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Abstract

Purpose—Glioblastoma (GBM) is resistant to standard of care. Immune checkpoints inhibitors 

(such as anti-PD-1 mAbs) efficiently restore antitumor T-cell activity. We engineered a new 

oncolytic herpes simplex virus (oHSV) expressing a single-chain antibody against PD-1 

(scFvPD-1) to evaluate its efficacy in mouse models of GBM.

Experimental Design—NG34scFvPD-1 expresses the human GADD34 gene transcriptionally 

controlled by the Nestin promoter to allow replication in GBM cells and a scFvPD-1 cDNA 

transcriptionally controlled by the CMV promoter. ELISA assays were performed to detect 

binding of scFvPD-1 to mouse and human PD-1. In vitro cytotoxicity and replication assays were 

performed to measure NG34scFvPD-1 oncolysis, and scFvPD-1 expression and secretion were 

determined. In vivo survival studies using orthotopic mouse GBM models were performed to 

evaluate the therapeutic potency of NG34scFvPD-1.

Results—NG34scFvPD-1–infected GBM cells express and secrete scFvPD-1 that binds mouse 

PD-1. The introduction of the scFvPD-1 sequence in the viral backbone does not alter the 

oncolytic properties of NG34scFvPD-1. In situ NG34scFvPD-1 treatment improved the survival 

with a tail of durable survivorship in 2 syngeneic immunocompetent mouse models of GBM. Mice 

that survived the first GBM challenge rejected the second challenge of GBM when implanted in 

the contralateral hemisphere. However, this was not true when athymic mice were employed as the 

recipients of the second challenge, consistent with the need for an intact immune system to obtain 

a memory response.

Conclusions—NG34scFvPD-1 treatment induces a durable antitumor response in 2 preclinical 

mouse models of GBM with evidence for antitumor memory.

Introduction

Glioblastoma (GBM) is the deadliest type of brain tumor. Its annual incidence is 5 per 

100,000 adults and it constitutes 15% of all primary brain tumors and 54% of all gliomas 

(1). With the current standard of care, consisting of maximal tumor resection, followed by 

irradiation and concomitant chemotherapy, the median survival time is 14.6 months after 

diagnosis and the average 5-year survival rate is less than 5% (1). GBM’s current standard-

of-care treatments, including surgery and chemoradiotherapy, are not curative (2, 3). In 

recent years, immunotherapy has emerged as a promising approach for cancer treatment 

with unprecedented responses in certain tumor types. Immunotherapy includes a range of 

strategies that are aimed to stimulate immune-mediated antitumor responses. Multiple 

immunotherapeutic strategies have been developed during the last 3 decades, such as 

antibodies against tumor-specific targets, immune checkpoint inhibitors, vaccines that can be 

based on dendritic cells, tumor peptides or tumor DNA, oncolytic viruses (OVs), pattern 

recognition receptor (PRR) agonists, immunostimulatory cytokines, and CAR T cells (4).

Interest in OVs has been increasing since the FDA approved the Herpes virus–based OV 

(oHSV) talimogene laherparepvec (T-VEC, Imlygic) for use in patients with melanoma (5). 
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Moreover, encouraging preclinical results obtained with different oHSVs have led to its 

testing in several clinical trials in patients with GBM (6–9). OVs are thought to mediate their 

effects through a dual mechanism involving (i) selective replication and lysis of infected 

cancer cells, and (ii) induction of host antitumor immunity. The antitumor immune response 

is a direct consequence of the lytic activity of the virus: OVs can kill cancer cells, most 

likely by inducing immunogenic cell death followed by the release of tumor-associated 

antigens (10).

Significant preclinical and clinical results have led to FDA approval of immune checkpoint 

inhibitors for melanoma, non–small cell lung cancer and other advanced solid tumors (11). 

The use of mAbs against PD-1 or PD-L1 relieves an inhibitory immune checkpoint, thereby 

restoring T-cell activation. Therapy with anti–PD-1 has been shown to enhance an antitumor 

immune response in multiple solid tumors. However, late-phase clinical trials with immune 

checkpoint blockade against GBM (12) did not result in significant therapeutic benefits (13). 

Several factors may limit the efficacy of immune checkpoint inhibitors in GBM. These 

include insufficient tumor immunogenicity, inadequate ability to overcome the 

immunosuppressive microenvironment, and/or lack of passage of the immune checkpoint 

inhibitor to cross the blood–brain barrier and disrupt immune checkpoint signaling in situ. 

Indeed, it has been shown that only a subset of patients with advanced cancers respond to 

single-agent immune checkpoint blockade (14). Therefore, combinatorial treatments 

including different immunotherapies may be more effective in GBM and other cancers.

In this work, we hypothesized that the use of an oHSV engineered to express a single-chain 

fragment variable (scFv) antibody against PD-1 would enhance antitumor immune responses 

after intratumoral administration. In preclinical immunocompetent models of GBM, this new 

oHSV extended median survival and importantly induced a memory response against the 

tumor. This provides support for combining local intratumoral applications of an oncolytic 

HSV-1 with in situ expression of PD-1 blockade.

