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Abstract
Glioblastoma is the most common  primary malignant brain tumor in adults and outcomes remain poor despite the current 
standard of care multimodal therapy. Oncolytic virotherapy utilizes engineered viruses to exert an anti-tumor effect via both 
direct oncolysis and stimulation of an immune response within the tumor microenvironment, turning tumors from “cold” to 
“hot.” This has shown promise as a novel therapeutic modality and attempts to circumvent the challenges associated with 
traditional treatments. Many oncolytic viruses have been investigated in completed and ongoing clinical trials and while safety 
has been demonstrated, clinical outcomes have been variable, often with only a subgroup of patients showing a significant 
response. This review summarizes these studies, addresses relevant technical aspects of oncolytic virus administration, and 
highlights practical considerations to assist providers in appropriately caring for patients treated with oncolytic virotherapy. 
Additionally, future directions within the field that may help to maximize efficacy of this modality are discussed.
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Overview

Glioblastoma, WHO grade 4, is the most common primary 
malignant brain tumor in adults, accounting for 48.3% of 
malignant central nervous system tumors and affecting 
approximately 13,000 people per year [1]. Despite the cur-
rent standard of care treatment for newly diagnosed glio-
blastoma consisting of maximal safe resection, radiation, 
and temozolomide, outcomes remain poor with a median 
overall survival (mOS) of approximately 15–21 months 
[2–5]. There are very few long-term survivors, and virtu-
ally all glioblastomas recur. Following recurrence, there is 
no standard therapy and mOS is only 8–12 months with 
current salvage treatment options [6, 7].

Glioblastoma has remained challenging to successfully 
treat for several reasons. First, the tumor is highly invasive 
and complete resection at the cellular level is unachievable 
[8]. Second, glioblastoma cell survival is promoted by an 
immunosuppressive, or “cold,” tumor microenvironment. 
The generation of both cell-mediated and humoral immune 

responses is blunted through the upregulation of immuno-
suppressive cytokines, myeloid-derived suppressor cells, 
and regulatory T cells, while concurrent induced T cell 
exhaustion and the paucity of effective tumor antigens fur-
ther enhances the ability of the tumor to escape the immune 
system [9]. In addition, tumorigenic self-renewing glioma 
stem cells within the tumor microenvironment help to pro-
mote tumor initiation, heterogeneity, and recurrence [10]. 
Importantly, this heterogeneity exists both intratumorally 
and intertumorally due to the variability in and evolution of 
the driving molecular features of glioblastoma, which limits 
the effectiveness of targeted agents and leads to therapeutic 
resistance as the tumor can utilize other genomic pathways 
for growth and survival. Lastly, adequate penetration of sys-
temic therapies into the brain is impeded by the blood–brain 
barrier, which only allows the passage of small, lipophilic 
molecules across tight junctions [8]. Although there is some 
breakdown of the blood–brain barrier in parts of the tumor, 
many of the cells, particularly the invading cells, reside 
behind an intact blood–brain barrier. Tactics to overcome 
this include direct delivery of drugs into the region of the 
tumor through methods such as intratumoral injection or 
convection-enhanced delivery (CED), and attempts to alter 
the blood–brain barrier to allow drug passage, such as with 
osmotic agents, focused ultrasound, or electromagnetic 
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radiation [11]. However, maintaining therapeutic drug levels 
can be difficult even with such methods due to the upregula-
tion of drug efflux pumps within glioblastoma cells [8].

Undoubtedly, novel approaches are needed to improve 
outcomes in glioblastoma and one such focus is oncolytic 
virotherapy, which utilizes viruses to exert an anti-tumor 
effect. Oncolytic viruses can be divided into two broad cat-
egories: replication-competent and selectively replication-
competent. Selectively replication-competent viruses serve 
as a platform for gene therapy by acting as viral vectors 
to introduce specific genes, such as suicide genes, tumor 
suppressor genes, or immunostimulatory genes, into tumor 
cells that result in an anti-tumor response when expressed 
[12]. In contrast, replication-competent viruses infect tumor 
cells and replicate until the cell lyses, at which time the virus 
is then able to infect and lyse neighboring cells. The anti-
tumor effect in this setting occurs through two mechanisms: 
(1) direct oncolysis of malignant cells, and (2) subsequent 
stimulation of an immune response within the tumor micro-
environment, thereby turning tumors from immunologically 
“cold” to “hot” [13]. Following cell lysis, dendritic cells are 
attracted into the tumor microenvironment and recognize 
both pathogen-associated molecular patterns and damage-
associated molecular patterns on the oncolytic virus and 
tumor cell, respectively. These tumor-associated antigens 
(TAAs) are then presented to CD4 + T cells in the lymph 
nodes, resulting in the maturation of TAA-specific cytotoxic 
CD8 + T cells, which then migrate to the tumor site and exert 
cytotoxic activity against malignant cells.

