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Purpose—Glioblastoma (GBM) is the most common primary central nervous system cancer in
adults. Oncolytic HSV-1 (oHSV) is the first FDA-approved gene therapy approach for the
treatment of malignant melanoma. For GBM, oHSVs need to be engineered to replicate within and
be toxic to the glial tumor but not to normal brain parenchymal cells. We have thus engineered a
novel oHSV to achieve these objectives.

Experimental Design—NG34 is an attenuated HSV-1 with deletions in the genes encoding
viral ICP6 and ICP34.5. These mutations suppress virus replication in nondividing brain neurons.
NG34 expresses the human GADD34 gene under transcriptional control of a cellular Nestin gene
promoter/enhancer element, whose expression occurs selectively in GBM. /n vitro cytotoxicity
assay and survival studies with mouse models were performed to evaluate therapeutic potency of
NG34 against glioblastoma. /n vivo neurotoxicity evaluation of NG34 was tested by intracerebral
inoculation.

Results—NG34 replicates in GBM cells /7 vitro with similar kinetics as those exhibited by an
OHSV that is currently in clinical trials (rQNestin34.5). Dose—response cytotoxicity of NG34 in
human GBM panels was equivalent to or improved compared with rQNestin34.5. The /n vivo
efficacy of NG34 against two human orthotopic GBM models in athymic mice was similar to that
of rQNestin34.5, whereas intracerebral injection of NG34 in the brains of immunocompetent and
athymic mice showed significantly better tolerability. NG34 was also effective in a syngeneic
mouse glioblastoma model.

Conclusions—A novel o0HSV encoding GADD34 is efficacious and relatively nontoxic in
mouse models of GBM.

Introduction

Glioblastoma (GBM) is the most common primary central nervous system cancer in adults
(1). Therapeutic options are limited by GBM’s genetic and phenotypic heterogeneity, its
immune-evasive ability, and by the brain-blood barrier that limits effective passage of drugs
and other agents (2, 3). In fact, the reported median survival from the time of GBM
diagnosis remains at 15 months (1). A plethora of clinical trials strive to improve survival for
patients with this formidable brain cancer (4, 5).

Clinical development of any agents depends on their safety and efficacy profile (6). In this
context, GBM is particularly challenging because of its location within neural elements that
are critical to human function and quality of life. We and others have investigated HSV-
based anticancer bioagents, such as oncolytic HSV-1 (oHSV), that are directly cytotoxic to
GBM cells but also replicate and amplify within infected GBM cells (7). Like all similar
agents, one major limiting factor for the successful use of o0HSV against GBM may relate to
the potential neurotoxicity of this bioagent. To limit neurotoxicity, most oHSVs, including
those in clinical trials and FDA approved, were engineered to introduce defects in the two
endogenous copies of the viral y;34.5 genes that encode ICP34.5. ICP34.5’s function is
pleiotropic in the viral life cycle, but it has been shown to be the cause for neurovirulence/
neurotoxicity of the virus in the CNS (8, 9). Neurovirulence of ICP34.5 is associated with
disruption of autophagic flux through the binding to Beclin-1, an essential autophagic gene,
and oHSV (A68H-6) carrying a Beclin-1 binding domain-deleted /CP34.5 gene was reported
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to be relatively non-neurovirulent (10). However, deletion of y;34.5from oHSV also blocks
other functions of ICP34.5, which enables effective translation of viral-encoded messages
within the host cell. The infected cell attempts to fight against an HSV-1 replication by
activating protein kinase R (PKR), which in turn leads to phosphorylation of the translation
initiation factor elF2a and ultimate translational shutoff of viral messages (11, 12). Viral
ICP34.5 counteracts this cellular action by activating a protein phosphatase 1 (PP1) that
dephosphorylates elF2a allowing for continued translation of viral MRNAs (11, 13).

The replication of ICP34.5-mutant oHSVs is often limited and severely attenuated, even in
tumor cells (8, 10). We previously engineered an oHSV, rQNestin34.5, where one copy of
the y;34.5 gene was reinserted into the genome of the ICP34.5-deleted mutant oHSV, but
whose transcription was driven by the cellular nestin gene enhancer and the hsp68 promoter
(8), rather than an endogenous viral promoter. The nestin gene is highly transcribed in GBM
cells but not in normal adult neurons. Nestin-based transcriptional control thus restricts
rQNestin34.5 propagation to GBM cells, while in normal cells that are infected by the
oHSV, ICP34.5 is not expressed and the virus does not replicate well. rQNestin34.5 has
undergone extensive preclinical testing in support of an Investigational New Drug (IND)
application and is currently being tested in a phase I clinical trial in human patients with
GBM.

Transcriptional leakage and even minimal functionality from the /sp68 promoter in normal
CNS neuronal cells, if the nestin enhancer is inactive, could potentially lead to production of
a small amount of ICP34.5, possibly resulting in virus-induced neurotoxicity. The carboxyl
(C)-terminus of ICP34.5 shares significant homology with the C-terminal GADD34
(PPP1R15A) domain responsible for dephosphorylation of elF2a by association with PP1
(12, 14-17). GADD34 is upregulated in cells as part of the endoplasmic reticulum (ER)
stress response to allow the cells to maintain essential cellular metabolism (18-20).
However, GADD34 does not possess the beclin-1-binding motifs of ICP34.5 responsible for
neurotoxicity or suppression of autophagy (21-23).

We thus reasoned that rQNestin34.5 could be reengineered by switching out ICP34.5 with
its human ortholog, GADD34. Here we report that this novel GADD34-encoded y134.5-null
O0HSV (designated as NG34) exhibits kinetics of viral replication and propagation similar to
those of rQNestin34 in GBM cells. This translates to NG34’s efficacy in human orthotopic
GBM mouse models that was equivalent to that of QNestin34.5. Of further interest,
neurotoxicity studies revealed that NG34 was significantly less neurovirulent than
rQNestin34.5 in the brains of non-tumor-bearing HSV-1-susceptible mice. These studies
thus imply that NG34 will increase the therapeutic window of ICP34.5-based oHSVs for
cancer therapy.