Materials and Methods

Cell lines and cell culture conditions

Human U251 cells were purchased from ATCC and human U87ΔEGFR glioma cells were 

kindly provided by Webster Cavenee from Ludwig Institute for Cancer Research. 293FT 

cells were purchased from Thermo Fisher Scientific, and Monkey Vero kidney cells and 293 

cells were purchased from ATCC. Human glioma U87ΔEGFR, murine glioma GL261N4, 

and CT2A cell lines were described previously (15). These cells were cultured as 

monolayers in DMEM (Thermo Fisher Scientific) supplemented with 10% FBS (Thermo 

Fisher Scientific), 100 IU/mL penicillin, and 100 μg/mL streptomycin (Thermo Fisher 

Scientific) at 37°C in a humidified incubator maintained at 5% CO2. CT2A/PD-L1 cells 

were generated by transduction with a mouse PD-L1–encoding lentiviral vector as follows: 

The mPDL1 gene was amplified from Mammalian Gene Collection (MGC) cDNA clone 

76638 (GenBank Accession: BC066841; Dana-Farber Cancer Institute, Boston, MA) by 

PCR with primers (5′-CACCATGAGGATATTTGCTGGCATTA-3′ and 5′-

TTACGTCTCCTCGAATTGTGTATC-3′) and cloned into pENTR/D-TOPO (Thermo 

Fisher Scientific) before Gateway Cloning (Thermo Fisher Scientific) into a pLenti-PGK 
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Hygro DEST vector (w530–1; Addgene). The obtained clone was verified by sequencing. 

Lentivirus was packaged in 293FT cells and infected CT2A. Hygromycin (50 μg/mL; 

Thermo Fisher Scientific)–resistant clones were selected and PD-L1 gene expression was 

confirmed by Western blotting with an anti-PD-L1 antibody (10F.9G2, BioLegend).

DNA constructs and HSV packaging

pcDNA3-scFvPD-1—The scFvPD-1 cDNA encoding heavy- and light-chain variants of 

PD-1 antibody (clone 332.8H3; ref. 16) with 3× linker peptide (GGGGS) was synthesized in 

GenScript and cloned in pcDNA3 (Invitrogen). This cDNA additionally contains IL2 

secretion signal sequences at the 5′ end to facilitate the extracellular secretion and 3′ c-myc 

and 5xHis tag sequences for purification and detection.

NG34scFvPD-1 and control NG34-GFP—We previously described the method of HSV 

construction using the HSVQuik method (17, 18). In brief, the scFvPD-1 sequence in 

pcDNA3-scFvPD-1 DNA was inserted into the SalI sites of a pTransfer-NG34 vector. The 

resultant shuttle vector was recombined with fHsvQuik1 to obtain fHsvQ1-NG34scFvPD-1 

BAC vector. Using this vector, NG34scFvPD-1 virus was generated and packaged in Vero 

cells. NG34-GFP was generated from pTransfer-NG34 vector with fHsvQuik1. Viral stocks 

were prepared as described previously (6, 19).

Western blot analyses

Cell lysates (from cells or brain tissue) were prepared in lysis buffer, consisting of 50 

mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 4 mmol/L EDTA, 0.5%Triton X-100, 

PhosSTOP (Sigma) and protease inhibitor cocktail (Roche), sonicated before centrifugation 

at 20,000 × g for 10 minutes at 4°C. Supernatants were used for immunoblotting analyses 

using antibodies against Myc-tag (Cell Signaling Technology, 2272S), GFP (Abgent, 

AM1009a), and α-tubulin (Sigma, T6074).

scFvPD-1 purification

HEK293 (1 × 107 cells) were transfected with pcDNA3-scFvPD-1 (50 μg) using 

Lipofectamine 2000 (Thermo Fisher Scientific) in serum-free Expi293 medium (Thermo 

Fisher Scientific). Medium was collected 48 hours posttransfection, concentrated, and 

incubated overnight with Ni-NTA agarose beads (Qiagen). scFvPD-1was then purified by 

gravity-flow chromatography using 200 mmol/L Imidazole and 10% glycerol in DPBS and 

dialyzed in 20 mmol/L Tris-HCl pH 7.5. Each step of the affinity purification was resolved 

by PAGE and stained with Coomassie Brilliant Blue (to check the purity of the preparation) 

or immunoblotted using Myc-tag Ab (Cell Signaling Technology, 2272S; to check for 

scFvPD-1 expression; Supplementary Fig. S1). Protein concentration was determined by 

Bradford assay.

ELISA assay

MaxiSorp 96-multiwell plates (BioLegend) were coated with 100 μg/well of recombinant 

mouse (Sino Biological) dissolved in 0.05 mol/L carbonate/bicarbonate buffer (pH 9.6) and 

incubated overnight at 4°C. Purified scFvPD-1, full-length anti-PD-1 antibody or 
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supernatants from NG34scFvPD-1–infected cells were incubated for 2 hours at room 

temperature. The binding of the scFvPD-1 or the anti-PD-1 to PD-1 was assayed, using an 

anti-Myc-HRP (Abcam) or anti-mouse-IgG-HRP (GE Healthcare), respectively. The positive 

and negative control were prepared by coating the well with the human c-myc peptide (10 

μg/mL, Abcam; ab13837) and BSA (10 μg/mL), respectively.