Since its introduction, oncolytic virotherapy has garnered 
significant interest as a novel therapeutic modality for the 
treatment of glioblastoma. This review will briefly address 
relevant technical aspects of oncolytic virus administration, 
summarize completed clinical trials, introduce ongoing stud-
ies and future directions within the field, and discuss practi-
cal considerations to assist providers in appropriately caring 
for patients treated with oncolytic virotherapy.

Technical Considerations

Delivery Methods

Similar to other immunotherapeutic agents under investiga-
tion for treatment of high-grade glioma, oncolytic viruses 
can be delivered via various routes of administration, includ-
ing systemic administration, direct intratumoral injection, 
and CED. Intravenous administration negates the need for a 
neurosurgical procedure, but the efficacy is often impacted 
due to poor passage of the agent across the blood–brain bar-
rier and the incidence of systemic toxicities is increased. 
Additionally, there can be increased risk of systemic viral 
neutralization and off-target sequestration, thereby reducing 

viral load [14]. In contrast, direct intratumoral injection 
and CED are local therapies involving drug administra-
tion directly into the tumor itself, thereby bypassing the 
blood–brain barrier and reducing the likelihood of systemic 
side effects. While direct intratumoral injection depends 
on concentration gradient-based diffusion of the adminis-
tered agent, a process which can be impaired by the drug’s 
molecular size and contribute to neurotoxicity, CED utilizes 
a “bulk flow” positive pressure gradient which allows for 
larger distribution volumes and more homogenous drug con-
centrations irrespective of an agent’s molecular weight [15, 
16]. For these reasons, CED has become a promising treat-
ment modality that is being increasingly utilized in oncolytic 
virotherapy trials. However, these invasive approaches can 
be limited by tumor location, make repeated doses challeng-
ing, and may lead to early viral clearance in the setting of 
surgical-related inflammation. Other less commonly uti-
lized drug delivery methods also being investigated include 
endovascular selective intra-arterial administration, a tech-
nique that disrupts the blood–brain barrier using hyperos-
motic solution to enhance localized delivery of systemically 
administered agents [17], and stem cell-based carriers which 
possess a tropism for tumor cells allowing for targeted deliv-
ery of agents [18].

Tumor Size and Location

Given the distribution dynamics of intratumorally admin-
istered agents, risk of treatment-related edema, and risk 
of neurologic morbidity, tumor size and location must be 
considered prior to treating a patient with oncolytic viro-
therapy. With regard to drug distribution, it has been demon-
strated that agents administered by CED will preferentially 
flow toward areas of least resistance, including white mat-
ter tracts, CSF spaces, and regions of pre-existing peritu-
moral edema, thereby potentially affecting the efficacy of 
the infused agent [15, 16]. Furthermore, the neurosurgi-
cal procedure and inserted catheter can result in cerebral 
injury, which is then amplified when adding additional 
volume with CED infusate to the pre-existing mass effect 
of larger tumors. Edema in regions with little room for the 
brain to compensate, such as the brainstem or posterior 
fossa, can lead to neurologic debility, impaired conscious-
ness, or life-threatening herniation, while edema involving 
eloquent cortex can result in focal neurologic deficits such 
as aphasia, weakness, or sensory loss. Additionally, cortical 
edema can increase the risk of new or worsening seizures. 
For these reasons, most clinical trials will exclude patients 
with a tumor size greater than 4 × 4 cm in bi-directional 
dimensions, tumors located in the posterior fossa, or mul-
tifocal disease. Tumor location must also be amenable to 
recommended placement of CED catheters at least 1–2 cm 
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from the subarachnoid spaces and at least 0.5 cm from the 
ependymal space [15].

Completed Clinical Trials Using Oncolytic 
Viruses

Numerous oncolytic viruses have been employed in com-
pleted and ongoing clinical trials to treat patients with high-
grade glioma (Table 1). These studies have been reviewed 
previously [12, 19–22] and are additionally summarized in 
the following sections.

Herpes Simplex Virus‑1‑Based

Herpes simplex virus-1 (HSV-1) belongs to the Herpesviri-
dae family, which are double-stranded DNA viruses. Several 
modified strains have been studied in clinical trials for treat-
ment of high-grade glioma as detailed below. Notably, one  
of the most studied oncolytic viruses is talimogene laher-
arepvec (TVEC, OncovexGM−CSF, or IMLYGIC), which was 
the first, and to date only, FDA-approved oncolytic virus  
with an indication for advanced melanoma [23]. While it  
has not been investigated in glioblastoma to date, there are 
many ongoing trials utilizing TVEC in other cancer types.

