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Abstract

Purpose In the past decade, there has been little progress in the treatment of malignant glioma. Recently, oncolytic
virus has made great progress in glioma treatment, and a number of clinical trials have shown their potential of prolong-
ing the survival time of glioma patients. Our objective is to evaluate effectiveness and safety of oncolytic virus (OV) in
malignant glioma treatment.

Methodology Based upon PRISMA, we collected relevant published clinical trials by searching medical databases up to
January 16, 2023, applying the language restrictions in English and Chinese. We cross-searched the terms:‘glioma; ‘glio-
blastoma; ‘oncolytic viruses, ‘oncolytic virotherapy’ with filter ‘clinical trial’ Two researchers independently extracted the
data regarding case definitions, published years, trial phase, characteristics of patients, administration of drug, overall
survival (0S), and adverse events.

Results 19 published clinical trials in OV treatment of malignant glioma were included in the further systematic review
analysis. None of them induced irresistible adverse effects attributing to OV treatment, median overall survival varied
from 3.25 to 20.2 months after treatments. According to trials providing patient’s detailed molecular diagnosis, we find
that the effectiveness of OV treatment has no significant difference in patients with different IDH or MGMT status.
Conclusions Current clinical trials have initially shown the potential of oncolytic virotherapy as a new treatment for
malignant glioma. Besides development of virus types, the strategy of OV use is an urgent problem to be solved in future
clinical application, such as repeated administrations, innovative drug delivery systems, and biomarkers.

Keywords Oncolytic virus - Malignant glioma - Clinical trials - Systematic review

1 Background

Malignant glioma accounts for nearly 80% of all malignant primary brain tumors [1]. The annual incidence of glioma
is 3-6.4/100,000, The median survival time of glioblastoma is less than 20 months, and the 5-year survival rate is only
about 5.8% after standard combined treatment. At present, the proven treatment for malignant glioma is surgical
resection, chemotherapy, radiotherapy, and electric field therapy, while there are no effective therapies for recurrent
glioblastoma. The past decades have witnessed the developments of CAR-T therapy, tumor vaccine therapy, and onco-
lytic virus therapy, making immunotherapies the most potential ones for treatment of recurrent malignant glioma.
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Among these immunotherapies, oncolytic virus showed great potential for clinical application. Currently, several
virus species were performed in the trials of malignant glioma treatment, such as Herpes Simplex Virus-1, Adenovirus,
Reovirus, Parvovirus, Polio/Rhinovirus Recombinant, Newcastle Disease Virus, and so on. Oncolytic viruses can be
natural or genetically modified viruses which has the capability to replicate in the tumor, and their antitumor activity
involves a variety of mechanisms [2]. Firstly, the oncolytic viruses could specifically infect into tumor cells and elicit
tumor lysis by viral replication and antiviral innate immunity. The specific infection is due to its biological habits or
artificially added selective promotor [3, 4]. Secondly, the tumor lysis therefore induces the release of tumor associ-
ated antigens (TAAs), cell-derived damage-associated molecular patterns (DAMPs) and viral pathogen-associated
molecular patterns (PAMPs). The innate immune response including recruiting dendritic cells and lymphoid cells
eliminates virus-infected tumor cells [5]. Thirdly, based on the above two processes, the spread and replication of
oncolytic virus in tumor tissue change the tumor immune microenvironment from cold into hot, and promotes the
body to produce anti-tumor immunity [6, 7]. Moreover, certain oncolytic adenoviruses inhibit brain cancer stem cells
[8, 9]. The combined anti-tumor mechanisms of the oncolytic virus led to short-term and long-term anti-tumor effi-
cacy, which is expected to improve the survival time of patients with malignant glioma. On June 11, 2021, oncolytic
therapy Delytact (Teserpaturev/G47A) has been approved by the Ministry of Health, Labor and Welfare of Japan,
making it the world’s first conditional and time-limited approved oncolytic viral therapy for brain tumours [10].

