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Measles virus (MV) is one of the candidates for the application of oncolytic viro-
therapy (OVT). Although an advanced clinical study has been reported on a T-cell
lymphoma, the potential of MV OVT against B-cell lymphomas remains to be clar-
ified. We found that an EBV-transformed B lymphoblastoid cell line, a model for
diffuse large B-cell lymphoma, and EBV-positive Burkitt’s lymphoma cells bearing
type lll latency were highly susceptible to the cytolysis induced by an MV vaccine
strain CAM-70. As analyzed by EBV-positive and -negative counterparts of the
same cytogenetic background, type Ill EBV latency, not type I, was shown to aug-
ment the susceptibility of B lymphoma cells to MV-induced cytolysis. Cell surface
levels of CD150/signaling lymphocytic activation molecule, a receptor of MV,
were upregulated in B lymphoma cell lines with type Il EBV latency by 3.8-fold,
on average. The cytolytic activity of CD150-tropic WT MV was akin to that of
CD46- and CD150-tropic CAM-70, suggesting that CD150 is critical for the suscep-
tibility to MV-induced cytolysis. Among EBV-encoded genes, latent membrane
protein 1 was responsible for the CD150 upregulation. It was notable that the
majority of B lymphoma cell lines of type Il EBV latency showed higher suscepti-
bility to the non-Edmonston-derived CAM-70 than to the Edmonston-derived Sch-
warz strain. This is the first report indicating the potential of non-Edmonston MV
strain for the application of OVT. Furthermore, a cellular regulator of MV replica-
tion was implicated that functions in a vaccine strain-specific fashion. Altogether,
the MV OVT should serve as an alternative therapy against EBV-positive diffuse
large B-cell lymphoma with type Il EBV latency.

nificantly to the reduced incidence of measles worldwide, and

Virus is an attractive tool to develop alternative therapies
against cancer, adopting its ability to infect specific cell
types and to transfer genetic materials. One of the most promis-
ing approaches is an OVT that aims to kill cancer cells by virus
that replicates preferentially in transformed cells.""? This idea
was exemplified by an adenoviral vector that specifically repli-
cates in pS3-deficient cells, a genetic feature often associated
with cancer cells.®> The OVT has been considered as a salvage
therapy for some malignancies for which effective therapies
have not been developed, including metastatic melanoma, recur-
rent tumor, drug-resistant tumors, and glioblastoma. Phase II
clinical trials of OVT have been carried out to treat some malig-
nancies, and the results appeared promising.® Advanced clinical
studies of OVT are underway based on reovirus, vaccinia virus,
herpes virus, or Seneca valley virus targeting metastatic mela-
noma,”® liver cancer,”® and lung carcinoma (NCT01017601).
For the success of OVT, the safety of the virus is critical.
Measles virus is an enveloped RNA virus that belongs to the
Paramyxoviridae family of the genus Morbillivirus. Measles
vaccine, containing an attenuated virus, has contributed sig-
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the safety of the measles vaccine has been well established.
Vaccine strains of MV use CD46/MCP as a receptor, which
is upregulated in leukemic cells.'®'® Thus, the vaccine
strains of MV are attractive for the application to OVT for
their potent cytolytic activity through apoptosis.’*'> Among
nine MV vaccine strains, seven are originated from the
Edmonston strain.'® The MV OVT has been explored using
Edmonston-derived vaccine strains.'*'”"'® Therapeutic poten-
tial of MV on lymphomas was historically implicated by the
cases with spontaneous reégression of leukemia, BL, or HD
after WT MV infection."”* Subsequently, the therapeutic
effect of the MV vaccine has been recognized against leuke-
mia and HD.®*?® The potential of MV OVT has been
explored in animal models and showed promising
results.?’>? More recently, a clinical trial of MV OVT was
carried out on cutaneous T-cell lymphoma and was shown to
be effective.'> Furthermore, a clinical trial of MV OVT has
been reported against ovarian cancer.'”’ However, the benefit
of MV OVT on BCL remains to be assessed.
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Epstein—Barr virus, a B cell-tropic gamma herpesvirus,
serves as a risk factor for several human malignancies.®' ¥
The virus establishes a latency in the infected cells.®* Accord-
ing to the repertorie of viral latent gene expressions, EBV
latency was classified into three, types I, II, and III (alterna-
tively, groups I, II, and III).** Epstein—Barr virus establishes
type I latency in BL, characterized by the expression of
EBNAI and EBER. Type II latency is detected in T-cell lym-
phomas and HD in which LMP1 is expressed in addition to
type I latency genes. Type III EBV latency is established in
DLBCL, including post-transplantation lymphoprolifarative
disorders and AIDS lymphoma, in which all the latency-associ-
ated genes are expressed. Epstein—Barr virus immortalizes
primary B cells, which serves as an in vitro model to study the
B cell lymphomagenesis by EBV. In the EBV-transformed
BLCL, EBV establishes type III latency. Measles virus repli-
cates well in lymphoid cells, as a lymphoid cell surface mar-
ker, CD150/SLAM, is expressed that serves as an MV
receptor for both vaccine and WT strains.®> In fact, CD150
was discovered in B95-8, a BLCL originated from marmo-
set.*> In our preliminary studies, we found that human BLCL
has a high susceptibility to MV-mediated cytolysis, suggesting
the possibility of MV OVT against DLBCL. However, it
remains to be clarified whether the EBV latency contributes to
susceptibility to MV infection. In this study, we aimed to
assess the therapeutic potential of non-Edmonston MV vaccine
strain and the possible contribution of EBV latency to the sus-
ceptibility of B lymphoma cells to MV infection.