Cytotoxicity assay and viral replication

For the in vitro cytotoxicity assay, GL261N4, CT2A, U251, and U87ΔEGFR cells were 

seeded onto 96-well plates at densities of 1,000 cells/well and allowed to attach for 24 hours. 

Cells were then treated with graded concentrations (6 replicates) of NG34 or 

NG34scFvPD-1 virus. After 6 days, cells were fixed with 50% vol/vol TCA and stained with 

0.4% w/v sulforhodamine B in 1% vol/vol acetic acid (20). The percentages of viable cells 

after treatment were calculated by comparison with control noninfected cells, and the 

median lethal dose (LD50) was determined by a dose–response curve (variable slope, 4 

parameters) using GraphPad Prism (GraphPad Software). For in vitro viral replication, 

GL261N4, CT2A, U251, and U87ΔEGFR cells (100,000 cells) were seeded onto 6-well 

plates, 24 hours before infection. Cells were then treated with NG34 or NG34scFvPD-1 

virus (0.003 or 0.03 pfu/cell). After 72 hours, cells and media were collected and cells were 

disrupted by 3 cycles of freeze–thaw in dry ice-chilled ethanol, centrifuged at 300 × g for 5 

minutes, and supernatants were collected for viral titration on Vero cells (6).

Animal use

All experimental procedures using animals were carried out under an animal protocol 

reviewed and approved by the Harvard Center for Comparative Medicine (HCCM) and the 

BWH Center for Comparative Medicine insttutional Animal Care and Use Committee. 

Female gender-matched tumors and mice were utilized for in vivo studies. Six- to 8-week-

old C57Bl/6J strain mice were purchased from Jackson Laboratories and 6- to 8-week-old 

athymic nude strain mice were purchased from Envigo. For in vivo survival studies, 

dissociated GL261N4, CT2A, or CT2A/PD-L1 (100,000 cells in 5 mL of HBSS for 

GL261N4 and 400,000 cells in 5 mL of HBSS for CT2A and CT2A/PD-L1) 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 Kopf Instruments)] to 

establish the tumor in the brains of mice. Intratumoral injections of oHSV were performed at 

the indicated timing and doses described in Figs. 4 and 6B. Intraperitoneal injection of the 

anti-PD-1 antibody (clone 332.8H3, 200 μg/mouse) were performed in CT2A or CT2A/

PDL1 starting at day 7 after tumor implantation every 3 days for a total of 4 injections.

For in vivo scFvPD-1, ICP4, and gD expression, GL261N4 and U87ΔEGFR cells were 

implanted in C57Bl/6J and nude athymic mice and then NG34scFvPD-1 was intratumorally 

administered (1.5 × 106 pfu/mouse and 5 × 105 pfu/mouse for C57Bl/6J and athymic nude 

mice, respectively) as described above. The mice were then sacrificed at different time 

points. For in vivo viral replication, mice were sacrificed 48 hours after NG34scFvPD-1 

treatment and brains were harvested and mechanically dissociated in DMEM containing 2% 

FBS. Cells were disrupted by 3 freeze–thaw cycles, centrifuged at 300 × g for 5 minutes, 

and supernatants were collected for viral titration on Vero cells.

Passaro et al. Page 5

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RNA isolation and real-time PCR

Total RNA was extracted from harvested tissues using TRIzol reagent (Thermo Fisher 

Scientific) and treated with RNase-free DNase (Qiagen) according to the manufacturer’s 

instructions. One microgram of total RNA was reverse-transcribed using iScript cDNA 

synthesis kit (Bio-Rad Laboratories). Real-time PCR was carried out using Power SYBR 

Green (Applied Biosystems). The mRNA copy number was calculated on the basis of 

standard curves made with known concentrations of the target templates (scFvPD-1, ICP-4, 

and gD). The sequences of the primers used for the reaction are the following:

scFvPD-1: forward, 5′-CTACATCCACCCCAGCACAG-3′; scFvPD-1 reverse, 5′-

CGAACAGGTAGGTGCCCTTT-3′; ICP4: forward, 5′-GGCCTGCTTCCGGATCTC-3′; 

ICP4 reverse, 5′-GGTGATGAAGGAGCTGCTGTT-3′; gD forward, 5′-

ACGGTTTACTACGCCGTGTT-3′; gD reverse, 5′-TGTAGGGTTGTTTCCGGACG-3′.

Statistical analysis

Statistical analysis was performed with Prism 6 (GraphPad Software). P values were 

calculated with paired t test or repeated measure one-way ANOVA corrected for multiple 

comparisons unless otherwise indicated. P < 0.05 was considered significant. Kaplan–Meier 

analysis was performed using log-rank Mantel–Cox test corrected for multiple comparisons 

(Holm post test).