Considering the effectiveness of oncolytic virus therapy varies greatly, the purpose of this review is to systemati-
cally analyze the published clinical trials based on the evaluation of virus types, administration, efficacy and safety.

2 Method
2.1 Search strategy and selection criteria

This systematic review is conducted following the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 Statement [11]. We collected relevant published clinical trials by searching PubMed, Embase,
Web of Science, Cochrane Central Register of Controlled Trials (CENTRAL), ClinicalTrials.gov, China national knowl-
edge infrastructure (CNKI), and Chinese Clinical Trial Registry (ChiCTR) up to July 20, 2023. Language restrictions in
English and Chinese were applied. We cross-searched the terms: ‘glioma’, ‘glioblastoma;, ‘oncolytic viruses’, ‘oncolytic
virotherapy’ with filter ‘clinical trial’

We regarded studies as eligible for inclusion done in clinical trials studying oncolytic therapy in treatments of
malignant glioma no matter in adults or children. Exclusive criteria were as follows: the study therapy that virus was
only used as the vector to deliver therapeutic agent was excluded; the case reports, case series, and conference
papers were excluded as well. Study titles and abstracts were reviewed by two independent investigators. Then the
inclusion criteria were received after a full-text assessment. In case of disagreement, a third reviewer independently
assesses the search methods, and any issue was resolved by consensus.

2.2 Data collection and analysis

Under the guidance of the established research protocol, two researchers independently extracted the data regarding
case definitions, published years, trial phase, characteristics of patients, administration of drug, overall survival (OS),
and adverse events. Notably, we did not sum up the median progression-free survival because the main indicator of
tumor progression was imaging evidence. While because of the intratumoral injection, the entire tumor enlargement
might confuse the judgment of tumor progression. Moreover, Tomoki Todo et al. assumed that post-administration
MRI features (injection site contrast-enhancement clearing and entire tumor enlargement) likely reflected tumor cell
destruction via viral replication and lymphocyte infiltration towards tumor cells based on biopsies [12]. Finally, the
types of viruses, drug administration methods, efficacy and side effects were analyzed and reviewed in this paper.
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3 Results

118 records were searched out from the medical databases mentioned above and 34 of them were excluded due to the
duplication. After titles and abstracts screened, there were 30 published articles relevant and retrieving for full-text assess-
ments: 10 of these studies were excluded according to the reasons listed in Fig. 1. Finally, 20 studies fully met the criteria
and were included in the further systematic review analysis. The flow diagram of the research was summarized in Fig. 1.
15 of total 20 trials were in phase |, while rest 5 trials were in phase I/ll or phase Il. None of them staged in the phase lll.

3.1 Virus types

The majority of articles published to report the results of their clinical trials used HSV-1 (n =9, 45%) and adenovirus (n=6,
30%). There were 2 trials utilizing reovirus (10%), while Polio/Rhinovirus Recombinant virus (n=1, 5%), H-1 Parvovirus
(n=1, 5%), and New Castle Disease virus (n=1, 5%) has only one completed trial, respectively (Fig. 2a). The types of
viruses used in the treatment reflected the multitudinous research and development route. Through virus transforma-
tion technology [13], the development of oncolytic virus products with different characteristics to achieve better glioma
tropism and tumor-killing ability. We summarized and analyzed the use of different oncolytic viruses in published clinical
studies, especially the maximum dose used and adverse events attributed to oncolytic therapy (Table 1).

