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Abstract

Approximately 20% of meningiomas are not benign (higher grade) and tend to relapse after 

surgery and radiation therapy. Malignant (anaplastic) meningioma (MM) is a minor subset of 

high-grade meningioma that is lethal with no effective treatment options currently. Oncolytic 

herpes simplex virus (oHSV) is a powerful anti-cancer modality that induces both direct cell 

death and anti-tumor immunity, and has shown activity in preclinical models of MM. However, 

clinically meaningful efficacy will likely entail rational mechanistic combination approaches. We 

here show that epigenome modulator histone deacetylase inhibitors (HDACi) increase anti-cancer 

effects of oHSV in human MM models, IOMM-Lee (NF2 wild-type) and CH157 (NF2 mutant). 

Minimally toxic, sub-micromolar concentrations of pan-HDACi, Trichostatin A and Panobinostat, 

substantively increased the infectability and spread of oHSV G47Δ within MM cells in vitro, 

resulting in enhanced oHSV-mediated killing of target cells when infected at low multiplicity of 

infection (MOI). Transcriptomics analysis identified selective alteration of mRNA processing and 

splicing modules that might underlie the potent anti-MM effects of combining HDACi and oHSV. 

In vivo, HDACi treatment increased intratumoral oHSV replication and boosted the capacity 

of oHSV to control the growth of human MM xenografts. Thus, our work supports further 
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translational development of the combination approach employing HDACi and oHSV for the 

treatment of MM.

Keywords

Meningioma; Malignant meningioma; Oncolytic herpes simplex virus; Histone deacetylase 
inhibitor

1. Introduction

According to the Central Brain Tumor Registry of the United States (CBTRUS, 2013–2017), 

meningioma is the most prevalent tumor type in the CNS, constituting 38.3% of all CNS 

tumors [1]. Meningioma is a group of heterogenous tumors with differing malignancy 

and clinical course. The majority (about 80%) of meningioma are WHO grade 1 and 

considered benign, whereas WHO grade 2 (histologically mostly atypical) and WHO grade 

3 (malignant meningioma, MM, histologically mostly anaplastic) comprise 15% and 2–3% 

of the total, respectively, and are higher-grade meningiomas (HGM). Meningiomas are 

comprised of genomically diverse groups of tumors [2,3]. About 50% of meningiomas and 

an even higher fraction of HGM have mutations or inactivation of the tumor suppressor gene 

NF2, for which direct molecular targeting is not currently feasible.

HGMs pose a significant clinical challenge as 40% of grade 2 and up to 80% of grade 

3 tumors relapse after surgery and radiation within 5 years. At recurrence HGMs are 

frequently refractory to repeated surgery and radiotherapy. Although rare, MM is devastating 

as the tumor relentlessly relapses resisting existing therapies and can be lethal. Unlike many 

of WHO grade 1 meningiomas, gross total resection does not offer cures in patients with 

MM. Post-operative radiation therapy has some effect on extending survival of the patients, 

however MM evades the effects of radiation. Clinical investigations testing systemic 

chemotherapeutics [4,5] or molecularly targeted agents [6–13] have not improved clinical 

outcomes. As a result, 5-year-media survival of MM has been reported to be 40–41.4% in 

recent publications analyzing large cohorts collected from multiple institutions [14,15]. This 

unmet medical need, however, tends to be overlooked because the better clinical outcomes 

for the majority of benign meningiomas overshadow the poor outcomes for this relative 

minority group of MM. Thus, there is a clear and urgent need to develop new and effective 

treatments for MM.

