
Original Article
Oncolytic Virus Therapy with HSV-1
for Hematological Malignancies
Ryo Ishino,1,2 Yumi Kawase,1 Toshio Kitawaki,1 Naoshi Sugimoto,3 Maki Oku,2 Shumpei Uchida,2 Osamu Imataki,2

Akihito Matsuoka,4 Teruhisa Taoka,4 Kimihiro Kawakami,5 Toin H. van Kuppevelt,6 Tomoki Todo,7

Akifumi Takaori-Kondo,1 and Norimitsu Kadowaki2

1Department of Hematology and Oncology, Graduate School of Medicine, Kyoto University, Kyoto, Japan; 2Department of Internal Medicine, Division of Hematology,

Rheumatology and Respiratory Medicine, Faculty of Medicine, Kagawa University, Kagawa 761-0793, Japan; 3Department of Clinical Application, Center for iPS Cell

Research and Application (CiRA), Kyoto University, Kyoto, Japan; 4Division of Internal Medicine, Sakaide City Hospital, Sakaide, Japan; 5Division of Hematology,

Kagawa Prefectural Central Hospital, Takamatsu, Japan; 6Department of Biochemistry, Radboud Institute for Molecular Life Sciences, Radboud University Medical

Center, Nijmegen, the Netherlands; 7Division of Innovative Cancer Therapy, The Institute of Medical Science, The University of Tokyo, Tokyo, Japan
Oncolytic herpes simplex virus type 1 (HSV-1) has been inves-
tigated to expand its application to various malignancies.
Because hematopoietic cells are resistant to HSV-1, its applica-
tion to hematological malignancies has been rare. Here, we
show that the third generation oncolytic HSV-1, T-01, infected
and killed 18 of 26 human cell lines and 8 of 15 primary cells
derived from various lineages of hematological malignancies.
T-01 replicated at low levels in the cell lines. Viral entry and
the oncolytic effect were positively correlated with the expres-
sion level of nectin-1 and to a lesser extent 3-O-sulfated hep-
aran sulfate, receptors for glycoprotein D of HSV-1, on tumor
cells. Transfection of nectin-1 into nectin-1-negative tumor
cells made them susceptible to T-01. The oncolytic effects did
not appear to correlate with the expression or phosphorylation
of antiviral molecules in the cyclic GMP-AMP (cGAS)-stimu-
lator of interferon genes (STING) and PKR-eIF2a pathways.
In an immunocompetent mouse model, intratumoral injection
of T-01 into lymphoma induced regression of injected, as well
as non-injected, contralateral tumors accompanied by abun-
dant infiltration of antigen-specific CD8+ T cells. These data
suggest that intratumoral injection of oncolytic HSV-1 may
be applicable to systemic hematological malignancies.
Nectin-1 expression may be the most useful biomarker for
optimal efficacy.
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INTRODUCTION
Oncolytic virus therapy has been emerging as an important modality
of cancer immunotherapy.1 Notably, oncolytic viruses provoke innate
immune responses in the tumor site, thereby converting the immuno-
suppressive tumor microenvironment to an immune-potentiating
one. This leads to activation of intratumor dendritic cells, which
engulf the killed tumor cells and present an array of tumor antigens,
presumably including neoantigens, in draining lymph nodes. Subse-
quently, antigen-specific T cells migrate to the inflamed tumor site.
Thus, oncolytic virus therapy generates a so-called cancer-immunity
cycle,2 thereby representing a rational tumor immunotherapy.
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Herpes simplex virus type 1 (HSV-1) has been leading the field of onco-
lytic virus therapy.3 Mineta et al.4 generated a second generation onco-
lytic HSV-1, G207, which had deletion of the g34.5 gene and inactiva-
tion of ICP6 with a LacZ gene insertion and could replicate only in
cancer cells that can complement thesemutations. The third generation
G47D has further deletion of the overlapping region of thea47 gene and
the promoter of the US11 gene, resulting in increasing the presentation
of the peptide-major histocompatibility complex (MHC) class I com-
plex by tumor cells and also in replicating more efficiently by placing
the lateUS11 gene under control of the immediate-earlya47promoter.5

Many clinical trials of oncolytic HSV-1 have been conducted.3 T-VEC
(talimogene laherparepvec), an oncolytic HSV-1 that has deletion of
the g34.5 and a47 genes and has the gene encoding human granulo-
cyte macrophage colony-stimulating factor, has been approved for
advanced melanoma in the United States, Europe, and Australia.3

We have been conducting clinical trials using G47D for brain tumors
(University hospital Medical Information Network Clinical Trials
Registry [UMIN-CTR]: UMIN000015995 and UMIN000011636)
and prostate cancer (UMIN-CTR: UMIN000010463), and applica-
tions to other types of cancers are expected.