Materials and Methods

Cells. Cells were maintained in RPMI-1640 medium (Wako
Pure Chemical Industries, Osaka, Japan) supplemented with
10% FBS (Japan Bioserum, Tokyo, Japan), 100 U/mL penicil-
lin, and 100 mg/mL streptomycin (Wako Pure Chemical
Industries), at 37°C in a humidified 5% CO, atmosphere. Cells
and their types of EBV latency are summarized in Table 1.
The inhibitor of IxB phosphorylation, BAY 11-7082, was also
purchased from Wako Pure Chemical Industries.

Measles virus. The vaccine strains of measles CAM-70
(Biken, Osaka, Japan) and Schwarz (Takeda Pharmaceutical
Co., Osaka, Japan) were propagated from the vaccine formula-
tions in B95a cells, a subclone of B95-8 with adherent
phenotype, and the infectious titer was assessed as 50% tissue
culture infectious dose on B95a cells. The field isolate
MV 90112 of genotype D5 propagated in B95a was used as a
WT MV.

Cytolytic activity. Target cells were plated in a 96-well
U-bottomed plate at 2500 cells per well and the MV was inoc-
ulated at MOI 0.01-10. The surviving live cells were quanti-
fied by CellTiter Glo (Promega, Madison, WI, USA), which
measures the ATP as an indicator of metabolically active cells.
The MV infection produces cell syncytia, which remains meta-
bolically active for a few days. The assay was carried out at
7 days post-infection, which appeared optimal to detect the
MV-induced cell death in our experimental setting. The MV
titer yielding the 50% reduction of viable cells (LDsy) was
determined.

Flow cytometry. The cell surface levels of MV receptors
were analyzed by flow cytometry (FACSCalibur; BD Bio-
sciences, San Jose, CA, USA) using the following antibodies
purchased from BioLegend (San Diego, CA, USA): FITC anti-
human CD150 antibody, FITC anti-human CD46 antibody,
FITC Mouse IgG1 Kappa Isotype Control antibody.
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Table 1. Cell lines and types of Epstein-Barr virus (EBV) latency

Name Type of EBV latency References

EBV-negative B cell lymphoma cell line

BJAB - Menezes et al.®>
EBV-negative Burkitt's lymphoma cell line

Akata - Shimizu et al.®®

BL-41 - Lenoir et al.®”

Daudi - Nanbo et al.“®

Mutu - Nanbo et al.“®
EBV-positive B-cell lymphoma cell line

BJAB/B95-8 Il Miyauchi et al.®”
EBV-positive Burkitt's lymphoma cell line

Akata I Takada et al.®®

BL-41/B95-8 Il Carter et al.®®

Daudi I Klein et al.®

Jijoye n Hinuma et al.®®

Mutu I 'and IlI Gregory et al."