3.2 Administrations

All clinical trials were diagnosed due to WHO CNS4 classification because of the timing of trial initiation. Glioma subtypes
enrolled in the trials were demonstrated in Fig. 2B. The most frequent administration of oncolytic viruses was direct
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intratumoral injection (.T) (n=12). Three of them were combined with radiotherapy [19, 20, 32]. Three trials excised the
tumor body and then injected the virus into residual tumor cavities (1.C) [17, 21, 23]. The other four trials injected the virus
into the tumor utilizing convection-enhanced delivery (1.T CED) [25, 26, 28, 30]. One of them began using pembrolizumab
7 days after intratumoral injection [26]. One trial performed the oncolytic therapy by venous transfusion using the New
Castle Disease virus [31]. Several trials set different subgroup to compare different combinations among I.T, L.V, and I.C
as we listed detailly in Table 1 [22, 33]. Meanwhile, the repeating times of virus administration in trials varied. 4 of them
performed twice virus treatments [12, 18, 22, 29]. One trial was conducted with three doses [31]. The phase Il trial of
G47A carried out six-time virus injections [10]. It is worth mentioning that it is allowed to perform palliative resection,
chemotherapy, radiotherapy, and any other necessary treatments for patients after receiving the oncolytic therapy. We
only counted the designed standard administrations in the trials.

3.3 Adverse events

The majority of adverse events that may be attributed to oncolytic virotherapy were not more than grade lll. And most of
symptoms are self-limited. The most common adverse events were fever and seizure. Only trial of PVSRIPO [34] reported
a seizure of grade V. Total 4 trials reported grade IV adverse events such as cerebral edema [26, 34], confusion [25], and
lymphocyte count decreased [10]. Specifically, because of the inadvertent injection of NSC-CRAd-Spk7 into the ventricle,
oncolytic adenovirus CRAd-S-pk7 carried with neural stem cells caused a meningitis of grade Ill. After hospitalisation,
the patient fully recovered. Though the stem cell vector can effectively increase the actual dose of virus treatment, the
combination strategy of stem cells and oncolytic viruses still needs to be further improved to broaden the delivery of
oncolytic DNA viruses.

3.4 Therapeutic evaluation of oncolytic virus for recurrent GBM patients

Since the majority of enrolled patients were recurrent GBM, we extracted the data of rGBM patients and listed the median
overall survival as well as the min-OS and max-OS (Table 2). As is illustrated in Table 2, the G47A lead in the top-placed
rankings with 20.2 months, making it the first and only oncolytic treatment conditional approved for utilization in clini-
cal practice by the local administration. Notably, though the max dose of two trials was the same (3 x 10° PFU), with the
increasing repeats of virus injections from 2 to 6, the median overall survival improved significantly from 7.2 months to
20.2 months (Fig. 2d). The mOS rank did not indicated the significant dominance in specific virus type. When it comes
to the same oncolytic virus, we supposed that the increasing repeats of administration and the combined treatment
might enhance the efficacy of oncolytic virus (Fig. 2e). Currently, the different administrations of viruses did not affect
therapeutic benefits significantly based on the limited enrollments.

Meanwhile, with the promotion of WHO CNS5, more and more attention has been paid to the molecular typing of
glioblastoma patients. Also, it lacks efficient biomarkers for the effectiveness of oncolytic virus therapy. We listed the dif-
ferent molecular type mOS of isocitrate dehydrogenase 1 (IDH1) and O6-methylguanine DNA methyltranferase (MGMT)
(Table 3). Todo et al. reported the results that phase Il trial of G47A indicated there was no differences of oncolytic virus
efficacy caused by IDH1 mutation or MGMT expression [10]. It is consistent with the results of Desjardins et al. [30] and
Lang et al. [22]. It might show the possibility that the oncolytic virus has consistent efficacy in different IDH or MGMT
status.

4 Discussion

Based on the available data, it is evident that oncolytic therapy for malignant gliomas exhibits a favorable safety pro-
file irrespective of the viral type employed. Six virus types have been genetically modified to enhance their oncolytic
potential, and they can be broadly categorized into two groups: RNA viruses and DNA viruses. Among these, HSV-1 and
adenovirus have predominantly featured in clinical trials of oncolytic virotherapy due to their superior safety profiles
and the ease of gene editing technology. In recent years, there has been an increasing focus on developing and utiliz-
ing various virus species, particularly RNA viruses such as reovirus, H-1 Parvovirus, PVSRIPO, and NDV. The most notable
characteristic of these viruses lies in their ability to traverse the blood-brain barrier, thereby expanding the potential for
intravenous administration. However, further evidence is required to substantiate the safety of these novel viral species,
address challenges associated with genetic modification, and evaluate their actual efficacy. Moreover, it should be noted
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that oncolytic viral drugs are typically designed to target a wide range of solid tumors rather than specifically gliomas.
Consequently, limited investment has been made in developing oncolytic viruses capable of efficiently crossing the
blood-brain barrier.