HSV1716  HSV1716 is a first-generation oncolytic virus 
modified with deletions of both γ134.5 loci to ensure selec-
tive replication within target cells [24]. In the UK, three 
phase I clinical trials demonstrated overall safety of intratu-
moral injection either alone or following resection in newly 
diagnosed or recurrent high-grade glioma [25–27]. Of the 
33 total patients enrolled, reported adverse events included 
one patient with transient fever, one patient with worsen-
ing focal neurologic symptoms secondary to edema that 
improved with dexamethasone, and one patient with intrac-
erebral hemorrhage following resection.

G207  A second generation oncolytic virus, HSV G207 
contains deletions of both γ134.5 loci and an E. coli lacZ 
insertion disabling the UL39 gene in order to prevent rep-
lication in non-dividing cells [28]. This strain was inves-
tigated in an initial phase I study (NCT00036699) via 
intratumoral injection, followed by a subsequent phase Ib 
study (NCT00028158) exploring intratumoral injection both 
before and after resection for recurrent glioblastoma, both 
of which demonstrated safety without attributable serious 
adverse events, such as the development of HSV encepha-
litis [28, 29]. In the latter study, three patients experienced 
transient fever and focal weakness that either resolved spon-
taneously or with dexamethasone; headache and nausea 
were also common side effects. Furthermore, one patient 
experienced inadvertent oncolytic virus inoculation into the  
adjacent lateral ventricle. Post-resection tissue demonstrated  
evidence supporting G207 replication within tumor tissue,  
as well as an induced immune response. In addition, RNA  
sequencing of  tissue obtained pre-injection and 2 or  
5 days after G207 injection demonstrated that patients with 
a survival benefit had an increased oncolytic HSV-induced 
type 1 interferon response and a subsequent recruitment of 
an adaptive immune response [30]. In a third phase I trial 
(NCT00157703), intratumoral injection of HSV G207 was 
combined with a single radiation dose and demonstrated tol-
erability; notably, two patients safely underwent retreatment 
several months later, supporting the feasibility of multiple 
treatments [31]. Adverse events included one patient with 
fever and seizure that resolved spontaneously, one patient 
with a new CSF leak and subsequent meningitis, and one 
patient with persistently worsened weakness and neglect 
following treatment. Most recently, a phase I clinical trial 
(NCT02457845) investigating HSV G207 with or with-
out a single radiation fraction (5 Gy) in twelve children 
and adolescents with recurrent supratentorial brain tumors 
reported the absence of dose-limiting toxicity or serious 
adverse events attributed to G207 [32]. All adverse events 

Table 1   Completed clinical 
trials using oncolytic viruses

Virus families Name of agent References

Herpes Simplex Virus-1-based HSV1716 25–27
G207 28–32
G47Δ 34, 35

Adenovirus-based ONYX-015 38
DNX-2401 40–43
Adenoviral Vectors for Gene Therapy 44–49, 51, 53

Reovirus-based 55, 56
Poliovirus-based Lerapolturev (formally PVSRIPO) 59
Retrovirus/Murine Leukemia Virus-based 62–64
Measles-based 66
Newcastle Disease Virus-based 67, 68
Parvovirus-based 69
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attributed to G207 were grade 1 and were most frequently 
fever, headache, nausea, vomiting, fatigue, seizure, and hem-
orrhage due to the surgical catheter implantation. Median 
OS was 12.2 months [95% confidence interval (CI): 8.0–
16.4). An increase in the number of tumor-infiltrating lym-
phocytes (TILs) post-treatment with G207 comparatively to 
the pre-infusion sample was observed in four patients who 
underwent a surgical procedure due to concerns for disease 
progression.

G47Δ  G47Δ is a third-generation HSV-1 created from G207 
by additionally deleting the α47 gene, thereby enhancing 
viral replication and generation of an immune response 
through upregulated MHC class I expression [33]. In 
Japan, a phase I/II trial (UMIN000002661) demonstrated 
safety of intratumoral injection in patients with recurrent 
high-grade glioma [34]; in a subsequent phase II study 
(UMIN000015995), thirteen patients were treated with up 
to six serial injections and demonstrated a 1-year survival of 
92.3% according to interim analysis [35]. Two patients expe-
rienced severe adverse events consisting of grade 2 fever. 
Given these promising results, teserpaturev (DELYTACT®) 
has received conditional and time-limited approval from the 
Japan Ministry of Health, Labour, and Welfare and is the 
first oncolytic virus to receive approval for use in any pri-
mary brain cancer [36].