Results

An anti-PD1 single-chain fragment variable antibody efficiently binds the mouse PD-1 
protein

To generate a scFv antibody against mouse PD-1, the variable regions of heavy and light 

chains were sequenced from the hybridoma clone 332.8H3 and this codon-optimized cDNA 

was synthesized and cloned in an expression vector (16, 17). We tested whether this scFv 

antibody (scFvPD-1) could bind mouse PD-1 protein. The purified scFvPD-1 recombinant 

protein and the full-length antibody (332.8H3 IgG) were subjected to an ELISA to analyze 

binding to mouse PD-1 (Fig. 1). Both the scFvPD-1 and full-length αPD-1 antibody showed 

similar dose-dependent binding to PD-1 (Fig. 1). This result justified the use of scFvPD-1 

against mouse GBMs that express mouse PD-L1.

Glioma cells infected with NG34scFvPD-1 produce and secrete scFvPD-1

We next engineered an oHSV encoding the scFvPD-1 cDNA under the transcriptional 

control of a CMV IE promoter. This oHSV (NG34scFvPD-1) is characterized by insertion of 

a human GADD34 gene in the viral gene locus that encodes for ICP6 under the control of a 

Nestin-hsp68 hybrid promoter to promote cytotoxicity in GBM cells (15). NG34scFvPD-1 

also was engineered with deletions of the viral ICP6 and ICP34.5 coding gene loci 

(Supplementary Fig. S2A; refs. 15, 17). We confirmed in producer Vero cells that selected 

viral clones expressed the myc-tagged 25 kDa scFvPD-1 protein in cells and supernatants 

(Supplementary Fig. S2B and S2C). One of the clones (clone 5.6) was chosen for further 

experiments because it showed the highest production and secretion of the myc-tagged 

scFvPD-1 protein. We next tested the ability of NG34scFvPD-1 to produce and secrete 
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scFvPD-1 in 2 different mouse GBM cells (GL261N4 and CT2A). As shown in Fig. 2A, 

both cells produced and secreted scFvPD-1 after infection with NG34scFvPD-1. The same 

was true for human GBM cells (data not shown). To quantify the amount of scFvPD-1, we 

infected mouse GL261N4 and CT2A and human U251 and U87ΔEGFR cells with 

NG34scFvPD-1 (1 pfu/cell) and assayed scFvPD-1 amount in the supernatant 24 hours later. 

GL261N4 cells (Fig. 2B) produced a similar amount of scFvPD-1 compared with infected 

human cells (Fig. 2C). CT2A produced 4 times less scFvPD-1 compared with all the other 

cell lines (Fig. 2B), likely due to lower infectivity by the oHSV, based on reduced percent of 

GFP-positive CT2A cells compared with GL261NA 24 hours after infection (Supplementary 

Fig. S2D). These results thus indicated that NG34scFvPD-1 infection led to production and 

secretion of scFvPD-1 in infected GBM cells.

scFvPD-1 does not alter oncolytic properties of the oHSV

Next, we tested whether the expression of the scFvPD-1 altered the oncolytic properties of 

the NG34 oHSV. Mouse GBM cells (GL261N4 cells and CT2A) and human GBM cells 

(U251 and U87ΔEGFR) were incubated with increasing doses of both NG34scFvPD-1 and 

the parental virus NG34. There was no significant difference in the LD50 between the 2 

oHSVs (Fig. 3A). We also tested whether virus replication was affected by the oHSV 

genome modification. This showed that there was no significant difference in viral 

replication between NG34scFvPD-1 and parental NG34 (Fig. 3B). We thus conclude that 

insertion of scFvPD-1 sequences or its expression did not significantly alter the infectivity 

and the oncolytic properties of NG34scFvPD-1.

NG34scFvPD-1 improves survival of immunocompetent, but not athymic mice with 
orthotopic GBMs

We next sought to determine whether NG34scFvPD-1 was an effective therapeutic in mouse 

models of GBM. We implanted GL261N4 cells in the right hemisphere of the brain of 

immunocompetent C57Bl/6 mice. Seven days after tumor implantation, when tumors had all 

achieved volumes that were similar as measured by MRI (data not shown), we 

stereotactically injected into the tumor NG34scFvPD-1 or the parental NG34. There was a 

significant prolongation of the median survival time in mice treated with NG34scFvPD-1 

compared with untreated (CTRL) mice (69 vs. 22 days, respectively; Fig. 4A). 

NG34scFvPD-1 also doubled the median survival time of mice when compared with mice 

treated with parental virus NG34 (69 vs. 36.5 days, respectively).

Both oHSVs had a cohort of mice that survived up to 120 days, at which time the 

experiment was terminated. We tested whether these surviving mice would tolerate a second 

challenge with the same tumor cells in the contralateral hemisphere. Tumor-naïve age-

matched mice were used as controls. All 3 surviving mice whose GBMs had been treated 

with NG34scFvPD-1 and 2 of 3 surviving mice whose GBMs had been treated with NG34 

survived this tumor rechallenge while control naïve mice did not (Fig. 4B). These data thus 

showed that mice with murine GBM that had been successfully treated with either oHSV 

were also protected from subsequent tumor rechallenge.
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We also wanted to determine whether the NG34 or NG34scFvPD-1 survival effect on GBM 

were dependent on an antitumor immune response. We thus utilized athymic mice with 

orthotopic mouse GL261N4 GBMs. Neither NG34 nor NG34scFvPD-1 treatment led to 

survival extension in these mice compared with the vehicle control (Fig. 4C). Taken 

together, these data suggest that the treatment benefit of these oHSVs in mouse GBM 

models required a T-cell immune response.