Materials and Methods

Cell culture

Human U251 glioma cells and their derivative cell lines, human U87AEGFR were cultured
from in-house frozen stocks, and 293FT was purchased from Thermo Fisher Scientific, and
U20S and African green monkey Vero kidney cells were purchased from ATCC. Murine

Clin Cancer Res. Author manuscript; available in PMC 2019 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nakashima et al.

Page 4

glioma GL261 cells were originally obtained from Dr. Mariano Viapiano (SUNY Upstate
Medical University, Syracuse, NY; ref. 24). These cells were cultured as monolayers on
adhesive culture dishes containing DMEM (Thermo Fisher Scientific) supplemented with
2% or 10% FBS (Thermo Fisher Scientific), 100 pg/mL penicillin/streptomycin (Thermo
Fisher Scientific), and 10 mmol/L HEPES (Thermo Fisher Scientific) at 37°C in a
humidified incubator maintained at 5% CO». For passaging, 0.25% trypsin-EDTA (Thermo
Fisher Scientific) was used as a dissociation reagent. The protocol for collection of human
specimens was approved by the Institutional Review Board and informed consent was
acquired from participants who provided specimens. Primary glioma cells were maintained
as nonadhesive spheroids in flasks containing neurobasal medium (Thermo Fisher
Scientific) supplemented with B27 Supplement Minus Vitamin A (Thermo Fisher
Scientific), 100 ug/mL penicillin/streptomycin, GlutaMax (Thermo Fisher Scientific), and
50 pg/mL of both human EGF and FGF-2 (PeproTech). Spheres were dissociated using
StemPro Accutase Cell Dissociation Reagent or TrypLE Express (Thermo Fisher Scientific).

HSV-1 viruses

We employed the HSVQuik method to engineer HSV-1 vectors as described previously (25,
26). First, the full-length GADD34 gene was inserted into Ncol/ Hpal sites of a pTnestin-luc-
b vector containing the nestin-hsp68 enhance- promoter element into pTransfer, by ligating
the fragment obtained by enzymatic digestion of blunt-ended BstX1/ Xhol or Hpall Xhol of a
pOTB7-GADD34 (NIH mammalian gene collection), respectively. These shuttle vectors
were used to transform £. coli carrying the bacterial artificial chromosome (BAC) called
fHsvQuik2, which has two flp recombination FRT sites within its UL39 locus but lacks the
EGFP gene from fHsvQuik1 (26). FLP-FRT—mediated site-specific recombination between
the shuttle vectors and fHsvQuik2 BAC results in fHsvQ2-nestin-GADD34 BAC vector.
Vfero cells were transfected with these BACs and a pc-nCre Cre recombinase-expression
vector, to remove all the prokaryotic sequences portion from the shuttle vector flanking loxP
sites. The resultant HSV-1 recombinant virus NG34 was generated and packaged in these
cells. Other HSV-1 viruses and viral stocks were prepared as described previously (8, 27).
NG34-gCRIiFluc and rHSVQ-gCRIi-Fluc oHSV are based on the fHSVQuik1 (EGFP*)
backbone and bear the gC late gene promoter driving expression of Rli-Fluc gene transcripts
in the empty shuttle vector with and without a fragment of the hsp68-nestin promoter-
enhancer—driven GADD34 gene transcript unit, respectively (28).

Engineered cell lines

To obtain a lentivirus-based plasmid DNA encoding the GADD34 gene, a fragment
encoding full-length GADD34 gene in pCR4blunt-TOPO (Thermo Fisher Scientific) were
reinserted in the pLenti-CMVTRE3G puro DEST (w811-1; Addgene) vector using a site-
specific recombination technique with a Gateway Cloning Kit (Thermo Fisher Scientific).
The lentivirus-mediated transformation was performed using rtTA3G-expressing U251 (29)
and selected using blasticidin S and puromycin, and clonal cells were analyzed by
immunoblots against GADD34 as described below, after doxycycline (200 ng/mL) treatment
for 24 hours. US7AEGFR-RIiFluc cell line was generated from U87AEGFR as follows; a
fragment encoding R/iF/uc cDNA (codon-optimized and red-shifted Luciola italica
luciferase gene) was isolated by Nhel/ Xhol enzymatic digestion of pPCSCW-RIiFluc-
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ImCherry (a gift from Bakhos A. Tannous, Massachusetts General Hospital, Boston, MA,;
ref. 30), and ligated into the unique Saf site of pLenti PGK Puro DEST (w529-2; Addgene)
after blunt-end treatment. The resulting lentivirus was used to infect UB7AEGFR, and
RliFluc-expressing cells were selected with puromycin. The human Nectinl-expressing
lentivirus vector was generated as following; pcDNA3.1/zeo encoding full-length cDNA cut
at an £coRV site was constructed with the blunt-ended DNA fragment excised from the
pCR4-PVRL1 (GenBank Accession: BC104948; Dana-Farber Cancer Institute, Boston,
MA) by digestion with Pmel and Nodl enzymes, followed by the reinsertion of Pmel-
digested fragment at Safl sites that were blunt-ended in pLenti PGK Hygro DEST (w530-1;
Addgene). GL261 cells were infected with the lentivirus, and its derivative clone 4,
designated as GL261N4, was selected and maintained in the presence of hygromycin (200
pg/mL), and confirmed by flow cytometry analysis (LSR I1; BD Biosciences, CCVR Flow
Cytometry Core in Beth Israel Deaconess Medical Center, Boston, MA) using anti-human
CD111/Nectin-1 antibody (clone. R1.302; Biolegend).

Cell viability assay

Serially diluted aliquots of oHSV were prepared in a 96-well plate, and then single-cell
suspension at the density of 20,000 cells per well was transferred to the new plates. After
five-day incubation, the amount of ATPs was quantified using a CellTiter-Glo 2.0 Assay kit
(Promega) and luminescent signals were read at 520 nm using a plate reader (POLARstar
Omega; BMG Labtech). Data were normalized at maximum j~axis values, followed by
nonlinear regression analysis to plot the dose-response curves using Prizm 6 (GraphPad
Software, Inc).