Adenovirus‑Based

Belonging to the double-stranded DNA Adenoviridae family, 
adenovirus has been utilized both as a conventional onco-
lytic virus and as a vector for gene therapy. Numerous modi-
fied strains have been investigated and are reviewed below.

ONYX‑015  ONYX-015 is a first-generation chimeric adeno-
virus type 2/type 5 with an E1B gene deletion to restrict 
replication to p53-deficient tumor cells [37]. In patients 
with recurrent high-grade glioma, intratumoral injection 
was deemed safe in a phase I study without related seri-
ous adverse events, although no definite antitumor activity 
was observed with a median time to progression (mTTP) of 
46 days (range 13–452 days) and mOS of 6.2 months (range 
1.2–28 months) [38].

DNX‑2401 (Formerly Delta‑24‑RGD)  A second-generation 
adenovirus type 5, DNX-2401, contains a partial deletion 
of the E1A gene and insertion of a Arg-Gly-Asp (RGD) 
sequence in the fiber knob receptor known to interact with 
integrins present in glioma cells; these modifications restrict 
replication to Rb-deficient tumor cells and enhance infectiv-
ity, respectively [39]. In a phase I study (NCT00805376), 
patients with recurrent high-grade glioma were treated with 
either a single intratumoral injection or administration via 

CED, resection, then injection into the resection cavity. In 
the latter group, there was evidence of increased cytotoxic 
T cell infiltration into the tumor; mOS was 13 months and 
12% of patients showed a durable complete response [40]. 
Two patients experienced related adverse events, which 
included grade 1–2 headache, nausea/vomiting, confu-
sion, and/or fever. A second phase I study (NCT01582516) 
conducted in the Netherlands also utilized CED in patients 
with recurrent glioblastoma, but results are not published. 
In addition, DNX-2401 has been investigated with other 
agents in combinatory regimens to assess for a synergistic 
benefit. Administration via intratumoral injection followed 
by four cycles of temozolomide showed no safety concerns 
in a phase I study (NCT01956734), with serious adverse 
events attributed to temozolomide or the underlying tumor; 
three patients showed durable responses and were still alive 
at 19, 27, and 30 months post-treatment [41]. In a phase Ib 
trial (NCT02197169, TARGET-1), patients received intra-
tumoral injection with or without interferon-γ; however, the 
combinatory regimen was poorly tolerated and showed no 
clinical benefit over DNX-2401 alone [42]. Lastly, a phase 
II study (NCT02798406, CAPTIVE) investigated a sin-
gle intratumoral injection followed by recurrent doses of 
pembrolizumab; according to an interim report, mOS was 
12.5 months and four patients were alive for > 21 months 
[43]. The most common toxicities included headache, 
edema, and fatigue.