Oncolytic viruses have unique dual mechanisms-of-action (MOA): 1) direct and selective 

killing of neoplastic cells and 2) elicitation of inflammatory and anti-tumor immune 

responses [16]. Oncolytic virus therapy has emerged as a promising modality for 

cancers, including the lethal malignancies in the brain. Using clinically representative 

orthotopic models of patient-derived MM and glioblastoma (GBM), we have demonstrated 

significant anti-tumor effects of oncolytic herpes simplex viruses (oHSV) [17–22]. Clinical 

development of oHSV is more advanced for GBM treatment as the oHSV G47Δ was 

recently conditionally approved in Japan [23,24], and no clinical trial for meningioma 

is active currently. Additionally, monotherapy has been relatively ineffective and it is 

widely considered that rationally designed mechanistic combinatory approaches involving 
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oncolytic viruses will be not only more efficacious but necessary to effectively treat 

refractory malignancies such as GBM and MM. To this end, we have reported combinatorial 

approaches using transgene arming [18] or targeted agents [17, 25] to augment the activity 

of oHSV against tumors.

One of the attractive candidates as a therapeutic partner with oncolytic virus are histone 

deacetylase inhibitors (HDACis). HDAC is a group of epigenome modifying enzymes that 

are highly expressed in neoplastic cells and play a vital role in a variety of processes 

including gene expression regulation, cell survival, proliferation, and immune responses 

[26]. HDACis have been developed as anti-cancer agents, including hydroxamic acids 

vorinostat and panobinostat that have been approved by the U.S. FDA for the treatment 

of cutaneous and peripheral T-cell lymphomas and multiple myeloma, respectively [27,28]. 

Because of its versatile functions to modulate gene expression and innate immunity, 

HDACis have been studied for their potential to enhance the efficacy of various oncolytic 

viruses [29,30]. Varying degrees of beneficial effects and mechanistic insights that underlie 

interactions between HDACis and oncolytic viruses have been reported. However, whether 

HDAC inhibition can be safely combined with oHSV to enhance therapeutic activity against 

MM is unknown.

The goal of the current study is thus to address our hypothesis that combining HDACis 

with oHSV is a rational mechanistic therapeutic strategy against MM. Our investigations 

employing human MM cells and xenograft models provide experimental evidence that low-

dose HDACis can boost the anti-MM activity of oHSV and that the combination warrants 

clinical evaluation.

2. Materials and methods

2.1. Virus

G47Δ is a multi-mutated oHSV derived from strain F, containing deletions of γ34.5 and 

ICP47, and LacZ inactivation of ICP6 [31]. G47Δ-Us11fluc is a derivative of G47Δ that 

expresses firefly luciferase (fluc) driven by the true late Us11 virus promoter [22]. G47Δ-

mCherry is a derivative of G47Δ that expresses mCherry driven by the IE4/5 immediate 

early promoter [32]. oHSVs were amplified in Vero cells and concentrated as described 

previously [21].

2.2. Cells

African green monkey Vero cells (RRID:CVCL_0059) were from ATCC and grown 

in DMEM supplemented with 10% calf serum. Human MM cells IOMM-Lee 

(RRID:CVCL_5779, NF2 intact) and CH157 (CH-157MN, RRID:CVCL_5723, NF2 loss) 

were obtained from Dr. Randy Jensen (University of Utah) and Dr. Wenya Bi (Brigham 

and Women’s Hospital), respectively, and were cultured in DMEM supplemented with 

10% fetal calf serum. These cell lines were authenticated by short tandem repeat analysis 

(IDEXX) in 2022 (Supplementary Table S1). The result of IOMM-Lee perfectly matched 

with IOMM-Lee (ATCC #CRL-3370). Reference profile is not available for CH157, but 

CLASTR search at Cellosaurus identified no match with other cell lines. Normal human 
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astrocytes were purchased from ScienCell, and used within passage 8. All experiments were 

performed with mycoplasma free cells.

2.3. Histone deacetylase inhibitors

Trichostatin A and Panobinostat were purchased from Med Chem Express and ApexBio, 

respectively, and dissolved in DMSO, aliquoted and stored at −20 °C.

2.4. Cell viability assay

In vitro cell viability assay was performed using MTS assay as previously described [33]. 

Cells were seeded at 1500–3000 cells per well of 96-well plates, followed by exposure to 

G47Δ or HDACi at doses indicated in the figures. When combination therapy was tested, 

cells were treated with HDACis first, followed 5 h later with G47Δ. Three or four days later, 

cell viability was assayed by incubation of cells with MTS for 1–2 h and measurement of 

absorbance at 490 nm.