Originally, oncolytic viruses had been invented based on many anec-
dotal reports that hematological malignancies, such as leukemia and
lymphoma, resolved after viral infection.6–8 Therefore, oncolytic virus
therapy may be particularly effective for hematological malignancies.
Several oncolytic viruses have been applied to hematological malig-
nancies in preclinical and clinical trials.9 However, application of on-
colytic HSV-1 to hematological malignancies has been rare10,11

because human hematopoietic cells are resistant to HSV-1
an Society of Gene and Cell Therapy.
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Figure 1. T-01 Induces Immunogenic Cell Death of Human Hematological Tumor Cell Lines

(A and B) Jurkat, GRANTA-519, and Ramos cells were treated with mock or T-01 (MOI 0.01, 0.1, and 1.0) (A). Jurkat cells were treated with mock, intact T-01, or UV-

inactivated T-01 (MOI 0.1, 1.0, and 10) (B). After 3 days, the number of viable cells was counted. The data are shown as the mean ± SE of three independent experiments.

Statistical analysis was conducted using non-repeated-measures ANOVA followed by Dunnett’s test. **p < 0.01. (C and D) Jurkat and GRANTA-519 cells were treated with

mock or the indicated MOI of T-01. After 24 h, (C) ATP in the supernatants was measured using a CellTiter-Glo 2.0 Assay. The data are shown as the mean ± SE of three

independent experiments. Statistical analysis was conducted using a two-tailed unpaired t test. *p < 0.05, **p < 0.01. (D) HMGB1 in the supernatants was detected using

western blotting. The data are representative of three independent experiments. See also Figure S1.
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replication,12 and thus oncolytic HSV-1 has been considered unsuit-
able to treat hematological malignancies.

In this study, we used T-01, an HSV-1 containing modification
of the same genes as G47D,13 and examined whether T-01 can
infect and kill human hematological tumor cells in vitro. We
showed that T-01 does so and that the expression of an HSV-
1 receptor, nectin-1, is a determining factor in the oncolytic ef-
fect. Furthermore, using immunocompetent mice, we show that
intratumoral injection of T-01 into lymphoma induces tumor-
specific immune responses systemically in vivo. This study pre-
sents the rationale of applying G47D for the treatment of hema-
tological malignancies.
RESULTS
T-01 Kills Human Cell Lines Derived from Various Lineages of

Hematological Malignancies

We first examined whether T-01 kills human cell lines derived from
hematological malignancies. T-01 exhibited significant cytotoxicity at
multiplicity of infection (MOI) 1.0 or less against 18 out of 26 cell
lines, including myeloid-, B cell-, and T cell-derived tumors (Table
S1; Figure S1). Figure 1A shows representative cell lines that were sus-
ceptible or resistant to T-01. Jurkat and GRANTA-519 cells were
significantly killed by T-01 atMOI as low as 0.01, whereas Ramos cells
were not killed even at MOI 1.0. Ultraviolet (UV)-inactivated T-01
lost cytotoxic activity in Jurkat cells even at a high concentration
(MOI 10) (Figure 1B), indicating that intact T-01 is necessary for
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the cytotoxicity. These data indicate that T-01 kills a substantial frac-
tion of cell lines from human hematological malignancies derived
from various lineages.

In addition, Jurkat and GRANTA-519 cells treated with T-01 released
ATP (Figure 1C) and HMGB1 (Figure 1D)14 more than mock-treated
cells. These data suggest that hematological tumor cells treated with
T-01 undergo immunogenic cell death.

A Low Level of Replication of T-01 in Hematological Tumor Cells

We examined whether replication of T-01 accompanies the cytotoxic
activity. We quantified viral replication by real-time PCR of the glyco-
protein B (gB) gene of HSV-1 in the T-01-susceptible cell lines. When
T-01 was added at MOI 0.1, the copy number of the gB gene increased
more than 1,000 times in 24 h in Vero cells as expected (Figure 2A). In
contrast, only low levels of increase or no increase were detected in the
T-01-susceptible cell lines (Figure 2A). We added a viral DNA poly-
merase inhibitor acyclovir to examine whether the low levels of repli-
cation contribute to the cytotoxic activity of T-01. Acyclovir at 10 mM
suppressed the viral replication in Vero cells (Figure 2A), as well as in
Jurkat and GRANTA-519 cells (Figure 2B), and attenuated the cyto-
toxic activity of T-01 in these cell lines (Figure 2C). When T-01 was
added at MOI 0.1 or 1.0 to Jurkat cells or at MOI 1.0 to GRANTA-519
cells, acyclovir attenuated the cytotoxic effect of T-01 only partially
(MOI 0.1 for Jurkat and MOI 1.0 for GRANTA-519) or not at all
(MOI 1.0 for Jurkat) (Figure 1C). Such residual cytotoxicity observed
at the higher concentrations (MOI 0.1 or 1.0) of T-01 in the presence
of acyclovir may be caused by efficient entry of T-01 into these cell
lines as shown below (Figures S2A and 2B). These data suggest that
cytotoxic activity accompanying a low level of viral replication or
even efficient viral entry alone contributes to the killing of the hema-
tological tumor cell lines by T-01.