Based on the analysis of published clinical data, our opinion is that repeated administrations are more effective than
single administration in treating malignant glioma with oncolytic virus therapy. The conditionally approved oncolytic
product G47A has shown significantly increasing efficacy with up to six times of virus injection [10]. However, the mecha-
nism behind it remained breezing, especially the effects of repeated administration on the tumor immune microenvi-
ronment. Whether the reinjected virus could arouse the body anti-tumor immune activity was an unsolved question.
At the same time, it lacks more rigorous researches to figure out the optimal dose the virus repeated used and the best
strategy of delivery approaches. Though the incredible efficacy, six-times surgeries to inject G47A is a heavy burden for
patients’ both economy and body tolerance. Therefore, other more convenient approaches are on the candidacy such
as intraventricular injection, nasal drug delivery, and intravenous injection.

For neurosurgeons, intraventricular administration is a relatively mature method in clinical practice, and there
are also widely-used drug delivery products such as Ommaya [35]. However, the viral meningitis seriously hinders
the development and application of intraventricular drug delivery. As for intravenous injection, the main obstacle is
blood-brain barrier (BBB). Even if the virus species itself has the ability to penetrate the BBB, this will reduce the virus
enrichment at the tumor site [29, 31]. Moreover, the current oncolytic viruses developed based on DNA virus, which
naturally limit on the capabilities to deliver via nasal or vascular system [36]. Stem cell drug delivery system provides
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the possible solutions without the completely modified of existing oncolytic viruses [37]. It has been proved the
potentials to reduces viral virulence, increases tumor susceptibility and enables intranasal and intravenous admin-
istration [38]. Therefore, it might be the trend to solve the repeated administration by the development of stem cell
delivery. Moreover, according to the experiences of oncolytic therapies for other tumors, the oncolytic virus combined
with other therapies showed synergistic effect and better efficacy [39, 40]. Besides chemotherapy and radiotherapy,
increasing research targeted in the combination between oncolytic virus and other immunotherapies including adap-
tive T-cell transfer and cytokines [41], immune checkpoint inhibitors [26, 42], and antitumor vaccines [40]. Nassiri et al.
combined the classical oncolytic adenovirus DNX2401 with Pembrolizumab, and despite considering multivariate
factors such as mode of administration and maximum OV dose, rGBM patients experienced a significant increase in
median survival, with several achieving long-term survival. This recently published phase Il clinical trial further sub-
stantiates our perspective on combination strategies, necessitating further exploration of the mechanism underlying
pharmacodynamic coordination and investigation into optimal drug combinations and sequencing. The possible
mechanism of the synergistic effect is that the other traditional immunotherapies benefit from the shift of tumor
immune-microenvironments from ‘cold’ to ‘hot’ caused by the infection and replication of oncolytic viruses [6, 71.
The clinical trials, such as Desjardins et al. and Todo et al., presented some impressive long-term survivors from
recurrent GBM. And according to the clinical test results of subjects after treatment, the active viruses do not last more
than a few months in the body [10, 12, 24, 43]. Therefore, the lasting anti-tumor immunity might play the critical role
in these long-term survivors [44]. Oncolytic virus therapy can sequentially activate innate and adaptive anti-tumor
immunity. After viral infection and subsequent oncolysis, a rapid activation of non-specific innate immunity occurs.
Infected tumor cells secrete cytokines such as type-I IFN and tumor necrosis factor-a (TNF-a), exposing TAAs and
viral PAMPs to the host immune system through oncolysis. This virus-induced cell lysis is recognized as immunogenic
cell death (ICD) characterized by the release of danger-associated molecular patterns (DMAPs) including ATP, high-
mobility group box 1, and calreticulin. Subsequently, dendritic cells (DCs) are recruited and undergo maturation upon
exposure to DAMPs and TAAs. Toll-like receptors on immune cells are activated by DAMPs and PAMPs, leading to the
subsequent release of proinflammatory cytokines [e.g., tissue necrosis factor-a (TNF-a), type-I IFN, IL-1(3, IL-6, and
IL-12] and chemokines. This results in the recruitment and activation of innate immune cells such as neutrophils and
NK cells. T cell-mediated immune responses specific to the tumor are crucial for adaptive immunity during OV infec-
tion. Depletion of T cells has been shown to result in a lack of anti-tumor efficacy despite persistent OV replication.
However, tumor-infiltrating lymphocytes (TILs) are extensively suppressed by components of the tumor microen-
vironment. Following OV-triggered innate immune responses, antigen-loaded antigen-presenting cells migrate to