Western blot analyses

Animal use

Cell lysates were prepared in lysis buffer, consisting of 50 mmol/L Tris-Cl (pH 7.4), 150
mmol/L NaCl, 2.5 mmol/L EDTA, 0.5 % Triton X-100, 40 umol/L MG132, 5 mmol/L DTT,
PhosSTOP (Sigma) and protease inhibitor cocktail (Roche), sonicated before centrifugation
at 20,000 x gfor 10 minutes at 4°C. Supernatants were used for immunoblot analyses using
antibodies against GADD34 (Santa Cruz Biotechnology), elF2a, phosphor-elF2a at
serine-51 (Cell Signaling Technology), HSV-1 ICP4 (Virusys), aTubulin (Sigma), and

Y Tubulin (Sigma).

All experimental procedures using animals were carried out under an animal protocol
reviewed and approved by the Harvard Center for Comparative Medicine (HCCM) and
BWH’s IACUCs, and performed in accordance with relevant guidelines and regulations.
Female gender-matched tumors and mice were utilized for the /n vivo studies. Six- to 8-
week-old athymic nude and BALB/c mice were purchased from Envigo. For the in vivo
O0HSV therapeutic study, dissociated U87TAEGRF-RIiFluc or G35 tumor cells (100,000 cells
in 5 uL of HBSS or D-PBS buffer) were injected intracerebrally at stereotactic coordinates
(ventral 3.5-mm, rostral 0.5-mm and right lateral 2.0-mm from the bregma using a
stereotaxic apparatus (David Korp Instruments) to establish the xenograft tumor in the brains
of athymic nude mice, followed by the intratumoral injection of oHSV at indicated timing
and doses described in Fig. 4 and Supplementary Fig. S5. For the toxicity study, purified
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viruses were directly injected intracerebrally at the indicated doses described in Fig. 5. For
in vivobioluminescent imaging in a U87AEGRF-RIiFluc xenograft model, D-luciferin
(Promega; dissolved in sterile D-PBS) at a dose of 3 mg per 20-g body weight was
intraperitoneally injected in mice under an anesthetic condition with isoflurane vaporizer.
Light-emitted imaging was acquired by IVIS Lumina LT with Living Image software
(Perkin-Elmer) every 60 seconds, and images with peak signals were selected for the figures.
Kaplan—-Meier analysis with log-rank test or Gehan—Breslow-Wilcoxon test were performed
using Prism 6 software.

Brain tissues were fixed with 10% neutralization buffer and embedded in paraffin in the
BWH pathology core facility (Boston, MA). The sectioned samples slides were
deparaffinized and rehydrated using xylene and subsequently ethanol. Antigens were
retrieved by boiling in citrate buffer, after treating with 2% normal goat serum/TBS, and
then 0.3% hydrogen peroxide in methanol. Primay antibodies we used are follows: anti-
HSV1/2 (Dako, B0114), anti-mouse CD45 (BD Biosciences, 553076), anti-NeuN (Abcam,
ab177487), anti-1bal (Abcam, ab178846), and antimouse GFAP (Dako, Z0334). After
staining with secondary antibodies of HRP-polymer IgG (Abcam) against rabbit (ab214880,
Abcam) or rat (ab214882, Abcam), Metal Enhanced DAB Substrate Kit (34065, Thermo
Fisher Scientific) was used for detection. All sections were counterstained with hematoxylin.
Nikon Ti microscopy system was used to capture images.

Glioma cells induced to express GADD34 significantly enhance the replication of an
ICP34.5—mutant oHSV

We first aimed to test whether GADD34 by itself could affect the infection of an HSV1 that
is mutated in ICP34.5. We engineered human U251 glioma cells to express a full-length
GADD34 in response to doxycycline induction. The reason for employing a doxycycline-
inducible system was due to the poor growth of stable GADD34 transfectants (data not
shown), probably because the dominant PP1-GADD34 interaction itself has affected other
PP1-interacting proteins (31). Upon doxycycline withdrawal, GADD34 was quickly
degraded, which was reversed by MG-132 treatment (Fig. 1A). Next, we infected
doxycycline-treated U251 cells with an ICP34.5-null HSV-1 (31). There was at least a log
increase in yield of this ICP34.5-null HSV-1 when GADD34 was induced compared with
the doxycycline-treated control cells without GADD34 induction (Fig. 1B). These results
implied that expression of GADD34 could increase the yield of an ICP34.5-null HSV1 in
human glioma cells.

NG34, a novel oHSV, where GADD34 expression is under control of the nestin promoter/
enhancer, exhibits replicative kinetics similar to rQNestin34.5

On the basis of these results, we engineered a new oHSV with the rQNestin34.5 backbone,
NG34. This novel o0HSV possesses a nestin enhancer-Asp68 promoter to drive expression of
GADD34 in the HSV U/391ocus, encoding the viral ribonucleotide reductase, ICP6. Lack of
ICP6 restricts oHSV’s replicative selectivity to mitotic cells or cells with p16 tumor
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suppressor defects. NG34 also possesses diploid deletion of the endogenous y134.5 genes
(Fig. 2A). NG34 should thus be genetically very similar to rQNestin34.5, currently in phase
I clinical trials for recurrent GBM (8, 26). Both ICP34.5 and GADD34 are known to reverse
suppression of global protein translation through dephosphorylation of elF2a. To validate
the functionality of the virally expressed GADD34 gene, we analyzed the phosphorylation
status of elF2a by Western blot analysis. As expected, phosphorylated elF2a was not
detected in U251 glioma cells infected with parental wild-type F strain, rQNestin34.5, or
NG34, while elF2a. was phosphorylated in cells infected with ICP34.5-null oHSV (rHSVQ;
Fig. 2B). This result confirmed that GADD34 functions like ICP34.5 in inhibiting the
phosphorylation of elF2a. and blocking translation, an innate host defense mechanism
against viral infection. To further validate the functionality of GADD34, we performed
single step-growth curve assays. Figure 2C shows that the replicative kinetics of NG34 were
like those of rQNestin34.5. As expected, yields of the ICP34.5-null oHSV (rHSVQ) were 1
to 2 logs less at most of postinfection time points. Cytotoxicity in cultured astrocytes was
also similar for both oHSVs (Supplementary Fig. S1). These results thus further confirmed
that GADD34 functionally improved the replicative kinetics of an ICP34.5-null oHSV, to a
degree like that observed with rQNestin34.5.