The Expression Levels of Nectin-1 on the Cell Lines Most

Correlate with Viral Entry and Cytotoxicity

We next examined the differences between T-01-susceptible and
-resistant cell lines. Viral entry was quantified by culturing cells
with EGFP-expressing T-01, T-GFP, for a short period (4 h) to
avoid contribution of viral replication. The efficacy of viral entry
into cells was variable among the 26 cell lines (Figures S2A and
S2B). Although viral entry to several T-01-susceptible cell lines
(SET-2, ATL-43T, Raji, and KMS-12-BM) was low at 4 h, EGFP-
positive cells increased in 24 h probably because of progression of
viral entry and replication (Figure S2Ci). In contrast, almost no in-
crease in EGFP-positive cells was observed in T-01-resistant cell
lines (CHRF-288-11, HL-60, Ramos, SR-786, KIS-1, SU-DHL-1,
and FL-318) after 24-h culture, except for HEL cells, which were
killed with a higher concentration of T-01 (MOI 10; data not
shown) (Figure S2Cii). The degrees of viral entry at 4 h were posi-
tively correlated with those of cytotoxicity (Figure 3A). Thus, we
examined whether the expression levels of HSV-1 glycoprotein D
(gD) receptors (nectin-1,15 herpes viral entry mediator [HVEM],16

and 3-O-sulfated heparan sulfate [3-OS HS]17) and gB receptors
(paired immunoglobulin-like type 2 receptor a [PILRa],18 non-
764 Molecular Therapy Vol. 29 No 2 February 2021
muscle myosin heavy chain [NMHC]-IIA,19 and NMHC-IIB20)
correlated with the cytotoxicity. Lymphocytes in peripheral blood
expressed HVEM, but not nectin-1, 3-OS HS, or PILRa (Figure S3).
Monocytes expressed HVEM, PILRa, and a marginal level of nec-
tin-1, but not 3-OS HS. Nectin-1 (Figure S4A), HVEM (Figure S4B),
and 3-OS HS (Figure S4C) were expressed on many of the 26 cell
lines at various levels, whereas PILRa was not expressed on 11
cell lines we examined (data not shown). Notably, the expression
levels of nectin-1 positively correlated with degrees of viral entry
and cytotoxicity (Figure 3B). The only exception was HL-60 (labeled
with asterisk [*] in Figure 3B); although it expressed a high level of
nectin-1 (Figure S4A), T-01 did not enter (Figure S2) or kill (Fig-
ure S1) HL-60. In contrast with nectin-1, the expression levels of
HVEM did not correlate with degrees of viral entry or cytotoxicity
(Figure 3C). In addition, three nectin-1+ HVEM� cell lines (SKM-1,
MEG-01, and Jurkat) underwent efficient viral entry, whereas two
nectin-1� HVEM+ cell lines (CHRF-288-11 and Ramos) did not un-
dergo viral entry (Figure S2). The expression levels of 3-OS HS posi-
tively correlated with degrees of viral entry and cytotoxicity (Fig-
ure 3D), although to the lesser extent than those of nectin-1. Two
nectin-1+ cell lines (HuT 102 and RPMI 8226) underwent efficient
viral entry (Figures S2A and S2B) despite the absence of 3-OS HS
(Figure S4C). There was no T-01-susceptible cell line that is nec-
tin-1� 3-OS HS+. These data suggest that nectin-1 plays a dominant
role in viral entry compared with 3-OS HS. NMHC-IIA was ex-
pressed in all 14 cell lines examined (Figure S5). NMHC-IIB was ex-
pressed in all of them except for THP-1 and RPMI 8226 (Figure S5).
Thus, the expression of NMHC-IIA and -IIB did not correlate with
cytotoxicity.

These data suggest that nectin-1 on hematological tumor cells plays a
key role in viral entry and subsequent cytotoxicity, and that nectin-1
expression predicts the cytotoxicity of T-01 in hematological tumor
cells. Although 3-OS HS may also play a role in viral entry and cyto-
toxicity, the contribution appears to be less than that of nectin-1.

The Expression Levels of Nectin-1 in Clinical Samples Correlate

with Viral Entry and Cytotoxicity

We next examined primary hematological tumor cells and found that
viable cells decreased after treatment with T-01 in 8 of 15 samples
(Table S2; Figure S6). Although we added high concentrations (up
to MOI 10) of T-01, UV inactivation abrogated cytotoxic activity of
T-01 even at MOI 10 (Figure 1B), indicating that it is unlikely that
contaminants of viral preparations were responsible for the cytotox-
icity at MOI 10 for the clinical samples. All of the eight T-01-suscep-
tible samples expressed nectin-1 (Figure S6). Of note, all of them were
from relapsed patients, whereas none of the five samples from un-
treated patients expressed nectin-1 and were resistant to T-01. Seven-
teen of 22 additional samples from untreated patients failed to express
nectin-1 (data not shown). The expression levels of nectin-1, but not
of HVEM, were positively correlated with the degrees of cytotoxicity
in clinical samples (Figure 4), as observed in the cell lines. These data
suggest that T-01 may be more effective for relapsed hematological
malignancies, which frequently express nectin-1, than untreated ones.
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Figure 2. A Low Level of Replication of T-01 in Hematological Tumor Cells