Limited oHSV replication and scFvPD-1 production in mouse GL261N4 GBMs in vivo

The above experiments led us to determine the time course of scFvPD-1 production and 

oHSV gene expression in mouse GL261N4 GBMs in vivo. Immunocompetent C57Bl/6 mice 

with Gl261N4 GBMs were treated with NG34scFvPD-1 and tumors were harvested at 

different time points to assay for scFvPD-1 expression. There was evidence of scFvPD-1 

mRNA in the brain of treated mice 16 hours postinfection, but the levels were significantly 

reduced by 36 hours and had essentially disappeared by 60 hours (Fig. 5A). This peak of 

scFvPd-1 transcript production followed by the observed reduction and disappearance of the 

transcript paralleled the mRNA copy number of the HSV-1 immediate early gene ICP4 and 

late gene gD (Fig. 5B). This comparatively short period of expression of viral genes thus 

suggested that the oHSV did not replicate well in mouse GL261N4 GBM cells in vivo.

NG34scFvPD-1 replicates and produces scFvPD-1 in human GBM cells in mice

We wanted to ensure that the oHSV replicated and produced scFvPD-1 in human GBMs in 
vivo. Athymic mice were injected intracranially with human U87ΔEGFR cells or mouse 

GL261N4 cells and 7 days later were inoculated with NG34scFvPD-1. We assayed mRNA 

expression in brains harvested 48 hours later. In 2 of 3 mice challenged with U87ΔEGFR 

cells, there was a relatively elevated mRNA copy number for both ICP4 and gD when 

compared with mice challenged with GL261N4 cells (Supplementary Fig. S3A). scFvPD1 

mRNA transcript was also detected in U87ΔEGFR GBMs, but not in GL261N4 GBMs. 

There was also active oHSV harvested from the brains of mice with U87ΔEGFR tumors, but 

none from the brains of mice with GL261N4 tumors (Supplementary Fig. S3B). Therefore, 

NG34scFvPD-1 can replicate and express in human GBM cells. In mouse GBM cells, there 

is an initial infection and expression of oHSV genes and of scFvPD-1 but by 48–60 hours 

(Fig. 5; Supplementary Fig. S3), the virus and its transcripts cannot be detected.

NG34scFvPD-1 can also induce a memory response in the CT2A immunocompetent model 
of GBM

To determine whether NG34scFvPD-1 led to therapeutic efficacy in a second model of 

mouse GBM, we intracranially injected C57Bl/6 mice with mouse CT2A GBM cells. First, 

we investigated whether CT2A GBMs were responsive to anti-PD-1. However, this was not 

the case as shown in Fig. 6A. We then overexpressed the murine PD-1 ligand, PD-L1, in 

CT2A cells and repeated the experiment. With CT2A/PD-L1 GBMs, there was now 

significant therapeutic sensitivity to anti-PD-1 compared with isotype antibody (Fig. 6B). In 

further experiments, we thus utilized CT2A/PD-L1 GBMs that were injected with 

NG34scFvPD-1 or NG34. In vitro, infection and replication of either oHSV was relatively 

inefficient (see Fig. 3) and the same was true in vivo (data not shown). Although neither 

oHSV led to a significant increase in median survival, 2 of 12 mice treated with 
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NG34scFvPD-1 did survive for the duration of the experiment (120 days; Fig. 6C). These 2 

surviving mice rejected a rechallenge with CT2A/PD-L1 GBMs (Fig. 6D). These findings 

thus showed that expression of scFvPD-1 from the oHSV led to mouse survival in a second 

GBM model with establishment of an antitumor memory response.

Discussion

There has been high interest in the use of immunotherapies, such as immune checkpoint 

inhibitors, against cancers including GBM. However, systemic single immune checkpoint 

inhibition has not shown to be effective in a recent randomized phase III clinical trial in 

GBM (13). While there may be multiple factors responsible for this, one major issue may be 

related to the need for combinatorial therapies to overcome multiple mechanisms of 

immune-evasion (21–23). Another factor may relate to the need for the PD-1 antibody to 

interact with PD-L1 in the GBM microenvironment and the unique problem of therapy 

access to this tumor due to the blood–brain barrier (BBB), which may not allow access to 

large molecules. We thus reasoned that “arming” an oncolytic virus, such as oHSV, with an 

immune checkpoint inhibitor antibody would provide both a combinatorial immunotherapy 

and intratumoral delivery/expression of the antibody. Here we show that an oncolytic HSV1 

armed with a scFvPD-1 retained baseline oncolytic capacity and produced and secreted a 

scFvPD-1 in infected mouse and human GBM cells. In the relatively immunogenic mouse 

GL261nectin-1 GBM model, both NG34scFvPD1 and parental NG34 oHSV, effectively 

increased survival of mice but the inclusion of the scFvPD-1 did not increase survival. The 

relative lack of NG34scFvPD1 efficacy compared with NG34 was due to the inherent poor 

replication and thus low level of production of scFvPD1 by oHSV in mouse GBMs in vivo. 