NG34 cytotoxicity and replication in a panel of patient-derived glioma cells are like those
of rQNestin34.5 and higher than those of rHSVQ1, an ICP34.5-defective oHSV

We further validated the oncolytic capacity of NG34 against seven different human patient-
derived GBMs, grown as short-term neurosphere cultures. Each was infected with each
OHSV at various MOls. Figure 3 shows that the dose-effect curves for the two oHSVs
(NG34 and rQNestin34.5) were similar, although NG34 was more cytotoxic for some GBMs
(G9, G30, G35). NG34 did not grow as well against human U20S osteosarcoma cells, which
do not express nestin, while NG34 cytotoxicity against GBM cells was higher than that of
the ICP34.5-null oHSV, rHSVQ (Table 1; Supplementary Figs. S2). In agreement with our
previous study (8), replication of NG34 and rHSVQ was marginal in cultured astrocytes and
cytotoxicities were less than that seen in GBMs (Supplementary Figs. S1 and S2). We
further analyzed the efficacy of viral replicative kinetics by assaying the expression of late
genes encoding structural proteins (e.g., envelope and tegument proteins). This experiment
was performed by engineering NG34 and rHSVQ to express the luciferase gene under the
control of the HSV glycoprotein C (gC) late gene promoter that is only expressed during
viral replications. Human U251, G9RIuc, and G87RIuc glioma cells were then infected with
these expressing luciferase oHSVs. NG34 expressed luciferase approximately three times
higher than rHSVQ at 15 hours postinfection (p.i.) (Supplementary Fig. S3). Overall, these
results showed that NG34 replication was more extensive and its cytotoxicity was more
potent than an ICP34-null oHSV in several GBM cells.

In vivo efficacy studies

We then compared the therapeutic efficacy of NG34 and rQNestin34.5 in intracranial human
GBM xenograft mouse models. To monitor tumor growth using bioluminescence imaging
(BL1I), we first engineered human U87AEGFR-RIiFluc cells, in which the red-shifted
Luciola Italicaluciferase (RIi-Fluc) gene is constitutively expressed (30). At seven days
post-tumor implantation into the brains of athymic nude mice, the emission light intensity in
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brains from D-luciferin-injected mice was measured to allocate U87AEGFR-RIiFluc bearing
mice into three groups with almost identical signal intensity before starting treatment with
NG34, rQNestin34.5, or HBSS vehicle (Supplementary Fig. S4). To minimize artifacts
related to different tumor size affecting therapeutic outcomes, two mice with the lowest BLI
signal were placed in the HBSS vehicle control group. It should be noted though that these
mice did eventually develop tumors during the second week (Supplementary Fig. S4) and
had to be euthanized due to deteriorating health. Intratumoral administration of NG34,
rQNestin34.5, or vehicle control led to a reduction in signal intensity for four of five mice in
the NG34 and rQNestin34.5 groups compared with zero of five in control groups
(Supplementary Fig. S4). This also led to a significant survival extension for the NG34 and
rQNestin34 groups compared with the HBSS control group (Fig. 4A; Supplementary Fig.
S5). With 80% power and Type | error probability of 0.05, the maximum detectable relative
risk was 0.74 for the NG34 (or rQNestin34.5) group compared with the control group in a
two-sided test. Thus, with an observed effect size of 0.1, there is sufficient power to detect a
difference between the treatment group and the control group. An /in vivo experiment using a
second human xenograft model was also performed by using neurosphere cultured human
gliomas. Human G35 gliomas are fairly aggressive, and mice in the control group reached
humane endpoints within 10-15 days of tumor implantation (Fig. 4B). Both NG34 and
rQNestin34.5 still led to statistically significant improvements in mouse survival (Fig. 4B)
even in this aggressive GBM model. The sum of these findings shows that NG34 was as
potent in its therapeutic efficacy as rQnestin34.5 against human GBM xenograft models.

We also performed the therapeutic evaluation of NG34 in immunocompetent C57BI/6 strain
mice bearing GL261 murine glioma. We found that GL261 is resistant to HSV-1 infection,
but that introduction of one of the HSV-1 entry receptors (Nectin-1/PVRL1/CD111; refs. 32,
33) in GL261 cells restores their susceptibility to HSV-1 (data not shown). Thus, we
engineered human Nectin-1-expressing GL261 glioma cells (GL261N4) that overexpress
Nectin-1 (Fig. 4C). At 7 days postimplantation of GL261N4 in immunocompetent mouse
brains, NG34 or vehicle control were intratumorally injected. NG34 led to a significant
extension of survival when compared with vehicle-treated mice (Fig. 4D). Therefore, both
human xenografts and immunocompetent models of human GBMs were responsive to NG34
administration.