(A) Vero cells were treated with T-01 (MOI 0.1) for 24 h in the presence of DMSO or 10 mM acyclovir. Jurkat, GRANTA-519, ED-40515(+), MT-2, and RPMI 8226 cells were

treated with T-01 (MOI 1.0) for the indicated periods. The amounts of the gB gene of HSV-1 were measured by real-time PCR and were expressed as the ratios to the

amounts at the time of culture start. The data are shown as the mean ± SE of 2 (Vero cells) or 3 (the other cells) independent experiments. (B) Jurkat and GRANTA-519 cells

were treated with T-01 (MOI 1.0) for the indicated periods in the presence of DMSO (control) or 10 mM acyclovir. The amounts of the gB gene were measured and expressed

as in (A). The data are shown as the mean ± SE of 3 independent experiments. (C) Jurkat and GRANTA-519 cells were treated with mock or T-01 (MOI 0.01, 0.1, and 1.0) in

the presence of DMSO (control) or 10 mMacyclovir. After 3 days, the number of viable cells was counted. The data are shown as themean ±SE of 3 independent experiments.

Statistical analysis was conducted using non-repeated-measures ANOVA followed by SNK test. *p < 0.05, **p < 0.01.
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Viral Entry via Nectin-1 Is Functionally Important for Cytotoxicity

To examine the functional involvement of nectin-1 in viral entry and
cytotoxicity, we knocked down the expression of nectin-1 on Jurkat
and THP-1 cells. The knockdown significantly decreased the expression
levels of nectin-1 and tended todecrease viral entry, although statistically
not significant (Figure 5A). The residual entrymay be because of incom-
plete reduction of nectin-1 expression by shRNA or by the low levels of
expression of HVEM (THP-1) (Figure S4B) or 3-OS HS (Jurkat and
THP-1) (Figure S4C). Conversely, human nectin-1 was transduced
intoRamos cells and amouse T cell lymphomacell lineE.G7-ovalbumin
(OVA). The overexpression of nectin-1 induced viral entry and cytotox-
icity in both cell lines (Figure 5B). These data indicate that the expression
Molecular Therapy Vol. 29 No 2 February 2021 765
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Figure 3. The Expression Levels of Nectin-1 and 3-OS HS on

the Cell Lines Correlate with Viral Entry and Cytotoxicity

(A–D) Viral entry versus cytotoxicity (A), nectin-1 expression (B),

HVEM expression (C), and 3-OS HS expression (D) versus viral entry

and cytotoxicity. Viral entry is indicated as percentages of T-GFP-

positive cells at MOI 1.0 after 4-h culture. Cytotoxicity was calcu-

lated as 1 � (viable cell number with T-01/viable cell number with

mock) � 100 (%) after treatment with T-01 (MOI 1.0) for 3 days. The

expression of nectin-1, HVEM, and 3-OS HS is indicated as the

mean fluorescence intensity (MFI) ratios compared with cells stained

with isotype-matched control mAbs (nectin-1 and HVEM) or those

stained by omitting anti-heparan sulfate antibody HS4C3 (3-OSHS).

Each dot indicates each cell line. Asterisks in (B) indicate HL-60.

Statistical analysis was conducted using Spearman’s correlation.

See also Figures S2–S4.
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Figure 4. The Expression Levels of Nectin-1 on Clinical Samples Correlate

with Entry and Cytotoxicity by T-01

Nectin-1 expression (left) and HVEM expression (right) versus cytotoxicity. Nectin-1

and HVEM expression is indicated as the MFI ratio compared with cells stained with

isotype-matched control mAbs. Cytotoxicity was calculated as 1 � (viable cell

percentage with T-01/viable cell percentage with mock) � 100 (%) after treatment

with T-01 (MOI 10) for 3 days. Each dot indicates each cell line. Red and black dots

indicate samples from relapsed and untreated patients, respectively. Statistical

analysis was conducted using Spearman’s correlation. See also Figure S6.
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of nectin-1 is functionally important for viral entry and the cytotoxic ef-
fect of HSV-1 against human and mouse hematological tumor cells.

Nectin-1 Expression and Viral Entry Are Upregulated by

Epigenetic Regulation

Given that expression of nectin-1 on tumor cells is a key factor for direct
cytotoxicity of T-01, we examined whether the expression of nectin-1
can be induced or enhanced by epigenetic regulation, using epigenetic
compound library screening. We treated nectin-1� cells (Ramos) and
nectin-1low cells (HEL) with the compounds contained in the library
and examinedwhether expression of nectin-1was induced or enhanced
using flow cytometry (Figure S7A). ADNAmethyltransferase inhibitor
(decitabine), a class IIa histone deacetylase inhibitor (LMK-235), and
three inhibitors (CPI-203, I-BET151, and I-BET726) of Bromodomain
and Extra-Terminal motif (BET) family proteins upregulated nectin-1
on Ramos and HEL cells without reducing cell viability substantially
(Figure S7A). Another DNA methyltransferase inhibitor, azacitidine,
did not upregulate nectin-1 (data not shown). I-BET726 also enhanced
nectin-1 expression on nectin-1low THP-1 and SYK-11L(+) cells (Fig-
ure S7B). I-BET726 significantly enhanced viral entry into HEL,
THP-1, and SYK-11L(+) cells in a dose-dependent manner (Fig-
ure S7C). LMK-235 significantly enhanced viral entry into Ramos,
HEL, and THP-1 cells in a dose-dependent manner (Figure S7C).
Despite the upregulation of nectin-1 on Ramos cells by decitabine (Fig-
ures S7A and S7B), it did not significantly enhance viral entry (Fig-
ure S7C) for unknown reasons. These data indicate thatnectin-1 expres-
sion can be upregulated by epigenetic regulation, leading to
enhancement of entry of T-01.