Namalwa n Strander et al.®?

P3HR-1 Il Hinuma et al.®®

Raji n Epstein et al.®®
EBV-transformed BLCL

BLCL Il Miyauchi et al.®”
LMP1-transduced cell line

BJAB LMP1 - Nakayama et al.“”

BLCL, B lymphoblastoid cell line; LMP1, latent membrane protein 1.

Results

Cytolytic activities of MV strains on B lymphoma cells latently
infected with EBV. The cytolytic activity of three MV strains
was examined in BLCL, a historical model of EBV-positive
DLBCL, including a WT MV and two vaccine strains either
non-Edmonston-derived CAM-70 or Edmonston-derived
Schwarz. The LDs, at 7 days post-infection by CAM-70,
Schwarz, and the WT MV were <0.03, 0.4, and 0.04 in BLCL,
respectively. These data suggest that CAM-70 is potent in
infecting and killing BLCL cells and, to our surprise, more
potent than Schwarz (Fig. la). To verify these findings, we
examined two representative B lymphoma cell lines showing
type III EBV latency, Raji and Jijoye. The LDs, values in Raji
were <0.03, >2.0, and 0.6 by CAM-70, Schwarz, and the WT
MV, respectively (Fig. 1b). Similarly, in Jijoye, the LDsq
values were estimated as <0.03, 0.1, and 0.03 by CAM-70,
Schwarz, and the WT MYV, respectively (Fig. 1c). We exam-
ined P3HR-1, a subclone from lJijoye latently infected with a
defective EBV lacking EBNA2 and a part of EBNA-leader
protein (LP) genes as yet expressing LMPI at low levels.®"
The LDsq values of P3HR-1 were <0.03, 0.9, and 0.04 by
CAM-70, Schwarz, and the WT MV, respectively, comparable
to Jijoye (Fig. 1d). Additionally, Namalwa cells were suscepti-
ble only to the CAM-70 strain (Fig. le). These data suggest
that CAM-70 has a greater potency in killing B lymphoma
cells bearing type III EBV latency.

Link between MV'’s cytolytic activity and type of EBV latency of
target cells. To assess the effect of EBV latency on MV sus-
ceptibility, we examined the efficiencies of MV-induced cytol-
ysis in two EBV-negative B lymphoma cell lines BL41 and
BJAB, and compared them with their EBV-positive counter-
parts. Infection of EBV 95-8 strain yields type III latency in
both cell lines.®®*” In BL41 cells, the LDsq values of all MV
strains were above the limit of detection (Fig. 2a). In contrast,
EBV-positive BL41 cells showed susceptibilities to Schwarz
and the WT MV, with LDs, values of 0.4 and 0.15,
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Fig. 1. Susceptibility of B cell lines with type Ill Epstein-Barr virus (EBV) latency to measles virus (MV)-induced cytolysis. Efficiency of MV-

induced cytolysis on B cell lines were assessed by cell viabilities measured at 7 days after infection. B cell lines bearing type Il EBV latency are
shown, including EBV-transformed B lymphoblastoid cell line (BLCL) (a), and Burkitt's lymphoma cell lines Raji (b), Jijoye (c), P3HR-1 (d), and
Namalwa (e). The x-axis represents the MOI of MV. The y-axis represents the relative cell survival to the MV-uninfected control. Dotted line indi-
cates the half survival level of the uninfected control. The error bar represents the SD of triplicate wells. Circle, non-Edmonston vaccine strain
CAM-70; rectangle, WT MV; triangle, Edmonston-strain-derived vaccine strain Schwarz.

respectively (Fig. 2a). In BJAB cells, Schwarz and the WT
MV were not able to kill cells. However, CAM-70 showed
substantial cytolytic activity (LDsg < 0.02) in BJAB cells
(Fig. 2b). In accordance with BL41 cells, EBV-positive BJAB
cells were more susceptible to MV than EBV-negative coun-
terparts as represented by the enhanced susceptibility to WT
MV (LDsq 2.0) (Fig. 2b). These data suggested that type III
EBV latency in B lymphoma cells augments the susceptibility
to MV-induced cytolysis, although the magnitude of augmenta-
tion varies among cell types and the MV strains.