Table 2 The rank of median overall survival of recurrent GBM after oncolytic treatments

Year Generic name No. mKPS mAge Administration Max-dose mOS minOS max0S
2022 G474 19 80 51 1T 1x10° PFU 20.2 4.2 65.3
2023  DNX-2401 49 90 53 .T+ pembrolizumab 5%10'°VP 125 2.8 41.6
2018 PVSRIPO 61 90 55 I.TCED 7x10° PFU 11.4 3.1 70.4
2017 ParvOryx 18 90 58.5 |.T-excision-l.C/I.V-excision-I.C 5x10° PFU 11.2 3.2 40.9
2021 G207 10 - 12.5 I.T+RT 1% 108 PFU+5 Gy 10.7 3.8 19.4
2018 DNX-2401 33 920 52 1.T/I.T-excision- I.C 3x100vpP 9.8 23 57.9
2006  NDV-HUJ 11 80 51 LV. 5.5x10'° EID50 8 0.75 16.5
2000 HSV1716 8 60 525 ) 1x10° PFU 7.5 2 24
2004 HSV1716 4 90 50.5 1.C 1x10° PFU 7.5 3 22
2022 G47A 13 90 45 1T 1x10° PFU 7.2 3.2 143.9
2009 G207 6 75 54.6 LT 1.15x10° PFU 6.6 2 20.75
2000 G207 16 - 56.5 LT 3x10°PFU 6 2 17
2002 HSV1716 11 80 49 |.T-excision 1x10° PFU 6 1 13
2004 ONYX- 015 17 920 55 1.C 1x10'° PFU 5 1.2 234
2014 Reovirus 15 920 51.52 I.TCED 1x10'° PFU 4.6 3.2 329
2022 DNX-2401 19 920 54 I.TCED 3x10'°PFU 43 2.3 93.1
2014 G207 7 920 55 . T+RT 1.0x10° PFU 4.15 1.5 12.8
2008 Reovirus 9 - - |.T-excision 7x108 PFU 3.25 1.5 15.85
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Table 3 The median overall

- . Generic name rGBM No. of patients mOS No. of patients mOS
survival of different molecular mosS
typing GBM after oncolytic IDH1 wt mt MGMT met unmet
treatments
G47A1[10] 20.2 wt:13 20.9 19.4 met:2 16.2 20.2
mt:6 unmet:3
NA:14
PVSRIPO [30] 1.4 wt:45 125 135 met:14 143 104
mt:7 unmet:36
NA:9 NA:11
ParvOryx [33] 11.2 wt:17 11.9 - met:2 1 8.9
mt:0 unmet:12
NA:1 NA:4
G207 [20] 10.7 wt:10 10.7 - met:0 - 6.9
mt:0 unmet:4
NA:6
DNX-2401 [22] 9.8 wt:10 14.1 11.8 NA:33 - -
mt:2
NA:21
G47A[12] 7.2 wt:11 11.6 6.2 met:7 11.6 6.9
mt:2 unmet:6
DNX-2401 [25] 43 wt:15 43 93.1 NA:19 - -
mt:1
NA:3