Adenoviral Vectors for Gene Therapy  AdV-tk is a non- 
replicating adenoviral vector modified to contain the herpes 
simplex thymidine kinase gene [44]. Following infection of 
malignant cells, a combinatory prodrug, valacyclovir or gan-
ciclovir, becomes phosphorylated and incorporates into the 
glioma cell genome resulting in inhibition of DNA synthesis 
and repair and subsequent cell death; notably, this effect is 
enhanced by chemotherapy and radiation. AdV-tk has been 
investigated in several clinical trials to date. In an initial 
phase I trial (NCT00002824), AdV-tk was administered by 
single intratumoral injection in patients with recurrent high-
grade glioma and resulted in variable responses with mOS of 
4.0 months (range 1.1–29.2 months) [45]. Reported adverse 
events included three patients with worsening hemiparesis 
and one patient with perioperative focal seizures secondary 
to new small intratumoral hemorrhage. Additionally, two 
patients treated at the highest dose level developed confu-
sion, fever, and hyponatremia; of these, one patient was 
noted to have intratumoral hemorrhage, while the second 
patient also developed severe headache with air noted in 
the ventricular system raising the possibility of inadvertent 
vector entry into the CSF. AdV-tk was then administered 
via intra-arterial infusion in a subsequent phase II study 
(NCT00870181) resulting in mOS and mPFS of 45.4 weeks 
(95% CI: 0.096–0.444, p =  < 0.001) and 29.6 weeks (95% 
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CI: 0.044–0.356, p =  < 0.001), respectively [46]. No related 
serious adverse events were observed; reported toxicities 
included one patient with mild headache and fever that 
spontaneously resolved and one patient with grade 1 vasos-
pasm 10 days after treatment. Furthermore, there have been 
two separate trials (phase Ib, NCT00751270 and phase IIa, 
NCT00589875) in which AdV-tk was administered at the 
time of resection followed by standard of care chemoradia-
tion in patients with newly diagnosed high-grade glioma; 
mOS was 12.4 months [47] and 17.1 months (95% CI: 
0.52–0.99) [44], respectively. In the former trial, one patient 
was reported to experience confusion, hyponatremia, and 
several weeks of intermittent fever of unclear etiology start-
ing 1 week after treatment that spontaneously resolved. In 
the latter trial, the most common possibly related adverse 
events included grade 1–2 fever, fatigue, and headache; 
additionally, one patient experienced new hemiparesis and 
progressive dysphasia immediately after surgery that spon-
taneously resolved. AdV-tk has also been combined with 
AdV-Flt3L, an immunostimulatory cytokine which results 
in the proliferation of dendritic cells, and administered at 
the time of resection in a phase I study (NCT01811992) 
for patients with newly diagnosed high-grade glioma or 
ependymoma followed by standard of care chemoradiation. 
Results are not yet published, although an initial report sug-
gested safety and tolerability of this combination and noted 
increased inflammatory infiltrate following resection at first 
recurrence [48]. Lastly, AdV-tk was investigated in a phase 
I trial (NCT00634231) in children with recurrent high-grade 
glioma or ependymoma via intratumoral injection at resec-
tion, followed by radiation and if indicated, temozolomide. 
This combination was safely tolerated and resulted in mOS 
of 25.3 months and mPFS of 8.9 months [49]. Grade 1–2 
fever, fatigue, and nausea/vomiting were the most commonly 
observed adverse events. Another adenoviral vector, AdV-
p53, has been engineered to express the tumor suppressor 
gene p53 and also demonstrated successful cell death and 
radiosensitization of tumor cells in preclinical models [50]. 
AdV-p53 has been investigated in two similar phase I trials 
(NCT00004041 and NCT00004080), although results for the 
latter are not published. In the former study, patients with 
recurrent high-grade glioma were treated with intratumoral 
injection of AdV-p53, followed by resection, then repeat 
injection into the resection cavity [51]. The treatment was 
safe and tolerable, and p53 was histopathologically detected 
in tumor cell nuclei within 5 mm of the injected site. Lastly, 
Ad-RTS-IL-12 is an adenoviral vector modified to express 
pro-inflammatory interleukin-12 under the regulation of the 
gene switch, RheoSwitch Therapeutic System®, which is 
controlled by the oral activator ligand, veledimex [52]. Ad-
RTS-IL-12, administered by post-resection injection into the 
cavity, with dose-escalated veledimex was investigated in a 

phase I trial (NCT02026271) in patients with recurrent high-
grade glioma; for patients treated at the optimal veledimex 
dose, mOS was 12.7 months and increased to 17.8 months 
when steroid dosing was minimized. Additionally, mostly 
inflammatory infiltrate with increased IFN-γ-producing 
TILs and PD-1 expression (i.e., pseudoprogression) was 
confirmed in all patients who underwent re-resection due 
to suspected recurrence [53]. For the 31 patients enrolled, 
related grade ≥ 3 adverse events included headache (3 
patients), cerebral edema (1 patient), confusional state (1 
patient), and aseptic meningitis (1 patient). Symptoms of 
cytokine release syndrome and lab abnormalities were also 
observed with veledimex, all of which were reversible with 
holding or discontinuing the drug.

Reovirus‑Based

Reovirus (respiratory enteric orphan virus) is a naturally 
occurring double-stranded RNA virus that can be iso-
lated from the respiratory and gastrointestinal tracts of 
humans. REOLYSIN, a wild-type serotype 3 strain that is 
non-pathogenic to humans, targets the Ras pathway which 
is commonly upregulated in tumor cells [54]. It was first 
investigated using single intratumoral injection in a phase 
I trial in patients with recurrent high-grade glioma; no 
significant safety concerns were observed, while efficacy 
outcomes were variable with mOS of 21 weeks (range 
6–234 weeks) and mPFS of 4.3 weeks (2.6–39 weeks) 
[55]. While there were no serious adverse events definitely 
or probably related to treatment, one patient experienced 
fever, headache, and nausea/vomiting of unclear etiology 
8 days after treatment and another patient experienced 
fever and nausea/vomiting 4  days after treatment fol-
lowed by focal seizure and grade 3 weakness attributed to 
cerebral edema. A second phase I study (NCT00528684) 
was the first to administer an oncolytic virus via CED in 
the USA; again, efficacies were variable with mOS of 
140 days (range 97–989 days) and mPFS of 61 days (range 
29–150 days) [56]. The most common serious adverse 
event was grade 3 seizure, which was observed in three of 
five patients and deemed possibly related to treatment in 
one case. In a phase Ib study assessing the immune effects 
of intravenously administered REOLYSIN in patients with 
recurrent high-grade glioma or brain metastases, there 
was confirmed infection of tumor cells, upregulation of 
interferon-regulated gene expression and the PD-1/PD-L1 
axis, and increased T cell tumor infiltration [54]. Preclini-
cal models demonstrated that REOLYSIN administration 
followed by PD-1 immune checkpoint inhibition improved 
survival as compared to monotherapy, suggesting a poten-
tial synergistic benefit of such combinatory regimens.
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Poliovirus‑Based