2.5. Virus infectability assay

Cells were plated at 12,000 cells per well in 48-well plates, given HDACi at the indicated 

concentrations in triplicate, followed 5 h later by infection with G47Δ at MOI= 0.3. Six 

hours later, cells were fixed with 0.5% glutaraldehyde for 10 min. After washed with PBS, 

infected cells were visualized by staining with 5-bromo-4-chloro-3-indolyl-D-galactoside 

(x-gal). Microscopic images were captured, and infectability represented by x-gal+ cells was 

measured using ImageJ (NIH) and presented as % Area.

2.6. Virus yield assay

Cells seeded at 50,000–75,000 cells per well of 24-well plates were treated with and without 

HDACi and infected with G47Δ. At indicated times, cells and media were collected and 

subjected to three cycles of freeze and thaw to release virus into supernatant. Virus yield was 

titrated by plaque assay on Vero cells.

2.7. RNA sequencing

Two million cells were seeded in a 10 cm dish and treated with mock, HDACi, G47Δ 

or HDACi followed by G47Δ. Treatment doses used were: Trichostatin A (50 nM), 

Panobinostat (0.3 nM), G47Δ (MOI=0.1) for IOMM-Lee, and Trichostatin A (100 nM), 

Panobinostat (2.5 nM), G47Δ (MOI=0.5) for CH157. Twenty-four hours after virus infection 

(29 h after HDACi), cells were collected for total RNA extract using Trizol (Invitrogen). See 

Supplementary Methods for details.

2.8. Malignant meningioma xenograft studies

Two million IOMM-Lee cells were subcutaneously implanted in the right flank of 7-week-

old female athymic nu/nu mice (Charles River Lab). When tumor volume reached about 

150 mm3, mice received intraperitoneal injections of Panobinostat at 30 mg/kg or PBS for 

2 days in a row. G47Δ-Us11fluc (3 ×105 pfu / 10 μl) was intratumorally injected 5 h after 

the first Panobinostat injection. D-luciferin was injected intraperitoneally (180 mg/kg), and 

bioluminescence imaging was performed using SPECTRAL Ami X (Spectral instruments 
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imaging, Tucson, AZ) under isoflurane anesthesia of mice to measure the activity of fluc as 

a surrogate of virus replication. To determine the therapeutic activity of combination therapy, 

tumor size was monitored during and post therapies by caliper measurement, and the 

tumor volume was calculated based on the longest (L) and the perpendicular (S) diameters 

of the tumor, using the formula: Volume (mm3)= 1/2xLxS2. All studies and procedures 

involving animals have been approved by the Institutional Animal Care and Use Committee 

of Massachusetts General Hospital, and in compliance with the institutional guidelines.

2.9. Statistical analysis

Comparisons of data in viral replication and cytotoxicity assays were performed using 

a two-tailed Student t-test (unpaired) or two-way analysis of variance (ANOVA) with 

Bonferroni multiple comparisons. All statistical analyses were performed using Prism 9 

Software (Graph-Pad, v9.3.1). P values of less than 0.05 were considered significant.

3. Results

3.1. Low dose HDAC inhibitors enhances G47Δ-mediated killing of malignant meningioma 
(MM) cells in vitro

We first tested human MM cell lines IOMM-Lee and CH157 cells for their sensitivity to 

oHSV G47Δ in vitro. Cell viability assay showed a dose-dependent response of these cells 

to G47Δ, with IOMM-Lee cells exhibiting obviously higher sensitivity, with 50% inhibitory 

concentration (IC50) of the 3-day assay being 0.01 and 0.3 for IOMM-Lee and CH157 cells, 

respectively (Fig. 1AB). These MM cells also responded to two pan-HDACis, Trichostatin 

A (TSA) and Panobinostat (Pano), in a dose-dependent manner (Fig. 1C, D). Although both 

HDACis were potently cytotoxic to the MM cells at sub-micromolar concentrations, Pano 

was more effective than TSA at lower dose ranges. IOMM-Lee cells were more sensitive to 

these HDACis than CH157 cells, as IC50 for Pano was 7.9 and 20.0 nM and that for TSA 

was 98.1 and 235.5 nM in IOMM-Lee and CH157 cells, respectively (Fig. 1C, D).