wt represents wild-type; mt represents mutant-type; NA represents none identified; met represents MGMT
methylation; unmet represents MGMT unmethylation

draining lymph nodes and initiate T cell priming by presenting antigens to naive T cells. Subsequently, production
of chemokines that recruit lymphocytes and proinflammatory cytokines during the virus-induced type-I interferon
response leads to the recruitment and activation of T cells. Inflammatory factors secreted during OV infection, such
as TNF-q, also upregulate selectin expression in endothelial cells, allowing enhanced extravasation of lymphocytes
from the vasculature. Then, during T cell infiltration, OV target stromal components and attract neutrophils to alleviate
structural barriers in the fibrotic tumor stroma. Both preclinical and clinical studies have shown increased infiltration
of cytotoxic T lymphocytes (CTLs) under OV infection, which is associated with a better prognosis [26, 45-47]. Finally,
OV reverse the immunosuppressive phenotype of immunoinhibitory cells during conjugation and killing steps by
upregulating MHC-1 on the tumor cell surface, allowing T cells to escape from immunosuppression and achieve
efficient tumor recognition and killing. Therefore, OV participate in all aspects of T cell activation including priming,
trafficking, infiltration, activation, and final tumor killing [48].

The idealized tumor immune-microenvironment following oncolytic virus treatment can be divided into two dis-
tinct phases. Firstly, it is crucial to suppress the anti-viral immunoreaction in order to facilitate the replication and
dissemination of the oncolytic virus. This challenge is particularly evident in viruses such as adenovirus or herpes
simplex virus, which may have a high prevalence within the population [49, 50]. Furthermore, repeated administra-
tion of the virus might exacerbate this phenomenon. Secondly, after tumor cell lysis and exposure to tumor anti-
gens, a robust and enduring anti-tumor immunity should be induced [51, 52]. Therefore, local immunity can act as a
double-edged sword. Further investigations into the underlying mechanisms and genetic modifications of viruses
are necessary for effective control over the immune-microenvironment.

As oncolytic virotherapy is still in its early stages, two practical issues for future clinical use are biomarkers and
timing of administration. Unlike other chemotherapy drugs, there is a lack of suitable markers to evaluate the effi-
cacy potential of oncolytic therapy [53]. As we primarily demonstrated from the mOS of rGBM patients with different
molecular subtype (IDH1 and MGMT), the common genotyping is not a good predictor of oncolytic virus efficacy.
However, some biomarkers are depicting great potentials including IFN signaling elements, cGAS-STING, retinoic
acid-inducible gene | (RIG-I), and various Toll-like receptors (TLRs) [54]. In future clinical trials, the detection and
analysis of these possible markers deserve more attentions. Also, the majority of studies have focused on recurrent
GBM patients, while few data and comparisons applied to initial glioma patients.
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5 Conclusion

The past 20 years witness the rapid development of OV for malignant glioma, and the first oncolytic product con-
ditional approved in Japan brightens the future of OV developments. Besides direct tumor lysis, oncolytic therapy
arouses the anti-tumor immunity and shows the potential of long-term treatment for tumor. According to the sys-
tematic review of clinical trials for malignant glioma treatments, we glanced the safety and developments of OV.
In the future, the repeated administrations and the combination with other immunotherapies are required more
explorations. The next generation of the existing virus by gene editing or the stem cell delivery system were urged
to be developed. Meanwhile, we advocate for the attention and disclosure of tumor molecular or genotyping infor-
mation in subsequent clinical trials on ovarian cancer (OV) to facilitate the analysis of biomarkers that can predict
treatment response, a critical factor for the successful implementation of OV therapy.

In a nutshell, OV for malignant glioma shows great prospects in the future and promotes significantly develop-
ment of cancer therapy.
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