anti-tumor effect and significantly improved
survival of the treated animals. Although the median survival was
improved only by 2.5 days as compared to control MV-GFP, the
data in nude mouse xenograft models do not fully capture the
benefit of MV-HspA treatment, given its immunostimulatory po-
tential. MV-expressing tumor-associated antigens could elicit a
cytotoxic lymphocyte response as tumor-specific targeted vaccines.47

A potential implication of HspA as a therapeutic transgene could be
its immunomodulatory impact on the immune checkpoint pathway
and pro-immunogenic marker expression by MV-HspA-infected
cells. PD-1/PD-L1 immune checkpoint inhibition is one of the
main mechanisms of tumor microenvironment alteration and can-
cer cell escape from immune surveillance. Blockade of the PD-1/
PD-L1 interactions is critical for precise T cell-based immuno-
therapy.48 The baseline PD-L1 expression and PD-L1 induced in
the course of therapy in cancer cells could be a critical impediment
for cancer immunotherapy success. Thus, the lack of PD-L1 expres-
sion increase in MV-HspA-infected cells could represent a major
advantage for clinical translation of virus vectors with improved im-
mune checkpoint surveillance both as oncolytic agents and recom-
binant vaccines. Generation of antigen-expressing recombinant
strains on the MV-HspA backbone would allow combining the
favorable effect of PD-1/PD-L1 pathway alteration with the genera-
tion of a strong immune response against protein antigens with
weak immunogenicity.

Immunization studies with recombinant MV-HspA were performed
in the measles-permissive Ifnarko-CD46Ge mouse model. MV sus-
ceptible, IFN type I receptor knockout and human CD46 transgenic
mice (Ifnarko-CD46Ge) represent a relevant small animal model
for studying viral pathogenesis49 and anti-measles host immune
mechanisms.8,9 Animals responded with development of a protective
anti-measles response within 2 weeks after the first immunization
dose of MV-HspA. Neutralization titers reached and maintained
very high levels of average above 1:4,000 PRNT50 at day 120 of the
study. Despite that the HspA transgene is accumulating intracellu-
larly and not in a secretory form, an HspA-specific antibody response
was detected in all animals following the three-dose immunization
course.

Vectored MV vaccines encoding foreign viral antigens, including an-
tigens deriving from viruses associated with emerging virus



Figure 7. Immune Response against MV-HspA in Measles-Permissive Ifnarko-CD46Ge Transgenic Mice (n = 9)

(A and B) Anti-measles protective virus neutralization titers were detected as early as 14 days after the first immunization with 106 TCID50 (A) and reached strongly protective

PRNT50 titers (1:4,435 on average) on day 42 (B) before the third MV-HspA injection. (C) All animals maintained protective anti-measles titters by the end of the study on day

120, with a range from 1:145 to 1:5,078. Control mice (three males, three females) titer range was 1:19-1:52, below the titer considered protective in humans (120 PRNT50).

The HspA-specific antibody response was determined in antigen-mediated ELISA. (D and E) Anti-HspA antibodies were detected in all male (D) and in all except one of the

femalemice (E) on day 14 after the first immunization. PET-28 extract-coated wells were used as cutoff controls. (F) On day 120, mice had an average titer of 1:3,200 that was

calculated as the highest dilution with absorbance at 450 nm greater than the mean + 2 � SD of the control six non-immune serum samples in the corresponding dilution.