NG34 is less neurotoxic than rQNestin34.5

Finally, we asked whether NG34 was less neurovirulent than rQNestin34.5. An intracerebral
in vivo challenge experiment was performed with a high dose of these oHSVs (3 x 106 pfu)
in the brains of BALB/c mice, known to be sensitive to HSV-1 infection. After 70 days,
NG34 demonstrated significantly better tolerability (one lethality out of six), when
compared with rQNestin34.5 (five lethalities out of six; Fig. 5A). The body weight of
surviving mice showed a continuous increase over the 70-day period in the both groups (Fig.
5B). The same experiment was also performed in athymic mice in three escalating doses.
While neither oHSV was lethal at a dose of 3 x 104 pfu in athymic mice, both oHSV at the
dose of 3 x 106 pfu led to 100% lethality (Fig. 5C). Again, NG34 appeared to be better
tolerated compared with rQNestin34.5 when injected intracerebrally at 3 x 10° pfu (Fig.
5C). The body weight of these surviving mice also increased over the 70-day period of the
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experiment (Fig. 5D). In fact, for most mice that suffered from neurotoxicity, there was
fairly rapid loss of body weight. If they were able to fight off the neurotoxic event, they were
able to rapidly regain body weight. Because NG34 appeared to be more toxic in athymic
nude mice compared with immunocompetent BALB/c mice despite the lower intracerebral
dose, we compared the transcription profiles of type | IFNs, TNFa, IL1B, IL27, and IL6
between these two mouse strains, four days after brain inoculation with NG34 at a dose of 3
x 105 pfus. Supplementary Figure S6 shows that the most significant change was an
elevation in IL6 and IL27 in BALB/c versus athymic mice treated with NG34, while
elevations of the other tested cytokines was fairly similar between athymic and BALB/c
mice. Histopathologic analysis of the brains of athymic mice that exhibited signs of
neurotoxicity at day 3 (3 x 106 pfu) or day 5 (3 x 10° pfu) after infection showed broad areas
of HSV-1 antigenicity (Fig. 6A and C), along the needle injection tract (Fig. 6A). There was
colocalization of positive HSV antigenicity with neuron (NeuN*) and glia (GFAP™)
antigenicity in cerebral cortex (Supplementary Fig. S7). We observed different level of
recruitment of innate immune cells in analyzed brains (Fig. 6E-L). Parenchymal infiltrates
of CD45" immune cells and Ibal* microglia—positive areas were more prominent at the
lower dose of NG34 (Fig. 6F and J), whereas CD45* cell infiltrates were less apparent for
either oHSV at 3 x 10° pfu (Fig. 6E and G). Accumulation of Ibal* microglia within the
anti-HSV-1* brain region and hemisphere was not apparent with rQNestin34.5 (Fig. 6K).
Taken together, these studies showed that NG34 appeared to have an improved neurotoxicity
profile when compared with rQNestin34.5. It also suggested that the degree of innate
immune cell infiltration in HSV-1* regions may vary based on dose.

Discussion

Oncolytic virus (OV) therapy has now become a clinical reality with regulatory approval of
the first product for melanoma (i.e., Imlygic, T-VEC, also known as OncoVEX-GM-CSF;
ref. 34) and several other OVs being in advanced phases of clinical trials (35). For other
cancers, such as GBM, OVs should also provide promising results. All clinical trials of
0HSVs up-to-date have utilized constructs where the viral /CP34.5 gene is deleted or
defective in some form to minimize neurovirulence to normal brain. However, the lack of
ICP34.5 also significantly attenuates the capacity of the oHSV to sustain robust replication
in infected GBM cells. To overcome this obstacle, we have engineered and preclinically
tested rQNestin34.5 (8), an oHSV where one copy of the viral /CP34.5 gene is reinserted
under control of the cellular nestin promoter, as nestin is highly expressed in GBM in adult
human brain (36-39). A phase I clinical trial of this agent against recurrent GBM is
currently actively accruing patients and is supported by an FDA-approved IND. However,
spurious expression of ICP34.5 still carries a theoretical risk of neurotoxicity. We thus
reasoned that the human GADD34 gene, a mammalian ortholog of HSV ICP34.5, could be a
substitute that might enable the same level of viral replication in infected GBM cells as
wild-type ICP34.5-positive 0HSV, yet still display the reduced neurotoxicity of ICP34.5-
negative oHSV. Here we show that (i) newly engineered oHSV NG34 replicates in GBM
cells /n vitro with similar Kinetics as those exhibited by rQNestin34.5; (ii) the dose response
of NG34 toxicity shown in GBM cells is equivalent to, or in some cases even better when
compared with rQNestin34.5; (iii) the in vivo antitumor efficacy of NG34 in two human
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orthotopic GBM maodels in athymic mice is similar to that of rQNestin34.5; (iv) NG34 also
shows significant antitumor efficacy in a syngeneic mouse GBM model; and (v)
intracerebral injection of NG34 in brains of immunocompetent and athymic mice shows
significantly better tolerability when compared with rQNestin34.5. Taken together, these
results demonstrate that, NG34 and rQNestin34.5 possess similar antitumor efficacy against
GBM models, but NG34 appears to be less toxic when injected into mice brains without
tumor.

As previously reported by others (18-20), we confirmed that GADD34 expression prevents
phosphorylation of elF2a at the serine-51 residue after infection with a y134.5-null HSV
(Fig. 2B). The translation initiation factor elF2a is one subunit of the ternary EIF2 complex,
whose formation is modulated by the phosphorylation of elF2a. (40). The elF2 complex is
primarily responsible for the binding of the initiator methionyl-tRNA to the 40S ribosomal
subunit and catalyzes the initiation of protein synthesis (18). In response to HSV-1 infection,
cells (including GBM cells) immediately activate PKR-mediated phosphorylation of elF2a
and suppress viral protein synthesis. HSV-1 ICP34.5 counteracts this process by
dephosphorylating elF2a through its binding to and transport of the PP1 phosphatase to
elF2 within the HSV-1-infected cell (12, 17). The carboxyl-terminal PP1 binding domain of
mammalian GADD34 and viral ICP34.5 are both conserved as PP1-interacting proteins that
lead to the dephosphorylation of elF2a via the activity of PP1 (13). It has been reported that
upregulation of cellular GADD34 can enhance the activity of oHSV-1 in glioma in the
context of stress responses, such as treatment with temozolomide or culture under hypoxic
conditions (41, 42). In addition to the NG34 approach we describe here, others have also
engineered oHSV to modify or duplicate ICP34.5 function to enhance oHSV replication in
tumors while minimizing ICP34.5 neurotoxicity. A study by Rabkin and colleagues
demonstrated that A68H(—6) virus, an oHSV where the Beclinl-binding domain of the
¥134.5 gene was deleted, was highly neuroattenuated compared with HSV-1 that expresses
wild-type ICP34.5 in A/J mice (10). On the basis of the finding that the HSV1 Us11 also
suppresses phosphorylation of elF2a (11, 17), Todo and colleagues engineered a -y134.5-
null G47A oHSV encoding a Us11 gene under transcriptional control of the immediate-early
Us12promoter (43) and this oHSV (G474) is being tested in clinical trials for GBM patients
in Japan (44). In another approach, the TRS1 and IRS1 gene products (C130 and C134,
respectively) of human cytomegalovirus have been engineered into an ICP34.5-null oHSV,
as they have been shown to substitute for ICP34.5 function (45).