Next we examined Akata and Daudi cells in which EBV
establishes type I latency.®®*” We measured the LDs, values
in EBV-positive Akata and Daudi cells and compared them with
their EBV-negative counterparts isolated by limiting dilution
cloning.”*” Measles virus-induced cytolytic activities were not
detected in either cell line, regardless of EBV status (Fig. 2c,d).
These data suggested that type I EBV latency did not confer the
susceptibility of B lymphoma cells to MV infection.

Cancer Sci | February 2014 | vol. 105 | no.2 | 213

To solidify these findings, we examined Mutu cells that
yielded clones with type I and tXpe IIT EBV latencies and a
clone without EBV infection.“***" This allowed us to critically
assess the effect of EBV latency on the same cytogenetic
background. The cytolytic activity of MV was not observed in
Mutu cells negative for EBV, nor in cells with type I EBV
latency (Fig. 2e). In contrast, substantial cytolytic activity of
MV was detected in type III Mutu cells where LDs, values in
CAM-70, Schwarz, and the WT MV were <0.02, 0.05, and
<0.02, respectively (Fig. 2e). These data, along with the data
shown above, suggest that type III EBV latency, but not type
I, in B lymphoma cells augments the cytolytic activity of MV.

Determinant of enhanced cellular susceptibility to MV infection
by type Il EBV latency. The cell surface levels of MV receptors
determine the cellular susceptibility to MV infection. In
lymphoid cells, two MV rece(gtors are expressed, CD46
/MCP"%'"V and CD150/SLAM.®> We investigated whether
the cell surface levels of these molecules were upregulated in

© 2013 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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Fig. 2. Contribution of Epstein-Barr virus (EBV) latency to cellular susceptibility to measles virus (MV)-induced cell lytic activity. Efficiency of

MV-induced cytolysis on B lymphoma cell lines were assessed by cell viabilities measured at 7 days after infection, including BL41 (a), BJAB (b),
Akata (c), Daudi (d), and Mutu (e). The EBV status and the type of latency are shown on each panel. The x-axis represents the MOI of MV. The y-
axis represents the relative cell survival to the MV-uninfected control. Dotted line indicates the half survival level of the uninfected control. The
error bar represents the SD of triplicate wells. Circle, non-Edmonston vaccine strain CAM-70; rectangle, WT MV; triangle, Edmonston-strain-

derived vaccine strain Schwarz.

cells with type III latency compared with those without EBV
infection or with type I latency (Fig. 3). All cell lines were
positive for CD46. However, CD150 was barely detected in
EBV-negative Akata, Daudi, BL-41, and Mutu cells. Type III
latency cells showed higher levels of CD150 than type I coun-
terparts in BL41, BJAB, and Mutu cells. The average magni-
tude of CD150 upregulation by type III latency was 3.8-fold
(3.2-, 3.4-, and 4.7-fold in BL41, BJAB, and Mutu cells,
respectively). In contrast, a similar effect was not observed in
CD46 except that the levels of CD46 was upregulated in type
IIT latency in Mutu cells by 4.6-fold. Such effects were not
observed in Akata and Daudi cells, suggesting that the CD150
upregulation was restricted to type III EBV latency. In agree-