Error bars represent the mean ±SD.
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infections, demonstrated strong immunogenic potential combined
with the excellent safety properties of the attenuated MV strains.50,51

Models have predicted that the most beneficial strategy for control
and eradication of H. pylori infection could be immunoprophylaxis
at the infant age.15 Vaccination with dual pathogen targeting based
on a live attenuated vector with an already proven safety record could
represent a major advantage in this context. Thus, MV-HspA and
previously published MV-s-NAP8 should be explored as a recombi-
nant bivalent vaccine approach inducing both durable anti-measles
immunity and targeting protective H. pylori antigens with key roles
in infection pathogenesis. Previous tests on HspA immunogenicity
as a vaccine included recombinant protein expression by insect cells
Molecular Therapy: Oncolytics Vol. 19 December 2020 143
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Figure 8. Cell-Mediated Immune Response against

HspA and MV Antigens in MV-HspA-immunized Mice

(A and B) IFN-g ELISPOT assay on isolated spleen cells

collected on day 120 and stimulated with MV-NIS (A) at an

MOI of 1 or 100 ng/mL of the purified recombinant HspA (B)

for 24 or 72 h respectively. Spleen cells stimulated with Ni-

NTA mock extracts from pET-28a empty vector-trans-

formed E. coli BL21 Star (DE3) bacterial cells were as cutoff

controls. Results were compared to spleen cells collected

from age-matched control mice (threemales, three females)

and treated in the same way with the antigens. Samples

were run in duplicates, and results from the mock-stimu-

lated control wells were subtracted for the HspA-specific

response calculation.
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for oral administration.52 However, to our knowledge the recombi-
nant MV-HspA strain we have constructed represents the first live
attenuated virus-based vaccine platform for expression of H. pylori
or other bacteria derived heat shock protein antigens.

In conclusion, these experiments demonstrate the advantage of genet-
ically engineered MV strains expressing bacterial heat shock proteins
and their potential for clinical translation as vaccines and cancer
virotherapeutics.

MATERIALS AND METHODS
H. pylori HspA Cloning and Rescue of the MV-HspA Strain

HspA was cloned from genomic DNA of H. pylori strain 26695 pur-
chased from the American Type Culture Collection (ATCC, Mana-
ssas, VA, USA). HspA was amplified by PCR using primers with
MluI and AatII flanking restriction enzyme cloning sites. The PCR
product was cloned into the pCRII vector using a TA cloning kit
(Thermo Fisher Scientific). A MluI/AatII (New England Biolabs)-di-
gested fragment from the TA vector was isolated and inserted into the
full-length MV cDNA plasmid p(+)MV-EGFP, replacing the GFP
gene as described previously.8 The HspA insert into the full-length
MV plasmid was verified by DNA sequencing. The recombinant
MV-HspA strain was rescued on 293-3-46 cells according to the
method established by Radecke et al.53

MV Strains, Virus Titration, and Growth Kinetics

MV-HspA and control strains encoding GFP (MV-GFP), sodium io-
dide symporter (MV-NIS), and firefly luciferase (MV-luc)54–56 were
propagated on Vero cells (ATCC) as described previously.57 Passages
2 and 3 MV stocks were prepared, and TCID50/mL titers were calcu-
lated by titration on Vero cells. Titers of the stocks used in the study
were in the range of 2.0� 107 to 6.32� 107 TCID50/mL. A high-grade
purified MV-NIS stock was used for the mAb screening and charac-
terization.9 The one-step MV-HspA growth kinetics was determined
by Vero cell inoculation using an MOI of 1.0 and subsequent incuba-
tion at 32�C. Cell-associated and supernatant-released viruses were
titrated following 24, 48, 72, and 96 h of incubation as described
before.8
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Purification of Recombinant HspA Protein

HspA from H. pylori strain 26695 was amplified by PCR and cloned
into pET28a bacterial expression plasmid (Novagen) using BamHI
and NotI digestion sites. Recombinant HspA was expressed in
pET28a vector-transformed E. coli BL21 Star (DE3) bacterial cells
according to the manufacturer’s protocol (Thermo Fisher Scientific).

The 6-His-tagged HspA was purified using a Ni-NTA Fast Start kit
(QIAGEN) as described previously.8 Protein concentration was
measured by 280-nm absorbance, and product quality was verified
by SDS-PAGE using the Criterion SDS-PAGE system (Bio-Rad).
Ni-NTA column extracts from pET28a empty vector-transformed
E. coli BL21 Star (DE3) cells were used as a control.