In a second mouse model of GBM (CT2A), which is less sensitive to anti-PD-1 therapy and 

less immunogenic compared with GL261 GBMs, NG34 was not effective compared with 

control, but NG34scFvPD1 did lead to a low percentage (17%) of mice with long-term 

responses. In both GL261N4 and CT2A models, observed responses required T-cell activity 

against infected GBMs and surviving mice developed memory against further GBM 

challenge. Therefore, we conclude that NG34scFvPD1 is a therapeutically valid option, yet 

full analysis is limited by the challenge of mouse GBM models not allowing for high levels 

of in vivo replication of oHSV and thus high levels of scFvPD1 production.

The oHSV Talimogene laherparepvec remains the only FDA-approved therapy for cancer 

(advanced melanoma). In human melanoma patients, elevated PD-L1 protein expression and 

IFNγ gene expression following TVEC treatment were also observed, suggesting CD8+ T-

cell activation (24) and providing the biologic justification to add an anti-PD-1 inhibitor. For 

this purpose, we armed a different oHSV (NG34) that has selectivity for GBM with a single-

chain variable fragment antibody against PD-1. We chose anti-PD-1 over another immune 

checkpoint inhibitor (anti-CTLA-4) for several reasons: (i) the production of the scFv 

antibody is limited at the site of infection and therefore the presence of PD-L1 on tumor and 

immune cells makes the PD-1 pathway a more appealing target; (ii) 2 independent studies in 

a mouse model of GBM showed that compared with other immune checkpoint inhibitors, 

CTLA-4 blockade was the least effective at antitumor responses and survival benefit and 

mainly functions at lymph nodes where CD4 and CD8 T cells are activated upon antigen 

presentation, rather than tumor bed itself (refs. 16, 25, 26); (iii) in a preclinical melanoma 
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study, the use of a Myxoma virus secreting a soluble form of PD-1 improved mouse 

survival, showing minor side effects compared with the combination of a Myxoma virus 

with systemic anti-PD-1 therapy (27).

One possible concern was whether scFvPD1 would bind to PD-1. Our studies show that 

purified scFvPD-1 did bind PD-L1 of both mouse and human origin. Mouse and human 

PD-1 sequences share approximately 60% amino acid identity overall, with higher 

conservation in these extracellular regions (~65% identity; ref. 28). Therefore, the binding to 

PD-1 from either species was expected. We were also able to show that arming NG34 with 

scFvPD-1 did not hinder oHSV replication and cytolytic activity against mouse and human 

GBM cells and that the scFvPD-1 was expressed and secreted from infected GBM cells in 
vitro.

Evaluating oHSV activity in vivo is complicated by the relative lack of infectivity and 

replication of oHSV in mouse GBM cells and the relative nonpermissivity of 

immunocompetent C57Bl/6 mice to HSV infection (29–31). Unfortunately, most of the well-

established GBM murine models are derived from C57Bl/6 mice (such as CT2A and 

GL261), thus limiting the evaluation of oHSV effects (32). We attempted to address this 

issue by engineering GL261 GBM cells with nectin-1, the major entry receptor for HSV1. In 
vitro, this resulted in enhanced infectivity that approximated that in some human GBM cells 

(data not shown). GL261N4 cells may have some degree of enhanced immunogenicity but 

all mice that were challenged in their brains with these GBM cells do perish, underscoring 

that the implanted tumors are not rejected and are lethal to mice. In vivo we found that 

NG34scFvPD-1 significantly prolonged animal survival compared with control mice (69 vs. 

22 days, respectively). Although NG34scFvPD-1 almost doubled mice survival compared 

with parental virus NG34 (69 vs. 36.5 days, respectively), this comparison ended up not 

being statistically significant due to sample size and the presence of long-term surviving 

mice in both NG34 and NG34scFvPD-1–treated mice.

Another possible reason for the short-term effect on survival of the scFvPD-1–expressing 

virus relates to the in vivo temporal kinetics of scFvPD-1 expression. In NG34scFvPD-1–

treated mice, mRNA levels for the transgene as well as for viral genes showed an initial 

burst of expression (16-hour time point), but then rapidly declined. This strongly suggests 

that the oHSV initially infected some GBM cells, but that there was very little further 

infection by replicating progeny viruses, likely due to the aforementioned nonpermissivity of 

C57BL/6 mice, but also due to the lack of effective replication in vivo because even in 

athymic mice, the oHSV had no effect. The difference in replication of the oHSV in 

GL261N4 cells in vitro versus in vivo may be due to the mouse strain (C57Bl/6) known be 

impervious to HSV infection (33). These results though are in general agreement with 

another study performed by Cheema and colleagues, in which they showed that an oHSV 

expressing mIL12 (called G47Δ-mIL12) also did not replicate well in the mouse 005 cell 

model (C57Bl/6 background; ref. 34). Despite this replicative defect, G47Δ-mIL12 

significantly enhanced survival compared with both untreated mice and mice treated with 

the parental virus. This can be explained by the strong activity of mIL12 on IFNγ release 

(still present 6 days after treatment) and to the modest antitumor effect of the parental virus 

(34).
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The in vivo decrease of scFvPD-1 expression may also result from methylation of the 

heterologous CMV promoter (35). Utilizing a homologous promoter such as the HSV-1 

IE4/5 promoter could have resulted in increased expression of the transgene. Improvement 

in scFvPD-1 secretion from infected murine cells may also be tested by utilizing a different 

secretory motif in the construct, such as mouse Ig kappa light chain V-III region or CD33.