© 2013 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

ment with our findings, increased levels of CD150 on type III
Mutu cells were reported previously.“? The vaccine strains of
MV use both CD46 and CDI150 as receptors. However, the
WT MV used in this study was CD46-blind. Given that the
cytolytic activity of the WT MV was largely paralleled to that
of CAM-70, and the increased susceptibility to MV’s cytolytic
activity was observed only in the cells with type III EBV
latency, it was likely the major determinant of MV’s enhanced
cytolytic activity was the cell surface CD150. Historically, it
was emphasized that MV OVT targets the increased levels of
CD46 on tumor cells using vaccine strains of MV."? How-
ever, our data point out that CD150 plays a major role in the
killing of B lymphoma cells by MV. It is noted that BJAB
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Fig. 3. Upregulation of CD150/signaling lymphocytic activation molecule (SLAM) in B lymphoma cells with type Il Epstein—Barr virus (EBV)

latency. The flow cytometric profiles of CD46/membrane cofactor protein and CD150/SLAM on various B lymphoma cell lines are shown. The
dotted line indicates CD46/membrane cofactor protein, the bold line CD150/SLAM, and the shaded the isotype control. RLU, relative light unit.

cells were unique for their susceptibility to CAM-70 (Fig. 2b)
due to the expression of CD150 at low levels in the absence of
EBV latent infection, unlike other B lymphoma cell lines
(Fig. 3).

Upregulation of CD150 by EBV-encoded oncogene LMP1.
Finally, we sought the EBV latent gene responsible for the
upregulation of CDI150. We excluded EBNA1 and EBER
because no CD150 upregulation was observed in cells with
type I EBV latency. Raji and P3HR-1, highly susceptible to
MV infection, are infected with defective EBV genetically
devoid of EBNA2 and EBNA3, suggesting that these viral
proteins are unlikely to be responsible. The signals from
interleukin-1f, Toll-like receptor, and CD40, activating both
the NF-kB and AP1 pathways, have been reported to upregu-
late CD150 expression.(434) Thus, we focused on the viral
oncogene LMP1 because LMP1 is expressed in type III EBV
latency and has been shown to activate both NF-xB and
AP1.4® The flow cytometric analysis revealed that BJAB
cells stably expressing LMP1“® expressed higher levels of
CD150 than the EBV-negative counterparts (Fig. 2b vs
Fig. 4a). These findings are consistent with a previous report
demonstrating that LMP1 expression resulted in the upregula-
tion of CD150 in a BL cell line Eli.*? To directly test this
working hypothesis, we measured the cell surface levels of
CD150 on BJAB LMP1 cells after cells were treated with NF-

Cancer Sci | February 2014 | vol. 105 | no.2 | 215

kB inhibitors that limit the phosphorylation of IxkB. Expression
of CD150 on BJAB-LMP1 cells was downregulated in a dose-
dependent manner after exposure to BAY 11-7082 (Fig. 4b).
These data suggest that the upregulation of CD150 was partly
due to the transcriptional activation by NF-xB, which was
induced by LMP1.

The LDsy of MV on BJAB-LMP1 cells was measured to test
whether the cellular susceptibility to MV was correlated with
the upregulation of CD150 by LMPI1. The LDs, values of
BJAB-LMP1 cells were <0.02, 1.0, and >2.0 by CAM-70, Sch-
warz, and the WT MYV, respectively, akin to those in EBV-
positive BJAB cells (Fig. 4c). These data suggest that the
upregulation of CD150 by LMPI1 is responsible for the aug-
mented susceptibility to MV-induced cytolytic activities in B
lymphoma cells.

Discussion

Using a panel of B lymphoma cell lines with distinct EBV
latency, we showed that type III EBV latency in B lymphoma
cells enhances cellular susceptibility to the oncolytic activity of
MV that infects lymphoma cells through CD150 upregulated
by LMPI. These data suggest that the B-cell malignancies with
EBV type III latency are attractive targets of MV OVT. This
is a novel biological phenotype associated with LMP1. The

© 2013 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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oncoprotein LMP1 is expressed in type II EBV latency, which
has been detected in HD and Natural Killer (NK)/T-cell
lymphomas.®'**3% Expression of CD150 has been demon-
strated in clinical specimens of HD.“® Historically, it was
emphasized that MV OVT targets the increased levels of
CD46 on tumor cells.'? However, our data indicate that
CD150 plays the major role in the killing of B lymphoma cells
by MV. Given that effective molecular therapies remain to be
developed, it is feasible that MV OVT serves as an option
against these lymphomas associated with EBV.