Antigen-Mediated ELISA

The 96-well polystyrene plates (Nunc) were coated with 100–300 ng/
well of purified HspA antigen in 100 mL of carbonate-bicarbonate
buffer (CBB) (pH 9.6). Ni-NTA-eluted preparations extracted from
empty vector pET28a-transformed bacteria were used as controls. Af-
ter overnight incubation at 2�C–8�C the ELISA plates were washed
with phosphate-buffered saline (PBS) and blocked for 1 h at room
temperature with 1% bovine serum albumin (BSA) in PBS. Mouse
sera were serially diluted in PBS with 1% BSA and 0.05% Tween 20
(PBS/T) and added to the plates for a 1-h incubation at room temper-
ature. Following three washings in PBS/T, anti-mouse polyvalent Ig
(G, A, M) horseradish peroxidase (HRP) conjugate (Sigma) or rat
anti-mouse IgG HRP conjugate (Thermo Fisher Scientific) was used
as secondary antibodies in dilutions 1:1,000–1:2,000 for 1 h. Reaction
was developed using tetramethylbenzidine (TMB) peroxidase sub-
strate (Bethyl Laboratories). Samples collected from corresponding
non-immunized animal groups were used as control sera in the assay.

SDS-PAGE and Immunoblot Assay

Serum-free supernatants and cell lysates were collected from MV-in-
fected cell lines at different MOIs. Purified proteins and cell lysates
were mixed 1:1 with sample buffer (under reducing conditions),
loaded on 12.5% and 15% Criterion polyacrylamide gels, and resolved
using the Criterion electrophoresis system (Bio-Rad). In the
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SDS-PAGE analysis, protein bands were visualized by SimplyBlue
SafeStain incubation for 2–4 h (Thermo Fisher Scientific).

For immunoblot assays, SDS-PAGE gels were blotted on polyvinyli-
dene (PVDF) membranes (Bio-Rad) using a semi-dry system (Bio-
Rad). Membranes were blocked for 1 h in 10% non-fat dry milk
(Bio-Rad) in PBS/T and incubated with the primary antibodies or hy-
bridoma supernatant in 10% dry milk in PBS/T. Reaction was incu-
bated for 2 h at room temperature or overnight at 2�C–8�C. Anti-
mouse polyvalent Ig (G, A, M) HRP-conjugated antibody (Sigma)
and anti-mouse IgG HRP (Santa Cruz Biotechnology) were used as
secondary reagents in a 1:2,000 dilution in 10% dry milk in PBS/T.
The specific reaction was visualized using a chemiluminescent re-
agent (Thermo Fisher Scientific).

IFN-g and B Cell ELISPOT Assay

B and T cell-mediated immunity to HspA and MV antigens was
analyzed on isolated spleen lymphocytes of immunized Ifnarko-
CD46Gemice using mouse IFN-g and IgM/IgG dual-color B cell ELI-
SPOT kits (R&D Systems). Spleen cells were harvested, washed, and
plated (5� 106 cells/well in 1mL of culture medium) in 24-well plates
for stimulation with MV-NIS at an MOI of 0.1, 100 ng/mL purified
HspA, and corresponding empty pET-28a control extracts overnight.
On the next day 5 � 104 and 5 � 105 cells in 100 mL of medium were
transferred to the IFN-g ELISPOT plates and incubated for 24 or 72 h
before the analysis. For the HspA-specific IgM/IgG B cell response
detection, spleen cells were transferred to HspA (200 ng/well) or con-
trol antigen-coated ELISPOT plates and cultured for 3 days. The re-
action was developed following the ELISPOT kit instructions (R&D
Systems). Results were analyzed on an ImmunoSpot S4 Pro analyzer
(Cellular Technology, Cleveland, OH, USA) using ImmunoSpot
version 4.0 software (Cellular Technology).