Expression and Activity of the cGAS-STING Pathway in

Hematological Tumor Cells

We next examined whether mechanisms of cellular antiviral re-
sponses correlated with the cytotoxicity of T-01. It has been reported
that the cytoplasmic DNA sensing cyclic GMP-AMP (cGAS)-stimu-
lator of interferon genes (STING) pathway is frequently defective in
colorectal cancer,21 melanoma,22 and ovarian cancer cells,23 resulting
in susceptibility to oncolytic HSV-1. Thus, we examined whether the
expression of cGAS and STING correlated with the susceptibility of
the hematological tumor cells to T-01. Five (HuT 102, THP-1,
RPMI 8226, ATL-43T, and SYK-11L(+)) of the 9 T-01-susceptible
cell lines (labeled in red in Figure S8A) expressed both cGAS and
STING, whereas four (GRANTA-519, Jurkat, ED-40515(+), and
MT-2) of the nine T-01-susceptible cell lines expressed either of
them at low or no levels (cGAS in Jurkat and STING in GRANTA-
519, ED-40515(+), and MT-2). Thus, there was no apparent correla-
tion between susceptibility to T-01 and the presence or absence of
cGAS/STING in the hematological tumor cells we examined,
although the low expression in several cell lines may contribute to sus-
ceptibility to T-01.

We examined whether stimulation with T-01 induces phosphorylation
of downstream molecules of STING, TBK1, and IRF3 in three T-01-
susceptible cell lines (Figure S8B). TBK1 was constitutively
phosphorylated in all of the cell lines. After stimulation with T-01,
phosphorylation of TBK1 and IRF3 was upregulated in MT-2
(although the expression of STING was low as in Figure S8A), but
not in THP-1 and ATL-43T cells (Figure S8B, left panel), possibly
because of the highly efficient entry of T-01 into MT-2 (Figures S2A
and S2B). When THP-1 and ATL-43T cells were stimulated with
HSV-60,24 a 60-bp HSV-1-derived double-stranded DNA oligonucleo-
tide that stimulates the STING-dependent pathway, phosphorylation
of TBK1 was upregulated in both cell lines, and that of IRF3 was
induced in THP-1, but not in ATL-43T cells (Figure S8B, right panel).
These data suggest that pathways leading to phosphorylation of TBK1
and IRF3 are preserved in THP-1 and MT-2 cells, whereas it is sup-
pressed in ATL-43T cells at the level of phosphorylation of IRF3.

Expression levels of mRNA of IFN-b, the main antiviral molecule
induced by the cGAS-STING pathway,25 positively rather than nega-
tively correlated with the cytotoxic effect of T-01 (Figure S9), suggest-
ing that the signaling pathway leading to IFN-b induction is at least
partially preserved in many cell lines despite the susceptibility to T-
01.

Collectively, the expression and activity of the cellular antiviral ma-
chinery composed of the cGAS-STING-TBK1-IRF3 axis leading to
IFN-b induction did not appear to correlate with the susceptibility
to T-01 of many hematological tumor cell lines we examined.

Expression and Activity of the PKR-eIF2a Pathway in

Hematological Tumor Cells

After viral infection, activation of the PKR-eIF2a pathway blocks
viral protein synthesis and thereby restricts viral replication in normal
cells.26 ICP34.5, the product of the g34.5 gene of HSV-1, interacts
with and redirects protein phosphatase 1a to dephosphorylate
eIF2a, thus enabling continued protein synthesis despite the presence
of activated PKR.27 Because PKR activation is suppressed in
Molecular Therapy Vol. 29 No 2 February 2021 767
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transformed cells with an activated Ras pathway,28 g34.5 gene-deleted
HSV-1 is expected to replicate in Ras-activated tumor cells. In addi-
tion, even if there is residual activity of PKR, early expression of the
Us11 protein blocks phosphorylation of eIF2a, thereby compensating
for the deletion of the g34.5 gene.29 Thus, we examined whether
expression and/or activation of the PKR-eIF2a pathway correlates
with the susceptibility of hematological tumor cells. PKR protein
was expressed in all of the cell lines (Figure S10A). After the addition
of T-01, phosphorylation of PKR and eIF2a was not enhanced in T-
01-resistant cell lines (Figure S10B, black labels), consistent with the
poor entry of T-01 into these cells up to 24 h, as shown in Figure S2Cii.
In contrast, phosphorylation of PKR was enhanced in T-01-suscepti-
ble cell lines except for ATL-43T cells (Figure S10B, red labels). Phos-
phorylation of eIF2a was enhanced in GRANTA-519, Jurkat, HuT
102, RPMI 8226, and SYK-11L(+), but not in THP-1, ED-40515(+),
ATL-43T, or MT-2 cells. Collectively, the expression and activity of
the PKR-eIF2a pathway did not correlate with the susceptibility to
T-01 of many hematological tumor cell lines we examined. The
reduced phosphorylation of PKR or eIF2a in several cell lines may
contribute to susceptibility to T-01.