In the CT2A mouse GBM model, we also could show that NG34scFvPD1 led to mice with 

apparent long-term responses. Immunotherapy strategies have in general shown to lead to a 

low percentage of responders that exhibit highly durable tumor responses, resulting in a 

plateau in the tail of the survival curve (36). The results obtained in our study suggest that 

the novel oncolytic virus NG34scFvPD-1 does act as an immunotherapeutic agent in our 

preclinical model of GBM. However, this may not be the case with all OVs, because a 

different OV armed with both anti-CTLA4 and anti-PD-L1 led to an improvement of 

survival, but no durable response (37). In both CT2A and GL261N4 models, the most 

significant finding was that long-term surviving mice developed effective long-term memory 

responses against rechallenge with the same mouse GBM. This suggests that in mouse GBM 

models in vivo successful oHSV effects requires effective T-cell–mediated immune 

responses. This is in contrast to the analysis of oHSVs in human GBM models in athymic 

mice where effects are almost all due to direct oHSV lytic/replicative effects. In fact, NG34 

improves the survival of athymic mice intracranially implanted with human GBM cells (15). 

We are thus still limited in our capacity to fully analyze the multimodal therapeutic effects of 

oHSVs, preclinically in mice. One possible solution may be testing oHSVs in humanized 

mouse models, to analyze both oHSVinduced replication/lysis and T-cell antitumor immune 

responses (38). In this context, oHSV will efficiently infect, replicate, express scFvPD-1, 

and lyse tumor cells while human immune cells will infiltrate the tumor microenvironment 

to possibly mount an antitumor response. Immune-suppressive cells in the GBM 

microenvironment, such as Tregs, TAMs, MDSCs, and microglia, express the PD-1 and 

CTLA-4 ligands PD-L1, PD-L2, CD80, and CD86, and are also targets of immune 

checkpoint inhibitors (39). Expression of anti-PD-1 in situ combined with other signal 

costimulatory agonist and coinhibitory antagonist antibodies (i.e. CD28, CD40, OX40, anti-

CTLA4, anti-LAG3), may further improve immune response against GBMs.

In conclusion, NG34scFvPD1 induces both a durable and a memory response in preclinical 

models of GBM and is a promising agent for future testing in a clinical setting.
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Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Glioblastoma (GBM) is an incurable cancer and standardof-care therapies have been 

minimally effective. Oncolytic viruses (OVs) and immune checkpoint PD-1 inhibitors 

have become standard-of-care immunotherapies against some cancers and are also being 

tested in clinical trials for GBM. Here, we test the efficacy of a novel oncolytic virus 

(NG34scFvPD-1) based on herpes simplex virus type-1 (HSV-1), which also expresses a 

single-chain fragment variable antibody against PD-1 (scFvPD-1). In vitro, 

NG34scFvPD-1 infects mouse and human GBM cells and expresses the scFvPD-1, which 

is secreted into the culture medium. In vivo, NG34scFvPD-1 leads to durable and long-

term survival responses in the GL261 and CT2A immunocompetent mouse GBM models. 

These studies thus provide justification for further exploration of this novel OV for cancer 

therapy.
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Figure 1. 
In vitro evaluation of the ability of scFvPD-1 to bind PD-1. Specific interaction of the 

purified scFvPD-1 (scFv) and PD-1 mAbs (332.8H3) with murine PD-1 (mPD-1) was 

quantified by ELISA with a secondary antibody HRP-conjugated anti-myc or anti-mouse 

IgG1, respectively. Positive control (CTRL): coating with human c-myc peptide. Negative 

CTRL, coating with BSA. Absorbance (y-axis) represents optical density at 450 nm 

corrected by subtract reading at 570nm. Error bar shows the SEM. Group means were 

compared by one-way ANOVA (Tukey multiple comparisons test), where *, **, ***, and 

**** indicate P <0.05, 0.01, 0.001, and 0.0001, respectively (n = 3). The experiment shown 

is representative of experiments that were performed at least 3 times.
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Figure 2. 
In vitro evaluation of scFvPD-1 production after oHSV infection. A, GL261N4 and CT2A 

cells were infected with 1 MOI of NG34scFvPD-1 or NG34 virus. After 24 hours, 

intracellular proteins (c) and secreted proteins (s) were loaded on a polyacrylamide gel and 

assessed for scFvPD-1 production (myc-tagged) by Western blot analysis. GFP was used to 

monitor infection. α-Tubulin was used to check contamination of supernatant with 

intracellular proteins. c, intracellular protein (loaded 20 μg); s, supernatant (loaded 25 μL). 