We next tested whether low-dose HDACis could sensitize MM cells to the oncolytic effects 

of oHSV G47Δ. We chose HDACi doses that are only marginally (5–10%) cytotoxic on their 

own, yet potentiated the anti-MM activity of G47Δ (Fig. 1E–H). Indeed, this sensitization 

effect of HDACi was consistently observed with both TSA and Pano in both human MM 

cell lines that are genetically distinct and displayed differing sensitivity to oHSV-mediated 

cytotoxicity. Such increased killing by the combination therapy was not observed in normal 

human astrocytes (Supplementary Fig. S1). Thus, low dose-pan-HDACis enhanced the 

oncolytic activity of oHSV G47Δ against human MM cells.

3.2. Low dose HDAC inhibitors increase infectability, replication and spread of oHSV 
G47Δ in MM cells

Next, we determined the HDACi-induced changes in virus-host cell interactions that could 

underlie HDACi-mediated enhancement of oHSV activity. Pretreatment of MM cells with 

HDACi significantly increased the entry (i.e., infectability) of G47Δ into MM cells, as 

measured with x-gal staining of cells 6 h post-infection (Fig. 2A–D), and doses as low as 

25 nM (TSA) and 0.75 nM (Pano) were again impactful. Virus yield assay further showed 
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that exposure to low dose HDACis significantly augmented the replication of oHSV in the 

two MM cell lines, however the effect was more prominently observed in CH157 cells (Fig. 

2E, F). In accord with these results, the spread of G47Δ was also positively impacted by 

pretreatment of MM cells with HDACis. Exposure to HDACis enabled infection of G47Δ-

mCherry to spread more robustly in monolayer cultured MM cells in vitro, as compared 

with infection without HDACis (Fig. 2G, H). Of note, these effects were similarly and 

consistently mediated by TSA and Pano, supporting the idea that the observed effects were 

driven by HADC inhibition. Thus, low dose pan-HDACis increase infectability, replication 

and spread of oHSV G47Δ in MM cells, leading to increased killing of the MM cells.

3.3. Transcriptional changes mediated by the combination treatment of MM cells by 
HDAC inhibitors and oHSV G47Δ

To understand the molecular underpinnings of the HDACis-mediated enhancement oHSV 

therapy, we conducted transcriptomics analysis using RNA sequencing. IOMM-Lee and 

CH157 MM cells were treated with HDACis (either TSA or Pano), followed 5 h later 

by infection with G47Δ, and harvest of the cells 24 h post-infection for RNA extraction, 

the timing that ensures completion of at least one oHSV replication cycle and viability of 

majority of the cells. The coverage and quality of the sequencing data is summarized in 

Supplementary Table S2. Principal component analysis revealed that mock-treated IOMM-

Lee or CH157 MM (IO, CH) control cells (C, 1 and 2 in the plot) and HDACi-treated 

cells without G47Δ (Hi, 5–8) gathered close together, probably reflecting the limited 

effect of low-dose treatment (Fig. 3A). However, C or Hi, G47Δ-infected cells without 

HDACi (G, 3 and 4) and cells co-treated with HDACis and G47Δ (Hi_G, 9–12) displayed 

good separation (Fig. 3A). Transcriptomics induced by TSA and Pano (Hi) were grouped 

closely, whether with or without G47Δ, indicating that the two HDACis mediated similar 

transcriptomic changes (Fig. 3A). Heat map generated with cluster analysis also indicated 

similar expression patterns induced by the two HDACis (Supplementary Fig. S2). We 

then shifted our attention to differential gene expression between the Hi_G and G groups 

to identify the transcriptomic impacts of HDACis in the context of G47Δ treatment of 

MM cells. We focused our analysis on mRNA changes that occurred commonly in both 

IOMM-Lee and CH157 cells because such an approach could isolate biological phenomena 

that are generalizable in HDACi-induced enhancement of oHSV therapy of MM. HDACis 

conferred more numerous and diverse statistically significant changes in gene expression 

in G47Δ-treated CH157 cells, as compared with IOMM-Lee cells (Fig. 3B–E), which 

may reflect robust HDACi sensitization of comparably oHSV-insensitive CH157 cells. 