Antitumor Effects of T-01 In Vivo in Immunodeficient and

Immunocompetent Mice

We examined whether the antitumor effect of T-01 is observed in vivo
using immunodeficient and immunocompetent mice. We implanted
GRANTA-519 or ED-40515(+) cells subcutaneously into severe com-
bined immunodeficiency (SCID) Beige mice and injected T-01 intra-
tumorally (Figure 6A). T-01 exhibited strong antitumor effects on
both GRANTA-519 and ED-40515(+) cells (Figure 6B), despite the
low levels of T-01 replication in these cell lines in vitro (Figure 2A).
These data indicate that the direct cytotoxic effect of T-01 efficiently
suppresses the growth of T-01-susceptible cell lines in vivo despite the
inefficient viral replication in vitro.

The susceptibility of human nectin-1-transfected mouse cell line
E.G7-OVA (E.G7-OVA-nectin-1) to T-01 enabled us to examine
the immune-mediated effects of T-01 in vivo using immunocompe-
tent mouse models. We implanted E.G7-OVA-nectin-1 cells subcuta-
neously into the right and left flanks of C57BL/6 mice and injected T-
01 intratumorally only into the right flank tumor (Figure 7A). Tumor
growth in T-01-injected as well as non-injected sides was significantly
suppressed (Figure 7B). In line with this, OVA-specific CD8+ T cells
were intensely accumulated in both T-01-injected and non-injected
tumors to the same extent (Figure 7C). In contrast, OVA-specific
CD8+ T cells did not significantly accumulate in the spleen. These
data suggest that tumor-specific CTLs induced in T-01-injected tu-
Figure 5. Nectin-1 Knockdown and Transfection Affect Viral Entry and Cytotox

(A) Nectin-1 expression (upper panels) and viral entry (lower panels) in Jurkat and THP-1

MFI ratio compared with cells stained with isotype-matched control mAbs. Viral entry is

with nectin-1 knockdown. The data are shown as the mean ± SE of three independent m

*p < 0.05, **p < 0.01. (B) Nectin-1 expression (left panels), viral entry (middle panels), a

(lower panels) transfected with human nectin-1. The data are shown as the mean ± SE

repeated-measures ANOVA followed by Dunnett’s test. *p < 0.05, **p < 0.01.
mors migrate and accumulate into the remote tumor and exhibit anti-
tumor effects on both T-01-injected and non-injected tumors.

DISCUSSION
In this study, we showed that oncolytic HSV-1 has the potential to
treat hematological malignancies, including T, B, and myeloid line-
ages. The expression of nectin-1 is a decisive factor for the oncolytic
effect. Local intratumor injection of HSV-1 induced systemic anti-
tumor immune responses. This study opens the possibility of
applying oncolytic HSV-1 to hematological malignancies.

It was reported recently that UV-inactivated, non-replicating HSV-1
activates human NK cells and may be used as an immunological adju-
vant to activate donor-derived mononuclear cells in vitro for infusion
after allogeneic stem cell transplantation.30 However, because direct
oncolysis by replicating virus is expected to be an integral part of
the effect of oncolytic virus therapy, it is important to investigate
whether replicating HSV-1 infects and kills hematological tumor
cells. Here, we showed that T-01 replicated at low levels even in highly
susceptible cell lines, such as Jurkat and GRANTA-519 cells. Attenu-
ation of the cytotoxicity by acyclovir suggests that cytotoxic activity
accompanying such low levels of viral replication contributed to the
killing effects.

It has been reported that the expression of nectin-1 correlates with
HSV-1 entry and oncolysis in thyroid cancer,31 squamous cell carci-
noma,32 and Epstein-Barr virus (EBV)-associated lymphoprolifera-
tive disease.33 However, different studies suggested that other factors,
such as cellular antiviral responses,34,35 rather than the expression of
nectin-1, determine the efficacy of oncolytic HSV-1. Thus, the impor-
tance of nectin-1 expression in oncolysis remains to be determined. In
this study, we showed that the expression of nectin-1 is a critical factor
in viral entry and oncolysis, using cell lines, freshly isolated clinical
samples, and nectin-1-transfected cells. Intriguingly, all of the nec-
tin-1-expressing, HSV-1-susceptible clinical samples were derived
from relapsed patients, suggesting that progression of malignant
transformation that occurred in relapsed tumors may lead to the
expression of nectin-1. Cell line HL-60 was an exception, in that T-
01 did not enter the cells despite high levels of nectin-1 expression.
Such a cell line may have mutations in nectin-1 at indispensable res-
idues for the binding of gD.36 Although the expression levels of 3-OS
HS also positively correlated with degrees of viral entry and cytotox-
icity, its contribution appears to be less than that of nectin-1.