Belonging to the Piconaviridae family, poliovirus is a posi-
tive sense, single-stranded RNA virus. Lerapolturev, for-
mally PVSRIPO, is a live attenuated virus which has been 
modified with human rhinovirus type 2 regulatory sequences 
in order to eliminate neurovirulence in non-malignant cells 
[57, 58]; furthermore, tropism for CD155, an immune check-
point molecule aberrantly expressed on solid tumor cells, 
promotes selective infectivity. In a completed phase I trial 
(NCT01491893) for patients with recurrent glioblastoma, 
lerapolturev was administered via CED and demonstrated 
mOS of 12.5 months (95% CI: 9.9–15.2) with OS-24 and 
OS-36 of 21% [59]. There was one dose-limiting toxicity  
in which one patient experienced a grade 4 intracerebral 
hemorrhage immediately after catheter removal that required 
surgical evacuation; of note, histopathological analysis of  
tissue obtained at that time did not show evidence of vas-
cular abnormalities, viral activity, or inflammatory events 
related to lerapolturev infusion. In the dose-expansion phase, 
the most common adverse events of any grade were head-
ache (52%), hemiparesis (50%), seizure (45%), dysphasia 
(28%), and cognitive disturbance (25%). Grade 3 or higher 
adverse events were observed in 19% of these cases with 
the most common being hemiparesis (8%) and seizure (4%). 
Subsequently, five patients who demonstrated benefit from 
the first infusion underwent retreatment with lerapolturev 
following tumor recurrence and no grade ≥3 adverse events 
were observed [60]. Four patients received two total infu-
sions and were retreated 72 months, 43 months, 34 months, 
and 6 months after the first infusion, while one patient was 
retreated twice 60 months and 78 months after the first infu-
sion. Three patients remained alive for more than 81, 80, and 
52 months from the time of first infusion, and two patients 
died 63 months and 20 months after the first infusion.

Retrovirus/Murine Leukemia Virus‑Based

Retroviruses, including the murine leukemia virus, are 
positive sense, single-stranded RNA viruses whose RNA 
genome is reverse transcribed into DNA and integrated into 
the genome of the host cell. Vocimagene amiretrorepvec 
(Toca 511) is a non-lytic murine leukemia viral vector that 
has been modified to include the yeast cytosine deaminase 
gene, which is inserted into the genome of malignant cells 
once selectively infected [61]. When given in combination, 
the prodrug, 5-fluorocytosine (Toca FC, an investigational 
extended-release version), is converted to the chemothera-
peutic 5-FU within these cells resulting in both a cytotoxic 
effect and pro-inflammatory state through the concurrent 
depletion of myeloid-derived suppressor cells within the 
tumor microenvironment [61, 62]. Three phase I studies 
have been completed in recurrent high-grade glioma patients 

in which Toca 511 alone was administered by intratumoral 
injection (NCT01156584), intratumoral injection follow-
ing resection (NCT01470794), or intravenous administra-
tion (NCT01985256), all of which demonstrated safety and 
tolerability [63]. Subgroup analysis was conducted for the 
phase III-eligible patients (i.e., meeting enrollment criteria 
and dosing) in NCT01470794 and demonstrated an objec-
tive response rate of 21.7% and mOS 14.4 months (95% 
CI: 11.3–28.1) with complete responders still alive at 
33.9–52.2 months [64]. Two dose-limiting toxicities were 
observed in this study: one patient with grade 3 asthenia 
possibly related to Toca 511 and one patient with grade 3 
normal pressure hydrocephalus deemed unrelated. In the 
following phase III study (NCT02414165, Toca 5), Toca 
511 injection into the resection cavity followed by Toca FC 
demonstrated no clinical benefit with mOS of 11.1 months, 
compared to 12.2 months (95% CI: 0.83–1.35; p = 0.62) for 
the control arm [62]. The adverse event profile was similar 
between the investigational and standard of care groups; the 
most common related grade 3–4 adverse events included 
aphasia (8%), hemiparesis (7.5%), headache (6.5%), and 
seizure (4%).