Nevertheless, analysis of differentially expressed genes found the gene ontologies pertaining 

to RNA processing and RNA splicing highly significantly and commonly enriched in the 

comparisons between the Hi_G and G groups in IOMM-Lee and CH157 cells (Fig. 3D, E) 

(Supplementary Fig. S3 and Supplementary Table S3). Our results thus suggest that HDACi-

induced modification of RNA processing mechanistically underlie HDACi augmentation of 

oHSV treatment of MM.
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3.4. HDACis did not induce consistent changes in interferon-mediated anti-viral 
responses in MM cells

HDACis including TSA have been shown to inhibit innate anti-viral responses involving 

interferons and other mechanisms (reviewed in [29,30]). We used our transcriptomics data 

to examine whether HDACis influence expression of a set of genes previously implicated 

in HDACis modulation of innate anti-virus responses (Fig. 4) [34–36]. G47Δ infection 

triggered expression of IRF7, but not IRF3, in both MM cells (Fig. 4A, B). Interestingly, 

downstream signaling was largely inhibited in oHSV-permissive IOMM-Lee cells as shown 

by downregulation of multiple interferon-stimulated genes [37], namely IFIT1 and IFIT3, 

and OAS1, whereas these were either upregulated or unchanged in CH157 cells that are 

less permissive to oHSV (Fig. 4C–H). In G47Δ-infected IOMM-Lee cells, pretreatment with 

HDACis did not result in apparent additional inhibition of innate defense genes (Fig. 4C–H), 

presumably because G47Δ alone effectively blocked the cellular innate response in this 

MM cell line. In G47Δ-infected CH157 cells, however, we noted some evidence that pre-

exposure to HDACis inhibited interferon-related anti-oHSV responses; downregulation of 

STAT1, IFIT1 and IFIT3 by HDACis (Fig. 4C–E). Furthermore, TSA decreased EIF2AK2 

(PKR) and Pano potently decreased PML in G47Δ-infected CH157 cells (Fig. 4F, H). 

These results suggested that, at least in human MM cells, HDACis-mediated inhibition of 

oHSV-triggered, interferon-driven anti-viral responses were cell-context dependent.

We and others have shown that changes in expression of cell cycle genes underlie 

the increased anti-cancer effects of combining HDACis and oncolytic viruses [38,39]. 

Consistent with these reports, we observed that pretreatment of MM cells with HDACis 

enhanced G47Δ-induced upregulation of CDKN1A (p21) and downregulation of CCND1 

(cyclin D1) (Supplementary Fig. S4).

3.5. HDACi boosted the replication and therapeutic activity of oHSV G47Δ in human 
malignant meningioma xenografts in vivo

Lastly, we determined the therapeutic impact of HDACis on intra-tumoral oHSV therapy 

of MM in a mouse xenograft model. To this end, we focused on Pano since TSA is not 

applicable to clinical use. We first tested if Pano monotherapy would alter the growth of 

human MM. Two daily systemic administrations of Pano (at 30 mg/kg) in athymic mice 

were well tolerated and did not impact the growth of IOMM-Lee xenografts as compared 

with vehicle treatment (Fig. 5A). We then designed an experiment using G47Δ-Us11fluc 

to assess HDACi-induced enhancement of intra-tumoral replication and therapeutic effects 

of G47Δ, simultaneously (Fig. 5B). Bioluminescence imaging demonstrated a significant 

increase (over double on average) of fluc signals emitted from oHSV-injected MM 

xenografts when combined with Pano (Fig. 5C, D). Although tumor growth was inhibited 

by intra-tumoral injection of G47Δ-Us11fluc, significantly more potent growth inhibition 