Wild-type HSV-1 neurotoxicity during the viral lytic cycle has been extensively studied (46,
47). Intracerebral inoculation of GADD34-encoding NG34 reduced mouse lethality when
compared with injection of the ICP34.5-encoding rQNestin34.5, but did not eliminate
neurotoxicity completely. It is interesting to speculate on why a human protein such as
GADD34 would still show some extent of neurotoxicity when expressed from an oHSV. To
provide possible explanations for this finding, we should consider two general topics: the
first relates to the spurious expression of GADD34 or ICP34.5 in normal neural cells, while
the second relates to the direct involvement of GADD34 in neurotoxicity. In regard to the
first topic, the Nestin promoter/enhancer transcriptional element drives expression of
GADD34 in NG34 and ICP34.5 in rQNestin34.5. The Nestin enhancer should be
transcriptionally active only in GBM cells and inactive in normal neural cells.Acouple of
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explanations could be entertained (i) there is low-level expression of nestin in normal brain
cells, that produces sufficient amount of GADD34 or ICP34.5 for progeny production
leading to neurotoxicity, and/or (ii) there is transcriptional leakage of GADD34 or ICP34.5
gene controlled under the hybrid Nestin/Hsp68 promoter and gene regulatory elements in
NG34 or rQNestin34.5 that leads to their protein production. We believe that the first
explanation is more likely based on the data we have in hand. For the rQNestin34.5 IND
application, we performed extensive studies related to nestin expression in mouse brains as
well as in adult human brains. We have found that the brains of young adult mice do express
enough nestin that can be detected by IHC, particularly in tanycytes around the ependymal
layers of the ventricle (data not shown). However, brains of human adults do not exhibit
expression of nestin detectable by IHC, either in brain tissues surrounding a GBM, or brains
after radiation or chemotherapy, and brain areas around ventricles (data not shown). There
have also been several reports to show that nestin is not expressed in adult human brains or,
if itis, itis discreetly located in sparse areas of deep brain nuclei (36—-39). These human
studies would bring concern that data obtained from mice may overestimate the
neurotoxicity of oHSVs where nestin transcriptional elements are driving expression of viral
genes associated with neurovirulence. The second explanation is less likely, that the /sp68
gene promoter without enhancer elements does possess some transcriptional leakage (data
not shown). However, we did not observe progeny virions in primary tissue culture cells
such as astrocytes and smooth muscle cells (data not shown). Compared to GADD34-null
and ICP34.5-null rtHSVQ virus, cytotoxicity of NG34 was not significant in non-nestin—
expressing U20S cells. Thus, we believe that the transcriptional leakage explanation is
possible but not likely to contribute to /7 vivo neurotoxXicity.

The ICP34.5* rQNestin34.5 oHSV exhibited higher neurotoxicity than the GADD34*
NG34. Orvedahi and colleagues showed that inhibiting neuronal autophagy by ICP34.5
leads to fatal HSV-1 encephalitis in mice (48). Autophagy is especially important for
nondividing neuronal tissue to maintain cellular homeostasis and protein’s quality control, as
well as to prevent neurodegeneration. Inhibition of the autophagy flux has been shown to be
detrimental to neuronal protection after traumatic brain injury, which would promote
neurodegenerative disorders. Interestingly, GADD34 expression during periods of cellular
stress may promote autophagy (21-23). In addition to the high binding affinity of ICP34.5 to
Beclin-1 (GADD34 does not bind to Beclin-1), ICP34.5 also regulates the IFN-I pathway
via an interaction between the cellular TANK binding kinase | (TBK1) and the amino-
terminus of ICP34.5 (49, 50). IFN-I signal the cascade of antiviral innate immune responses
that modulate viral replication. Hence ICP34.5 may also facilitate neurovirulence through
the regulation of IFN-I response in mice, a function that GADD34 is not known to possess
(51). This could thus provide an additional explanation of why ICP34.5 may be more
neurotoxic than GADD34. Finally, ICP34.5 also provides structural functions as part of the
tegument compartment of viral particles (52). The ICP34.5 protein in rQNestin34.5 thus
enters into cells, such as neuron and astrocytes, which may be nonpermissive for replication
but still infection-susceptible: this by itself, can be neurotoxic even in the absence of active
viral gene expression. Instead, GADD34 is not a structural component of the HSV-1 virion,
and thus would not be transmitted in the absence of active gene expression. This may help to
limit anti-HSV T-cell immunity mediated through autophagy in cells with primary infection
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with an ICP34.5% virus (53). The quick turn-over of GADD34 protein also would limit its
toxicity (54). It should be also noted that the neurotoxicity of GADD34 may also depend on
HSYV strains and the context of experimental settings. In an experimental mouse stroke
model, McCabe and colleagues reported that GADD34 restores virulence of the -y134.5-null
HSV1716 virus, constructed from HSV177 strain, which is highly neurovirulent compared
with the F strain used as backbone for our oHSVs (55, 56). The intracerebral inoculation
experiment also demonstrated that immunocompetent BALB/c mice tolerated NG34 more
than athymic mice. Except for a difference in increased IL6 and IL27 elevation, both mice
responded to NG34 with similar elevation of other tested cytokines. Mice with intact
immune systems are more likely to resist NG34 infection better than immunodeficient mice.
The role of the differential IL6 and IL27 elevation can also be an interesting topic for
discussion. Published studies report that IL6, as an acute phase reactant, promotes humoral
immunity and lineage commitment in the Th17 subset of helper T cells, which athymic mice
lack (57, 58). Beyond adaptive immunity, IL6 can also contribute to restrict HSV-1
neurotoxicity. Microglia produce IL6 upon HSV-1 infection to prevent neuronal loss during
acute infection with HSV-1 (59). Our data seems to show that acute infection with high
doses of rQNestin34.5 did not have as much Iba-positive microglia as observed at low-dose
infection, suggesting that microglia are an important player in the survival from acute
infection and protection from neuronal loss. It is also reported that IL6 is regulated via the
GADD34-PP1 pathway but it is not clear whether NG34-expressing GADD34 contribute to
this IL6 pathway (60). We also found a surge of I1L27 expression upon NG34 infection. 1L27
is a member of the IL6 cytokine family and may regulate antiviral T-cell immunity at the
acute phase and contribute to protection in BALB/c mice (61). Since IL27 is produced by
microglia and macrophages in the CNS upon viral infection (62) and we observed
enrichment of microglia and CD45* cells within HSV-1-positive brain area, 1L27 may mark
the immune response of innate immune cells upon HSV-1 infection. The upregulation of
IL1B, IFNB, and TNFa instead may derive from innate immune cells present in both
athymic and immunocompetent mice and contribute to the transition from innate to adaptive
immunity (63). In addition, GADD34 expressed by NG34 can promote PP1-mediated
dephosphorylation of TSC1, I-kB kinase (IKK), and TGFp receptor 1 (TGFBR1, refs. 19,
21, 22, 31, 64, 65). The persistent PP1 interaction of GADD34 may also disturb the
functionality of other PP1-interacting protein complexes, as PP1 is a major phosphoprotein
phosphatase of protein Ser/Thr phosphatases, and forms as many as 650 distinct complexes
(31).