Measles‑Based

Measles virus, belonging to the Paramixoviridae family, is 
a negative sense, single-stranded RNA virus. In vivo and 
in vitro efficacy of measles virus against glioma stem cells 
has been demonstrated [65]. MV-CEA is derived from the 
Edmonston lineage, an attenuated strain used in the human 
measles vaccination, and expresses carcinoembryonic anti-
gen (CEA) as a means of detecting viral gene expression 
[12, 20]. MV-CEA, which exerts anti-tumor activity through 
the interaction of fusion and hemagglutinin proteins that 
have a high affinity for overexpressed CD46 receptors on 
glioblastoma cells, was investigated in a single phase I trial 
(NCT00390299) in which two subgroups were safety treated 
with intratumoral injection either pre- and post-resection or 
post-resection only; mOS for the two groups was 11.8 (95% 
CI: 4.3–NA) vs. 11.4 months (95% CI: 4.4–NA), respec-
tively [66].

Newcastle Disease Virus‑Based

Newcastle disease virus is a negative sense, single-stranded 
RNA virus belonging to the Paramyxoviridae family. NDV-
HUJ, an attenuated lentogenic strain, was investigated in 
a phase I trial which demonstrated safety in patients with 
recurrent glioblastoma when administered intravenously 
[67]. The only adverse event deemed possibly or probably 
related to treatment was fever, which was observed in 45% 
of patients. Seizures were also common, affecting 73% of 
patients, but these were viewed unrelated or unlikely related 
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to treatment given the absence of change from patients’ 
baseline seizure frequencies. A different virulent mesogenic 
strain, MTH-68/H, was safely administered to recurrent glio-
blastoma patients in a phase I/II study in which a subset of 
patients survived 5–9 years with repeated intravenous treat-
ment [68].

Parvovirus‑Based

Parvovirus is a single-stranded DNA virus belonging to the 
Parvoviridae family. H-1PV is a rat protoparvovirus which 
is non-pathogenic in humans and wields a cytotoxic effect 
by inducing DNA damage and cell-cycle arrest [21]. In a 
single phase I/IIa trial (NCT01301430, ParvOryx01), no 
safety concerns were observed when recurrent glioblastoma 
patients underwent H-1PV administration either by intra-
venous or intratumoral injection, followed by tumor resec-
tion and reinjection into the resection cavity; additionally, 
there was evidence of viral spread throughout the tumor and 
related immune activation [69]. Of note, one patient experi-
enced progressively deteriorating consciousness 2 days after 
treatment with imaging suggestive of hydrocephalus; surgi- 
cal intervention did not reveal elevated intracranial pressure 
and no clear etiology or direct treatment-related cause could 
be determined. The patient never regained consciousness 
after 6 months and died after removal of life support.

Ongoing Clinical Trials Using Oncolytic 
Viruses (Table 2)

Herpes Simplex Virus‑1‑Based

G207  A phase I clinical trial investigating HSV G207 com-
bined with a single radiation dose in children with recurrent 
cerebellar (NCT03911388) tumors is currently enrolling, 
while a phase II trial (NCT04482933) investigating a similar 

treatment strategy in pediatric recurrent high-grade glioma 
is planned.

rQNestin  This HSV-1 strain has been modified with dele-
tion of both γ134.5 loci, followed by reinsertion of a copy 
of γ134.5 under the control of a synthetic nestin promoter, 
which is highly expressed in glioma cells, in order to 
enhance selective viral replication and propagation [70]. It 
is being investigated via intratumoral injection during biopsy 
with or without pre-operative cyclophosphamide in patients 
with recurrent high-grade glioma in an ongoing phase I trial 
(NCT03152318).

M032  M032 was engineered to exert a “double-barrel” 
effect. While it has direct oncolytic activity, it also acts as 
a gene therapy vector, inducing tumor cells to synthesize 
and secrete interleukin-12 (IL-12), which in turn enhances 
the immune response against surrounding tumor cells and 
provides an anti-angiogenic effect [71]. There is one active 
phase I trial (NCT02062827) investigating single intratu-
moral injection in patients with recurrent high-grade glioma.

C134  Developed as a chimeric virus, C134 was modified by 
deletion of both γ134.5 loci and expression of human cyto-
megalovirus IRS1 gene in order to enhance viral replication 
through the restoration of late viral protein synthesis [72]. It 
is in a phase I trial (NCT03657576) for patients with recur-
rent high-grade glioma when administered by intratumoral 
injection.