We detected a difference in oncolytic potency between
Edmonston- and non-Edmonston-derived MV vaccine strains.
Among 11 EBV-positive B lymphoma cell lines, CAM-70
showed higher efficacy in killing cells in 10 cell lines (90.9%)
than Schwarz, indicating that CAM-70 has a higher therapeutic
value to apply for MV OVT against B-cell lymphomas. This is
the first report showing the potential of non-Edmonston MV
strains for use in MV OVT.

The EBV-positive BL41 cell line was the only one in this
study that showed a higher susceptibility to Schwarz than to
CAM-70. This is not fully explained by the levels of CD46
and CDI150, suggesting that unknown cellular factors are
involved in the regulation of MV replication. It is also possible
that an MV strain suitable for certain malignancies may differ
from MV strains effective against other cancers. CAM-70 is
an attenuated MV derived from the field isolate in Japan and
genetically the most remote from the vaccine strains originated
from the Edmonston strain.'® CAM-70 and Schwarz share
their ability to enter cells using CD46/CD150/Nectin as recep-
tors. However, the syncitium formation by Schwarz is more
robust than that by CAM-70 (J. Komano, unpublished data,
2012). In agreement with these data, CAM-70 was shown to
have a lower efficacy to bind receptors.*” It is not clear which
viral genetic factor explains the difference in oncolytic activity
between CAM-70 and Schwarz. Identification of viral and
cellular factors that influence the cytolytic function of MV

© 2013 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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Fluorescence intensity (RLU, log4)

CD150/SLAM on BJAB constitutively expressing
LMP1. The dotted line indicates CD46/membrane
cofactor protein, the bold line CD150/SLAM, and
the shaded the isotype control. (b) Flow cytometric
analysis of CD150/SLAM on BJAB constitutively
expressing LMP1 treated with BAY 11-7082 for 1 h
at 0.25-4.0 uM (thin lines) assayed at 16 h post-
exposure. The bold line indicates the solvent
control (DMSO) and the shaded indicates the
isotype control. (c¢) BJAB LMP1 cells were infected
with measles virus (MV) strains and the cell
viabilities were measured 7 days after infection.
The x-axis represents the MOl of MV. The y-axis
represents the relative cell survival to the MV-
uninfected control. Dotted line indicates the half
survival level of the uninfected control. The error
bar represents the SD of triplicate wells. Circle, non-
Edmonston vaccine strain CAM-70; rectangle, WT
MV; triangle, Edmonston-strain-derived vaccine
strain Schwarz. RLU, relative light unit; TCIDso, 50%
tissue culture infectious dose.

3 4

may help us to deepen our understanding of MV replication
and virus—host interaction at molecular levels, and may facili-
tate the production of genetically engineered MV more effec-
tive in the MV OVT against DLBCL.

Measles virus OVT was successful in clinical studies in
which enrolled subjects should have been immunized with MV
vaccine or infected with the WT MV."® This suggests that the
host immunity against MV does not necessarily have a negative
impact on therapeutic effect. On the contrary, it was assumed
that the host immunity might have enhanced therapeutic effects
by killing the virus-infected cancer cells.®” One of the
approaches to increase the efficacy of OVT is to engineer
the virus to arm the anticancer functions.®>'>% In MV OVT,
the recombinant virus has been developed that delivers a drug-
sensitizing gene to cancer cells."® Overall, although much is to
be explored, our data and others indicate that the EBV-associ-
ated lymphomas are attractive targets for MV OVT.
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Abbreviations

BCL B-cell lymphoma
BL Burkitt’s lymphoma

BLCL B lymphoblastoid cell line

DLBCL diffuse large B-cell lymphoma

EBER Epstein—Barr virus-encoded small RNA
EBNA Epstein—Barr nuclear antigen

Cancer Sci | February 2014 | vol. 105 | no.2 | 216



www.wileyonlinelibrary.com/journal/cas

EBV Epstein—Barr virus
HD Hodgkin’s disease
LMP latent membrane protein
MCP membrane cofactor protein
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