was observed when Pano was combined with oHSV (Fig. 5E, F). The levels of the fluc 

signals (on day 3 post G47Δ-Us11fluc injection) negatively correlated with the subsequent 

changes in tumor volume (on day 10) (Fig. 5G), suggesting a positive correlation between 

intra-tumoral virus replication and tumor response to oHSV therapy.
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4. Discussion

oHSV offers an alternative approach to address the unmet medical need of a lack of 

effective treatments for HGM. However, mechanistic combinatorial strategies are most likely 

necessary to counter the notoriously treatment-refractory nature of this cancer type. In this 

work, we present preclinical evidence that pan-HDACis can enhance the replication and 

anti-tumor activity of the clinical oHSV G47Δ in human MM models, representing both 

NF2-mutant and intact tumors, in vitro and in vivo.

Both TSA and Pano exhibited high cytotoxicity to human MM cells in vitro at sub-

micromolar dose ranges, direct anti-tumor activity consistent with what was shown in 

breast cancer cell lines [40]. Pano was previously identified as a potent hit in a screening 

of an epigenetic compound library tested only at 1 μM final dose in a panel of human 

meningioma cell models, including IOMM-Lee and CH157 cells [41]. We chose HDACi 

concentrations that were minimally cytotoxic on their own, in order to isolate their potential 

to sensitize MM cells to oHSV treatment. We consistently found that low dose HDACis 

enhanced G47Δ-mediated killing of MM cells, which was associated with increased virus 

entry, replication and spread. This observation was in line with other reports that have shown 

beneficial effects of various HDACis on increasing infectivity and/or replication of oncolytic 

viruses of differing platforms including oHSV [36,40,42], oncolytic adenovirus [43], and 

vesicular stomatitis virus [35]. Interestingly, our prior published work investigating TSA in 

modulating G47Δ therapy of cell lines from several cancer types other than MM did not find 

TSA-induced changes in the degree of G47Δ replication in vitro when a rather high dose 

of TSA (100 ng/ml corresponding to 330 nM) was used [39]. In the current work, we also 

noted a narrow HDACi dose window elevated virus yield in oHSV-permissive IOMM-Lee 

cells, as 25 nM TSA, not higher 50 nM, was effective. On the other hand, more consistent 

and less dose-dependent HDACis effects were observed on virus infectivity and spread. The 

virus infectivity assay using early virus LacZ expression and x-gal staining as the readout 

can reflect the efficiency of G47Δ to enter the host cell, traffic to the nucleus, and express 

LacZ. HDACi-mediated augmentation of virus yield in vitro thus appeared to be dependent 

on multiple factors that include permissiveness of the cancer cells to the virus and the 

HDACi dose. Our findings with NF2-intact IOMM-Lee and NF2-mutant CH157 models also 

suggested that the combination benefit does not rely on the tumor’s NF2 status, however, 

this requires experimental validation before drawing a conclusion.

Mechanistically, multiple studies have shown that HDACis enhance the activity of oncolytic 

viruses including oHSV by suppressing interferon-driven innate anti-viral responses [35,36]. 

Additionally, we and other have reported that HDACis modulated expression of cell cycle-

regulating genes to halt cell cycle progression [38,39]. The HDACis that have been most 

extensively studied so far are TSA (pan HDACi) and valproic acid (Class I and IIa HDACi), 

and both seem to drive similar mechanisms to enhance oncolytic viruses. In this work, 

principal component analysis of RNA sequencing data revealed that combining low dose 

TSA or Pano with G47Δ mediated similar transcriptomics changes in the transcriptomic 

landscape of G47Δ treatment alone, supportive of the drug effects being due to on-target 

inhibition of HDACis. CH157 cells responded to HDACis and G47Δ with changes in 

a much larger number of transcripts than IOMM-Lee cells. A search for differentially 
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expressed gene ontology modules identified mRNA processing and mRNA splicing GO to 

be significant in both IOMM-Lee and CH157 cells. When combined with G47Δ, HDACis 

consistently altered a set of genes coding for proteins participating in mRNA processing 

that involves addition of the 5′ cap and a 3′ poly (A) tail and pre-mRNA splicing. This 

is an unexpected discovery since HSV, relying on host transcription and RNA processing 

machinery to express viral RNAs, has evolved measures (via immediate early genes, ICP4, 