VN Test

Ameasles-neutralizing antibody titer was determined using a plaque-
reduction microneutralization assay as described previously.8 Briefly,
2-fold serumdilutionsweremixedwith 100TCID50 ofMV-GFP in 96-
well plates in reduced serumOpti-MEMmedium (Thermo Fisher Sci-
entific) and incubated for 1 h at 37�C. Vero cells were plated in
different 96-well plates at a density of 104 per well in 50 mL of Opti-
MEM supplemented with 2% FBS. 100 mL of sample mix was added
to Vero cells and cultured at 37�C, and the number of GFP-positive
syncytia per well was determined following a 48- to 72-h incubation
by fluorescent microscopy (Nikon). MV-GFP incubated in Opti-
MEM alone was run as control using eight wells in each individual
plate. The PRNT50 was calculated using the Karber’s formula.58

In Vitro Cell-Killing Experiments

The cell lines MCF-7, MG-63, and HOS were purchased from ATCC
and grown in recommended culture media. Human ovarian cancer
SR-B2 cells expressing the red fluorescent protein reporter (RFP)
and breast cancer MDA-231-RFP and MDA-231-luc derivative cell
lines were described in our previous studies.59,60 The cell lines were
plated in 96- or 12-well plates and infected with the MV strains at
different MOIs (0.01–2.0) in Opti-MEM or DMEM with 2% FBS.
The infected cells were incubated at 37�C up to 144 h after inocula-
tion. The cell viability was determined at 24, 48, 72, 96, and 144 h us-
ing anMTT cell viability kit (ATCC) or trypan blue exclusion assay as
described previously.60,61

qRT-PCR for N Protein Gene Copies

SR-B2 cells were cultured overnight in 12-well plates and inoculated
withMV-HspA orMV-GFP at anMOI of 0.1. Total RNAwas isolated
at 24-, 48-, and 72-h incubation using an RNeasy kit (QIAGEN). The
qRT-PCR for the MVN gene was run using one-step RT-PCRmaster
mix (Thermo Fisher Scientific) and a Roche 480 machine (Roche) as
described previously.62

Flow Cytometry for PD-L1 Expression

The ovarian cancer SR-B2 cells were infected at an MOI of 2.0 of the
MV-HspA or control MV-luc strain in six-well plates. After a 24-h in-
cubation period, cells were harvested, washed in PBS, and resuspended
to 106 per mL in 2% BSA in PBS. Fluorescein isothiocyanate (FITC)-
conjugated antibody specific to human PD-L1 (CD274, clone
28E.2A3) or mouse IgG2b isotype control antibody (both from Bio-
Legend) were added in 1:100 dilution and incubated for 30 min on
ice. Then, the cells werewashed in PBS andfixed in fixation buffer (Bio-
Legend). The analysiswas performedon anLSRFortessa cytometer (BD
Biosciences), and results were analyzed using FlowJo software (Tree
Star).

ELISA for HMGB1 Expression

The ovarian cancer SR-B2 and 293T cells were infected at an MOI of
2.0 with the MV-HspA or control MV-luc strain in duplicates in six-
well plates. Control wells were treated with the corresponding volume
of Opti-MEM. Supernatants were collected at 24 h, centrifuged, and
stored frozen at �20�C. The HMGB1 released from infected cells
was measured following the HMGB1 ELISA kit instructions (IBL
International).

ELISA for Human IFN-a and IFN-b Expression

SR-B2 cells were plated in six-well plates and, after the overnight in-
cubation, were infected by adding MV-HspA or MV-GFP at an MOI
of 1 to the wells. Supernatants were collected at 24 and 48 h post-
infection and stored frozen at �80�C. Type I IFN release by infected
cells was analyzed using a human IFN-a ELISA development kit
(Mabtech) and human IFN-b Quantikine kit (R&D Systems) accord-
ing to the recommended protocols. Each sample was run in dupli-
cates, and uninfected cells were used as a control.

In Vivo Experiments

Animal studies were approved by the Mayo Foundation Institutional
Animal Care and Use Committee.