Despite the reduced neurotoxicity of NG34 compared with rQNestin34.5, there was still
evidence of positive HSV antigenicity in normal brain cells upon inoculation. IHC appeared
to show that this antigenicity occurred in cells that were neurons or astrocytes. Interestingly,
we know that the trauma from needle injection seems to upregulate nestin-positive reactive
glia in mice and that there are a considerable number of nestin-positive neurons in the brain
of mice, including the subpendymal zone and along the walls of the third ventricle (data not
shown). This nestin positivity in mice brains will thus allow for probable replication of the
engineered oHSVs used in our study in mice.

In summary, we show that a novel oncolytic HSV-1 encoding GADD34, NG34, can provide
an alternative to expression of ICP34.5 to enhance viral replication and minimize
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neurotoxicity. Although there have not been neurotoxicities to date with oHSVs in clinical
trials, all current oHSVs lack ICP34.5 function. rQNestin34.5 is the first ICP34.5-positive
OHSV to be injected in humans with cancer under a current IND. Although it is not known
whether a neurotoxic MTD will be encountered with this particular oHSV, finding one
would not be unexpected. In this context, NG34 may represent a possible solution for such
an eventuality. Additional preclinical testing in animal models may thus be warranted to
justify its use in clinical practices via an IND.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Glioblastoma represents a formidable unmet medical need. Recently, oncolytic viruses
(OVs) have shown evidence of success against cancers such as melanoma and OVs are
also being tested in clinical trials for glioblastoma. Here, we test the efficacy and toxicity
of a novel oncolytic virus (NG34) based on herpes simplex virus type-1 (HSV-1) in
preclinical mouse models of glioblastoma. This oncolytic HSV-1 (o0HSV) shows evidence
of in vitroand in vivo efficacy in human glioma xenografts and mouse syngeneic
gliomas. It also shows reduced lethality when injected in the brains of susceptible mice
without tumors. These results thus justify further exploration of NG34 in human GBM
clinical trials.
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GADD34 expression increases the viral yields of a y34.5-null oHSV. A, Doxycycline (dox)-
inducible GADD34 expressing U251 cells (designated as U251.G34) were treated with
doxycycline (200 ng/mL) for 24 hours, followed by culture in the presence or absence of 20
umol/L MG132 for the indicated times (0, 1, 2, and 4 hours). GADD34 and a Tubulin were
visualized by immunoblots (IB) utilizing the corresponding antibodies. Numbers on the left
indicate molecular size (kDa). B, U251.G34 cells were infected by y34.5-null rHSVQ virus
at a multiplicity of infection (MOI) of 0.03 for three days in the presence or absence of
doxycycline (200 ng/mL). Data represent the mean with SD of three replicates. Statistical
analyses were conducted by Student #test, where ** indicates £< 0.01.
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Figure 2.

Comparative phenotypic studies of GADD34-encoding NG34, y34.5-null rHSVQ, and the
v34.5-encoding rQNestin34.5. A, Schematic maps of NG34 and rQNestin34.5 viral
genomes. The human GADD34 (hGADD34) or viral y34.5 gene are reengineered into the
UL39 locus of the rHSVQ backbone (with diploid deletion of endogenous y34.5 genes) in
NG34 or rQNestin34.5, respectively. Both genes are controlled by regulatory elements of the
nestin enhancer (Enestin) and hsp68 promoter (Phspsg). The arrow indicates the longitudinal
direction of transcripts. Rectangular boxes represent the inverted repeat sequence ab, ba’, ac’
and ca flanking the unique sequences. B, Immunoblots of GADD34, total and serine-51
phospho-elF2a, viral ICP4 and yTubulin, using U251 cell lysates after 16-hour infection at
MOI of 0.1 with the indicated oHSVs. C, Total viral yields assayed at the indicated time
post infection with each oHSVs. Data represent the mean with SD of three replicates.
Statistical analyses were conducted by two-way ANOVA followed by Dunnett multiple
comparisons test against the rHSVQ group, where ™ < 0.0001 (vs. rQNestin34.5) and
T P<0.001 (vs. NG34).
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Figure 3.