ICP22 and ICP27, all present in G47Δ) to antagonize multiple cellular transcriptional events 

in favor of its own gene expression [44]. ICP27 has been shown to interact with splicing 

factors such as SRSF1, SRSF2, and SRSF7 [45–47] that were found to be downregulated 

(SRSF1) or upregulated (SRSF2 and SRSF7) when MM cells were exposed to HDACi 

before oHSV infection (Supplementary Table S1). Our finding that HDACis enhancement of 

oHSV was consistently associated with mRNA processing supports the unique capacity of 

HDACis to optimize HSV-driven aberrant mRNA processing of cellular genes, and ensure 

virus mRNA processing and export, resulting in the augmentation of oHSV replication. Our 

results, however, do not exclude the role of other mechanisms; in fact, our transcriptomics 

analysis showed HDACi-mediated suppression of innate anti-viral responses in CH157 cells.

TSA and Pano displayed comparable properties to enhance oHSV therapy of MM in vitro. 

We selected Pano for in vivo studies with MM xenografts, since Pano was approved for the 

treatment of multiple myeloma, while TSA is a preclinical agent [27]. Using a G47Δ variant 

expressing fluc driven by an HSV true late promoter, we show that systemic treatment 

with Pano increased intratumoral replication of G47Δ injected into IOMM-Lee MM, which 

was associated with superior tumor growth inhibition. We also show that non-invasive 

bioluminescence imaging and quantitation of virus replication had a utility to predict 

subsequent, better tumor control. Previously, HDACis of different classes, namely valproic 

acid (class I and IIa), entinostat (class I) and tubastatin A (HDAC6 specific inhibitor), have 

been shown to promote oncolytic virus replication in tumors in vivo [35,36,42]. The current 

work is the first to demonstrate a clinically relevant, anti-cancer HDACi able to enhance 

oHSV therapy by elevating virus amplification in vivo. We speculate that direct action 

of Pano on tumor cells (i.e., modulation of mRNA processing) underlay enhanced oHSV 

replication. However, Pano may have inhibited NK cell-mediated lysis of infected MM cells 

in vivo to prevent early virus clearance [48].

5. Conclusion

We present preclinical evidence that pan-HDACis can improve oHSV therapy of MM via 
augmenting virus entry and replication. This finding can be rapidly translated into the clinic 

given both HDACis and G47Δ are currently in clinical use. Future research should also test 

this combination approach in an immunocompetent setting since HDACis have been shown 

to modulate innate as well as adoptive immune responses [29].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Low dose HDAC inhibitors enhance G47Δ-mediated killing of malignant meningioma cells 

in vitro. A and B, MTS cell viability assay showing dose-dependent responses to oHSV 

G47Δ in IOMM-Lee (A) and CH157 (B) cells. Assay was done 3 days post-infection. C 
and D, MTS cell viability assay showing dose-dependent responses to HDAC inhibitors 

Trichostatin A (TSA) and Panobinostat (Pano) in IOMM-Lee (C) and CH157 (D) cells. 

Assay was done 3 days after exposure to each drug. E-H, MTS cell viability assay showing 

the ability of a minimally toxic dose of HDAC inhibitors to sensitize malignant meningioma 

cells (IOMM-Lee, E and G; CH157, F and H) to G47Δ-mediated killing. Cells were pre-

exposed to the indicated HDAC inhibitor for 5 h when cells were infected with G47Δ. MTS 

assay was done 3 days later. Mean and standard deviation (bars) of cell viability relative to 

untreated control cells are presented. *, p< 0.05; **, p< 0.01; and ***, p< 0.001 compared 

with no HDAC inhibitor in each group (Student t-test).
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Fig. 2. 
Pan-HDAC inhibitors enhance entry, replication, and spread of G47Δ in malignant 

meningioma cells in vitro. A-D, Virus infectability assay. A and B, IOMM-Lee cells. C 

and D, CH157 cells. A and C, Representative microscopic pictures showing x-gal positive 

cells in dark (black). Scale bars: 100 μm. B and D, Quantification of triplicate images. E 
and F, Virus yield assay. IOMM-Lee cells (E) and CH157 cells (F) were exposed to HDAC 

inhibitors at indicated concentration (nM), followed 5 h later by infection with G47Δ at 