Epigenetic compound library screening indicated that several com-
pounds upregulated nectin-1 expression on nectin-1� or nectin-
icity

cells after knockdown of nectin-1 with shRNA. Nectin-1 expression is shown as the

indicated as percentages of T-GFP-positive cells at MOI 1.0. 62933 indicates cells

easurements. Statistical analysis was conducted using a two-tailed unpaired t test.

nd cytotoxic effects of T-01 (right panels) on Ramos (upper panels) and E.G7-ONA

of three independent measurements. Statistical analysis was conducted using non-
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B

Figure 6. Antitumor Effects of T-01 In Vivo in

Immunodeficient Mice

(A) Treatment schema. GRANTA-519 or ED-40515(+) cells

were subcutaneously implanted into the left flank of SCID

Beige mice. Mock or T-01 (0.2 � 106 or 1.0 � 106 PFUs)

was injected into the established tumor on days 0 and 3.

The tumor size was measured every 2 or 3 days. (B) Tumor

growth curves (n = 7 and 8 for GRANTA-519 and ED-

40515(+), respectively). Arrows indicate injection of mock

or T-01. The data are shown as the mean ± SE. Statistical

analysis was conducted using non-repeated-measures

ANOVA followed by Dunnett’s test. **p < 0.01.

Molecular Therapy
1low cell lines and viral entry. However, it did not lead to the induction
or enhancement of nectin-1-mediated oncolytic effects (data not
shown), possibly because the induction of nectin-1 was weak. More
potent epigenetic upregulation of nectin-1 may extend the applica-
bility of oncolytic HSV-1 therapy.

Intratumor injection of T-01 into subcutaneous tumors of GRANTA-
519 and ED-40515(+) in the SCID Beige mice was highly effective
despite the low levels of T-01 replication in these cell lines in vitro.
The apparent discrepancy between the inefficient viral replication
in tumor cells in vitro and the strong antitumor effect in immunode-
ficient mice in vivo is intriguing, although the reason remains
unknown.

Using an immunocompetent mouse model (E.G7-OVA-nectin-1), we
showed that intratumoral injection of T-01 systemically induced anti-
gen (OVA)-specific antitumor CD8+ T cell responses. Of note, OVA-
specific T cells accumulated in both injected and non-injected tumors
to the same extent, whereas they scarcely accumulated in the spleen,
indicating that the antigen-specific T cells were not diluted in the sys-
temic circulation but were efficiently concentrated at tumor sites.

Various oncolytic viruses have been applied to hematological malig-
nancies via an intravenous route.9 However, intravenously adminis-
tered viruses are extensively diluted in the systemic circulation and
also rapidly induce the production of neutralizing antiviral anti-
bodies, which hinders repeated injection. Local intratumor injection
of HSV-1 induces a systemic immune-mediated effect, which is
augmented by combining with immune checkpoint blockade.37 In
addition, oncolytic HSV-1 is not toxic to human hematopoietic cells,
as used to purge contaminating solid tumor cells from an autologous
bone marrow graft.12 Thus, HSV-1 may be applicable to tumor-form-
ing hematological malignancies, such as lymphoma for intra-tumor
770 Molecular Therapy Vol. 29 No 2 February 2021
injection, as well as, if safety is confirmed, to
marrow-located malignancies, such as leukemia
andmyeloma for loco-regional intra-marrow in-
jection, which is easy to perform.

In conclusion, we showed that oncolytic HSV-1
is a viable therapy for hematological malig-
nancies. The expression of nectin-1 rather than
defects in the cellular antiviral machineries is a decisive factor to
make tumor cells susceptible to HSV-1 and may predict optimal effi-
cacy. Systemic tumor-specific CD8+ T cell responses efficiently
concentrate in tumor sites, suggesting that local intratumor injection
of HSV-1 is expected to provoke effective immune responses even for
systemic tumors such as hematological malignancies.

MATERIALS AND METHODS
Cell Lines and Antibodies

Human cell lines of hematological malignancies are listed in Table S1.
Culture conditions of each cell line are described in the Supplemental
Materials and Methods. E.G7-OVA (ATCC) was derived from the
C57BL/6 mouse T cell lymphoma cell line EL4 by transducing
OVA. Antibodies used in this study are listed in Table S3.

Viruses

T-01 and T-GFP are HSV-1 strain F-based oncolytic viruses contain-
ing modification in the same three genes as in G47D.13 The difference
between G47D and T-01 is that the ICP6 gene is inactivated by inser-
tion of the LacZ gene in the former,4 whereas the ICP6 gene is re-
placed by the cytomegalovirus (CMV) promoter, poly(A), and the
LacZ gene in the latter.13 Virus stocks were prepared as described
with modifications.38 In brief, subconfluent monolayers of Vero cells
were infected and cultured in VP-SFM (Thermo Fisher, Waltham,
MA, USA), and infected cells were harvested when a total cytopathic
effect was observed. After a freeze-thaw/sonication regimen, cell
debris was removed by low-speed centrifugation, and then virus
was concentrated by high-speed centrifugation. The viral pellet was
resuspended in Dulbecco’s phosphate-buffered saline (DPBS;
Sigma-Aldrich, St. Louis, MO, USA) containing 10% glycerol and
titrated by plaque assay on Vero cells. Mock extracts were prepared
identically, except that DPBS containing 10% glycerol was used in
place of virus during the infection step.
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Flow Cytometry Analysis