Dose-response effects of human glioblastoma cells after the treatment with NG34 or
rQNestin34.5. Intracellular ATP was measured as an index of cell viability, five days after
infection of a GBM cell panel with NG34 or rQNestin34.5. Data were normalized with
respect to maximum and minimum values before plotting the average value of four
replicates with SD, error bars, and nonlinear dose—response curves. Ranges of 50% effective
doses and values of /2 at 95% confidence intervals are shown in Supplementary Table S1.
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Therapeutic efficacy of NG34 /n vivo. A and B, Kaplan—Meier survival curves of athymic
nude mice bearing intracerebral U87AEGFR-RIiFluc (A) or G35 (B) GBMs after treatment
with intratumoral oHSV (2 x 10° PFU) or HBSS vehicle on day 7 (A) or day 5 (B)
postimplantation (U87AEGFR-RIiFluc, n=5; G35, n=7) denoted by the arrow. Statistical
analysis of (A) by log-rank test, where £< 0.05 (A and B), HBSS versus NG34; £< 0.01
(A) and £<0.001 (B), HBSS versus rQNestin34.5; P=0.275 (A) and £=0.392 (B), NG34
versus rQNestin34.5. Tumor growth of U87AEGFR-RIiFluc was also monitored by /n vivo
bioluminescence imaging as shown in Supplementary Fig. S4. C, Histograms showing the
levels of human Nectin-1 expression (y~axis) on GL261 (white) and GL261N4 (gray) cells
by FACS analysis using anti-human Nectin-1/CD111 antibody. D, Kaplan—Meier survival
curves of C57BI/6 mice bearing intracerebral murine GL261N4 glioma after treatment with
intratumoral NG34 (1 x 108 PFU) or HBSS vehicle on day 7. Statistical analysis (7= 8,
each) by log-rank test, where £< 0.05.
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Figure 5.

Decreased mortality after intracerebral injection of NG34 versus rQNestin34.5. A-D,
Survival of BALB/c (A) and athymic nude mice (C and D) inoculated intracerebrally with 3
x 106 pfu (A and B) or three different doses of either rQNestin34.5 (C) or NG34 (D).
Kaplan—Meier survival curves were analyzed with Gehan-Breslow—Wilcoxon test, where P
<0.001 (A) and P< 0.05 (3 x 10° pfu of rQNestin344.5 in C and NG34 in D). Triangle with
dot line; 3 x 10% pfu, circle; 3 x 10° pfu, and square with dot line; 3 x 10° pfu. Body weights
of individual animals were also plotted in B (BALB/c; with doses of 3 x 106 pfu) and E
(athymic; with doses of 3 x 10° pfu).
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Figure 6.
IHC of the brains of athymic mice after the HSV-1 inoculation. Brains with 3 x 106 pfu were

obtained from the euthanized mice at a terminal point (day 3) during the toxicity study in
Fig. 5C and D. Brains with the 3 x 10° pfu were independently prepared for this study and
obtained from the mice at day 5 after viral injection. The sections from the paraffin-
embedded tissues were stained with anti-HSV1/2 (A-D), anti-CD45 (E-H), or anti-lbal (I-
L) antibodies.

Clin Cancer Res. Author manuscript; available in PMC 2019 October 18.



Page 24

Nakashima et al.

'1S B4 Areyuswiajddngs ui papiaoid osje

aJe S9AINJ asu0dsal—asop Jeauljuou Ylm sjojd asay L "S|eAIslul 83USPIUOD %466 18 &/ 40 sanen pue (05@3) S8SOP 8A198Y 950G J0 Sebuel Bulle|nd[ed 810480 SANJEA WNWIUIW PUB WNWIXeW YIM pazijewlou
alam seyeol|das 88y ynm ereq Aesse AljigeIA |180 Jog sareld |1am-96 40 [1am e Jad $[182 000'0 18 $1189 (SOZN) INGD-Uou pue (0ED pue aNJHED ‘TGZN) INGD Ul §'7EUNSENDI 10 FEDN 10 DASHI

J3y1a UM U018l ASHO Jaye SABp € painseswl Sem d 1V Jejnjjadenu] “sniA OASHJ [INU-G ¥ TA [eulblio snsian #EON [INU-G 7€ TA Buipodus-yEAAVYD YNM 19819 AlD1X0103A2 ewolf paoueyul ;310N

90480 TEVY9—999¢ €690 L'0.C—6E98 8¢SO
1€26'0 8G0'L-¥99'€ 09880 €EEY—/18'LT 9¢€0
0188'0 LEL6—Veh'y 82060 TS¥S—80GC €89
88G6'0 0ST'€—¢96'T ¢6E6'0 [89T —6EV'6 0€9
18960 ¢¢6'L—Le8Y E€LI60 PYPOL-E9VE  INHEO
9168'0 06'ST—¢/T'L 91SL0 /LSTP—T1T'ST socn
8¢/80 9E¥'S—0¢9Cc L¥680 €9'LV—/19CC T5¢en

bas-y 0sa3  bas-y 0sa3
7EON OASHA
S|eAJBIUI 9OUBPLIUOD %456 '(-0Tx) IO

SauI 1189 NED-UOU PUB NED Ul ASHO JO S0P 8AI98YT %05
‘T algeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Clin Cancer Res. Author manuscript; available in PMC 2019 October 18.



	Abstract
	Introduction
	Materials and Methods
	Cell culture
	HSV-1 viruses
	Engineered cell lines
	Cell viability assay
	Western blot analyses
	Animal use
	IHC analysis

	Results
	Glioma cells induced to express GADD34 significantly enhance the replication of an ICP34.5–mutant oHSV
	NG34, a novel oHSV, where GADD34 expression is under control of the nestin promoter/enhancer, exhibits replicative kinetics similar to rQNestin34.5
	NG34 cytotoxicity and replication in a panel of patient-derived glioma cells are like those of rQNestin34.5 and higher than those of rHSVQ1, an ICP34.5-defective oHSV
	In vivo efficacy studies
	NG34 is less neurotoxic than rQNestin34.5

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.