MOI= 0.05 (IOMM-Lee) or 0.2 (CH157). Cells and culture media were collected at 24 h 

(IOMM-Lee) or 40 h (CH157) post-infection for determining virus yield. Dotted line: virus 

input. G and H, Virus spread assay. IOMM-Lee (G) or CH157 cells (H) were infected with 

G47Δ-mCherry at MOI= 0.1. Microscopic images for mCherry fluorescence were captured 

at 28 h (IOMM-Lee) and 45 h (CH157) post infection. Scale bars: 100 μm. *, p< 0.05; **, 

p< 0.01; ***, p< 0.001 compared with no HDAC inhibitor in each group (Student t-test).
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Fig. 3. 
RNA sequencing analysis of the impacts of HDAC inhibitors on G47Δ-induced 

transcriptomics. A, Principal component analysis. IOMM-Lee cells (IO, IOMM), CH157 

cells (CH). Numbers that follow cell type denote: mock-treated control (C), 1 and 2; 

G47Δ alone, 3 and 4; Panobinostat (Pano), 5 and 6; Trichostatin A (TSA), 7 and 8; 

Pano+G47Δ, 9 and 10; and TSA+G47Δ, 11 and 12. G47Δ, G; HDAC inhibitors (Pano 

and TSA), Hi. Symbol coloring on right is based on grouping in which Pano and TSA 

groups were combined as Hi. B and C, Volcano plots, comparing HDAC inhibitors+G47Δ 

(Hi_G) vs. G47Δ alone (G) in IOMM-Lee cells (B) and CH157 cells (C). D and E, Gene 

Ontology (GO) enrichment analysis, comparing HDAC inhibitors+G47Δ vs. G47Δ alone 

in. D, IOMM-Lee cells (D) and CH157 cells (E). The most significant 30 GO terms are 

displayed. padj, p adjusted.
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Fig. 4. 
Impact of HDACis on the expression of genes involved in interferon-mediated innate anti-

viral responses. Analysis of the RNA sequencing data presented in Fig. 3. A, IRF3, B, IRF7, 

C, STAT1, D, IFIT1, E, IFIT3, F, EIF2AK2 (PKR), G, OAS1 and H, PML.
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Fig. 5. 
Pan HDAC inhibitor enhances replication and therapeutic effects of oHSV in malignant 

meningioma. A, Tumor growth curves of IOMM-Lee flank xenografts treated with vehicle 

or Panobinostat (Pano). B, Schema showing the experimental design; Pano, 30 mg/kg on 

Days 0 and 1, and G47ΔUs11fluc injected intra-tumorally at 3 × 105 pfu on Day 0, 5 

h after the first Pano dosing. BLI, Bioluminescence. Created by BioRender.com. C, BLI 

on Day 3. The group that received Pano alone was not subjected to BLI. D, Changes 

in total flux signal from Day 1 to Day 3. E, Tumor growth curves of the 3 groups: 

Pano, G47ΔUs11fluc (oHSV) and Pano+G47ΔUs11fluc. Tumor volume relative to Day 0 

is presented to assist comparison between groups. F, Tumor volume ratio (Day 12/Day 0), 

comparing the 3 groups. Each dot represents a tumor. G, Spearman correlation coefficients 

to show relationship between Day 3 BLI total flux (TF)(x-axis) and tumor volume ratio (Day 
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12/Day 0)(y-axis) from the G47ΔUs11fluc (oHSV) and Pano+oHSV groups together. Each 

dot represents a tumor.
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