To analyze the protein expression levels on the cell membrane, we
analyzed samples on the Accuri C6 Flow Cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). Data were analyzed using FlowJo software
(BD Biosciences).
Cytotoxicity Assay in a 3D Spheroid Culture Model

Cells (1 � 105) were seeded in 1.5-mL tubes and pelleted. The cells
were infected with virus or “mock” in a volume of 100 mL and incu-
bated at 37�C for 1 h. After adding 900 mL of culture medium (total
1 mL), the infected cells were seeded at densities of 1 � 104 or 2 �
104 cells/well (200 mL/well) in PrimeSurface 96-U multi-well plates
(Sumitomo Bakelite, Tokyo, Japan) and incubated at 37�C for 72 h.
For cell lines, the cells were stained with trypan blue, and the numbers
of viable cells were counted with Countess II FL Automated Cell
Counter (Thermo Fisher). Cell lines were defined as susceptible to
T-01 when viability at MOI 1.0 or less decreased significantly
compared with mock treatment. For clinical samples, cells were
stained with propidium iodide (BioLegend, San Diego, CA, USA)
and monoclonal antibodies (mAbs) to gate tumor cells, and were
analyzed by flow cytometry. After gating tumor cells, viable cells
were detected as propidium iodide-negative cells. Tumor cells from
clinical samples were defined as susceptible to T-01, when viability
at MOI 10 decreased by 20% or more compared with mock treatment.
Acyclovir was purchased from FujifilmWako (Osaka, Japan) and dis-
solved in DMSO.
Real-Time PCR for the gB Gene

DNA was isolated using a QIAamp DNA Mini Kit (QIAGEN, Hilden,
Germany). The samples were run on a ViiA7 Real-Time PCR System
(Applied Biosystems, Waltham, MA, USA). Amplification was per-
formed using TaqMan Fast Advanced Master Mix (Thermo Fisher) as
follows: 95�C for 20 s followed by 40 cycles of 95�C for 3 s and 60�C
for 30 s.All of the experimentswere performed in triplicate. TheTaqMan
probe sequence for the gB gene was 50-CACACCTGCGAAACGGT
GACGTCTT-30. Primer sequences used were: forward: 50-
GGCGCGGTCCTCAAAGAT-30, reverse: 50-AGAACATCGCCCCG
TACAAG-30. DNA from T-01 with a known plaque-forming unit
(PFU) was used as a control to quantify the amount of gB DNA of sam-
ples with PFUs.
HSV-1 Entry Assay

Cells were seeded in 1.5-mL tubes and pelleted. The cells infected with
T-GFP or mock were seeded at densities of 1 � 105 cells/well in Pri-
Figure 7. Antitumor Effects of T-01 In Vivo in Immunocompetent Mice

(A) Treatment schema. E.G7-OVA-nectin-1 was subcutaneously implanted into the right

established right tumor on days 0 and 3. The tumor size wasmeasured every 2 or 3 days

are shown as the mean ± SE. Statistical analysis was conducted using a two-tailed unpa

spleen cells. TILs from the T-01-injected right-side tumor, those from the T-01-non-injec

of mock or T-01. The frequency (%) of H-2Kb OVA tetramer-positive cells among CD8+

positive cells between mock- or T-01-treated mice were analyzed (n = 4) (upper panels

two-tailed unpaired t test. ***p < 0.001. Lower panels show representative data of TILs
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meSurface 96-U multi-well plates and incubated at 37�C for 4 h. The
cells were analyzed by flow cytometry to detect entry of T-GFP.

ATP and HMGB1 Release Assay

After cell death induction, secreted extracellular ATPwasmeasured us-
ing a CellTiter-Glo 2.0 Assay (Promega, Madison, WI, USA) in accor-
dance with themanufacturer’s protocol. SecretedHMGB1was detected
by western blotting after concentrating proteins in the supernatants us-
ingAmiconUltraCentrifugal Filters (Millipore, Burlington,MA,USA).

Clinical Samples

Written informed consent was obtained from all of the patients. The
study was conducted in accordance with the principles of the Helsinki
Declaration and was approved by Ethics Committees of each hospital
(Kagawa University Hospital, Sakaide City Hospital, and Kagawa Pre-
fectural Central Hospital).

Animal Experiments

Mouse experiments were conducted in accordance with the guide-
lines approved by the Animal Care and Use Committee of Kagawa
University. Cell lines together with Matrigel (BD Biosciences) were
implanted subcutaneously into the flank of SCID Beige mice or
C57BL/6 mice (Charles River Laboratories Japan, Yokohama, Japan),
and T-01 or mock was injected intratumorally. The tumor size was
measured, and OVA-specific CD8+ T cells in tumors and spleen
were detected using H-2Kb OVA tetramer (MBL, Nagoya, Japan),
as detailed in the Supplemental Materials and Methods.

Statistical Analyses

Statistical analysis was conducted using a two-tailed unpaired t test,
non-repeated-measures ANOVA followed by Dunnett’s test or Stu-
dent-Newman-Keuls (SNK) test, or Spearman’s correlation, as
described in the figure legends. A p value <0.05 was considered statis-
tically significant.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2020.09.041.
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