Immunization of Mice for Polyclonal HspA-Specific Serum

Antibodies

Five- to 6-week-old female BALB/c mice were immunized i.p. with
10 mg of purified HspA dissolved in 100 mL of PBS and mixed 1:1
Molecular Therapy: Oncolytics Vol. 19 December 2020 145

http://www.moleculartherapy.org


Molecular Therapy: Oncolytics
with complete Freund’s adjuvant (Sigma). Immunization was
repeated on days 7 and 14 using the antigen mixed with incomplete
Freund’s adjuvant (Sigma), and 3 weeks later serum was collected
and tested for an HspA-specific response in ELISA and immunoblot.

Generation of mAbs against MV Proteins

The mouse myeloma line Sp2/0-Ag14 was purchased from ATCC
and grown in the recommended medium. Five-week-old female
BALB/c mice were injected with 2 � 106 TCID50 of MV-GFP via
the i.p. route. Immunization was repeated twice on days 7 and
21, and anti-MV serum antibody titers were determined by ELISA.
Mice with the highest titer received a final intravenous (i.v.) boost
with 106 TCID50 MV-GFP. Three days later, spleen cells were har-
vested and hybridomas were generated by using the Sp2/0-Ag14
hybridoma fusion partner.63 Hybridomas were grown in DMEM
(Sigma) supplemented with 10% FBS and antibiotics (Thermo
Fisher Scientific). Hybridoma culture supernatants were tested by
antigen-mediated ELISA and immunoblotting for MV antigen-spe-
cific mAb production. Hybridomas against MV N and P protein
were cloned and culture supernatants were collected. mAbs 8A11
(anti-N) and 9E11 (anti-P) isotypes were identified using an Iso-
Strip monoclonal antibody isotyping kit (Santa Cruz Biotech-
nology) and used for the experiments. Before the hybridoma gen-
eration description in the present study, as part of the complete
characterization, the N protein-specific mAb 8A11 was tested in
immunoblot and immunohistochemistry for detection of MV
infection,40,64 including in formalin-fixed and paraffin-embedded
clinical tissue samples.

MV-HspA Immunization of Measles Infection Permissive Mice

Mixed male and female 5- to 6-week old IFN type I receptor
knockout mice and human CD46 transgenic Ifnarko-CD46Ge
mice (n = 9) were inoculated i.p. with 106 TCID50 of MV-HspA
on days 1, 28, and 42. Mice were bled for serum collection on day
14, prior to the re-immunization on days 28 and 42 and 2 months
after the last immunization. Sera from six (three male and three fe-
male) non-immunized mice were used as controls. On day 120 of the
study, mice were terminally bled and spleen cells were harvested.
Spleen cells and serum samples were collected from a second control
animal group (n = 6). The measles antibody neutralization titer and
HspA-specific antibody response were determined by VN and anti-
gen-mediated ELISA, respectively. Spleen cells were antigen stimu-
lated and used in IFN-g and IgM/IgG dual-color B cell ELISPOT
assays.

MV Treatment in Orthotopic Ovarian Cancer Xenograft Model

Female 5-week-old severe combined immunodeficiency (SCID) mice
(12 per group) were engrafted by i.p. injection of 5 � 106 SR-B2 cells
in 0.2 mL of PBS. Mice were treated by two i.p. injections on days 7
and 14 with 106 TCID50 of MV-HspA, MV-GFP, or heat-inactivated
MV-GFP control diluted in 0.25 mL of PBS. Mice were monitored
daily for development of ascites and weight loss of more than 15%.
Survival curves were analyzed according to the Kaplan-Meier
method, and median survival times between groups were compared
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by the log-rank test. A p value of <0.05 was considered as statistically
significant.

Statistical Analyses

Statistical analysis was performed using the Microsoft Excel and
GraphPad Prism 5.0 analytical software (GraphPad, San Diego, CA,
USA).
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