The Western blot is representative of 3 different experiments. B, Supernatant from 106 

GL261N4 and CT2A cells infected with 1 MOI of NG34scFvPD-1 for 24 hours was assayed 

for production of scFvPD-1 and its ability to bind mouse PD-1 using an ELISA assay. The 

amount of scFvPD-1 produced was calculated on the basis of a standard curve generated 

with purified scFvPD-1. Error bar shows the SEM. Group means were compared by 

unpaired t test with Welch correction where *** indicates P < 0.001 (n = 3). C, Supernatants 

from 106 U87ΔEGFR and U251 cells were infected with NG34scFvPD-1 (MOI = 1) for 24 

hours and then assayed for the production of scFvPD-1 and its binding to mouse PD-1 using 

an ELISA assay. The amount of scFvPD-1 produced was calculated on the basis of a 

standard curve generated with purified scFvPD-1. The experiment shown is representative of 

experiments that were performed at least 3 times.
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Figure 3. 
In vitro evaluation of NG34 and NG34scFvPD-1 viral activity. A, GL261N4, CT2A, U251, 

and U87ΔEGFR cells were infected at the indicated MOIs and cell survival was analyzed 6 

days after infection by Sulforhodamine B assay. The viral lethal dose 50 (LD50, pfu/mL) for 

each virus was calculated using a sigmoidal dose–response curve and is shown in the 

corresponding graph. The experiment shown is representative of experiments that were 

performed at least 3 times. B, GL261N4, CT2A, U251, and U87ΔEGFR cells were infected 

at the indicated MOIs. After 72 hours, cells and supernatant were harvested and checked for 

viral replication using a plaque assay on Vero cells. Error bar, SEM. Group means were 

tested by unpaired t test with Welch correction where * and ** indicate P < 0.05 and P < 

0.01, respectively (n = 3).
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Figure 4. 
In vivo evaluation of NG34scFvPD-1 antitumor efficacy. A, C57Bl/6 mice were 

intracranially injected with GL261N4 cells (105 cells). After 7 days, virus was intracranially 

administered at a dose of 1.5 × 106 pfu. Kaplan–Meier survival curve was used to show mice 

survival. *, P < 0.05 (Mantel–Cox test and Holm post test). B, Long-term survivors (defined 

as mice surviving 120 days post-tumor inoculation) from the experiment in A were 

rechallenged with GL261N4 cells (105 cells) in the contralateral brain hemisphere. Age-

matched C57Bl/6 mice were used as controls. Kaplan–Meier survival curve was used to 

show mice survival. *, P < 0.05; **, P < 0.01 (Mantel–Cox test). C, Athymic mice were 

intracranially injected with GL261N4 cells (105 cells). After 7 days, virus was intracranially 

administered at a dose of 1.5 × 106 pfu. Kaplan–Meier plot was used to show mice survival. 

Log-rank test was used to compare survival curves.
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Figure 5. 
In vivo viral gene and scFvPD-1 expression after GBM treatment with NG34scFvPD-1. 

C57Bl/6 mice were intracranially injected with GL261N4 cells (105 cells). After 7 days, 

NG34scFvPD-1 was intracranially administered at a dose of 1.5 × 106 pfu/mouse. Sixteen, 

36, and 60 hours after virus inoculation, mice were sacrificed, their brains harvested, and 

RNA isolated. scFvPD-1 (A) and immediate early gene (ICP4) and late gene (gD) mRNA 

copy number were assessed by real-time PCR (B). One-way ANOVA (Tukey multiple 

comparisons test) was used for the analyses (*, P < 0.05; **, P < 0.01).
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Figure 6. 
In vivo evaluation of NG34scFvPD-1 antitumor efficacy. A, C57Bl/6 mice were 

intracranially injected with CT2A cells (4 × 105 cells). After 7 days, the mAb PD-1 antibody 

(200 μg/mouse) was intraperitoneally injected every 3 days for a total of 4 injections. 

Kaplan–Meier analysis was used to show animal survival. *, P < 0.05 (Mantel–Cox test and 

Holm post-test). B, C57Bl/6 mice were intracranially injected with CT2A cells 

overexpressing PD-L1 (4 × 105 cells). After 7 days, the mAb PD-1 antibody (200 mg/

mouse) was intraperitoneally injected every 3 days for a total of 4 injections. Kaplan–Meier 

analysis was used to show animal survival. *, P < 0.05 (Mantel–Cox test and Holm post-

test). C, C57Bl/6 mice were intracranially injected with CT2A cells overexpressing PD-L1 

(4 × 105 cells). After 5 days, virus was intracranially administered at a dose of 1.5 × 106 pfu 

Kaplan–Meier survival analysis5 was used to show animal survival. D, Long-term survivors 

of the experiment in B were rechallenged with CT2A cells overexpressing PD-L1 (4 × 105 

cells) in contralateral brain hemisphere. Matched-age C57Bl/6 mice have been used as 

control. Kaplan–Meier plot was used to show mice survival. Log-rank test was used to test 

differences between survival curves.
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