Adenovirus‑Based

DNX‑2401  There is an ongoing phase I trial (NCT03896568) 
investigating allogenic bone-marrow derived mesenchymal 
stem cells loaded with DNX-2401 in patients with recurrent 
glioblastoma, while a second phase I study (NCT03178032) 
is evaluating DNX-2401 in children with newly diagnosed 
diffuse intrinsic pontine glioma.

Table 2   Ongoing clinical trials 
using oncolytic viruses

Virus families Name of agent Registered trials in Clinicaltrials.gov

Herpes Simplex 
Virus-1-based

G207 NCT03911388, NCT04482933
rQNestin NCT03152318
M032 NCT02062827
C134 NCT03657576

Adenovirus-based DNX-2401 NCT03896568, NCT03178032
DNX-2440 NCT03714334
CRAd-S-pk7 NCT03072134
Adenoviral Vectors for Gene Therapy NCT03603405, NCT03596086

Reovirus-based REOLYSIN NCT02444546
Poliovirus-based Lerapolturev (formally PVSRIPO) NCT02986178, NCT03043391, NCT01491893
Vaccinia TG6002 NCT03294486
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DNX‑2440 (Formerly Delta‑24‑RGDOX)  DNX-2440 is an 
engineered version of DNX-2401 that expresses the immu-
nostimulatory OX40 ligand, which enhances antigen pres-
entation in tumor cells, thereby increasing tumor-specific 
immunity [73]. A phase I trial (NCT03714334) is ongoing 
to investigate this modified strain via intratumoral injection 
in recurrent glioblastoma.

CRAd‑S‑pk7  CRAd-S-pk7 is an adenovirus type 5 in which 
the surviving (S) promoter is incorporated to drive E1A gene 
expression and the fiber knob protein modified to contain a 
poly-lysine sequence (pk7) in order to improve selectively 
for and replication within tumor cells [74]. A phase I trial 
(NCT03072134) is investigating the safety of CRAd-S-pk7 
loaded onto neural stem cells administered by intratumoral 
injection in combination with standard of care chemoradia-
tion in patients with newly diagnosed high-grade glioma.

Adenoviral Vectors for Gene Therapy  AdV-tk is under 
active investigation in two clinical trials: a phase I/II 
(NCT03603405) combining AdV-tk and standard of care 
chemoradiation for newly diagnosed high-grade glioma, 
and a phase I/II (NCT03596086) combining AdV-tk and 
radiation with or without standard of care chemotherapy for 
recurrent high-grade glioma.

Reovirus‑Based

REOLYSIN is being investigated in a combinatory regimen 
with sargramostim (GM-CSF) in pediatric patients with 
recurrent high-grade brain tumors in an ongoing phase I trial 
(NCT02444546). It is expected that this combination should 
stimulate tumor antigen presentation and dendritic cell mat-
uration, thereby enhancing the immune response [75].

Poliovirus‑Based

Lerapolturev is actively being investigated in a multicenter, 
phase II trial (NCT02986178) for patients with recurrent 
glioblastoma, as well as in a phase Ib trial (NCT03043391) 
evaluating a single intratumoral injection for children 
with recurrent malignant glioma. Preliminary results for 
120 patients treated in the former study demonstrate mOS 
11.5 months (95% CI: 10.4–13.0) and OS-12 and OS-24 of 
48% and 17%, respectively, which replicate the results from 
the initial single-center, phase I study (NCT01491893) [76].

Vaccinia

Belonging to the Poxviridae family, vaccinia is an envel-
oped double-stranded DNA virus. TG6002 has been modi-
fied to express the yeast suicide gene, FCU1, which encodes 
a fusion protein combining cytosine deaminase and uracil 

phosphoribosyl transferase that results in the production 
of chemotherapeutic 5-FU when administered with the 
prodrug, flucytosine (5-FC) [77]. An active phase I trial 
(NCT03294486) is investigating this TG6002/flucytosine 
combination in patients with recurrent glioblastoma.

Practical Guide to Management

Once patients are enrolled on a trial utilizing oncolytic 
viruses, investigators should be knowledgeable regard-
ing common side effects and approaches to management, 
expected radiographic responses, and appropriate indica-
tions for taking a patient off study.

Clinical Complications and Management

Peritumoral Edema  Peritumoral edema is an expected side 
effect of oncolytic virotherapy, in part related directly to 
the intracerebral modes of administration, as well as the 
secondary immune response generated by the treatment. 
As a consequence, patients may experience localized neu-
rologic deficits, such as weakness or aphasia; additionally, 
the risk of new or worsening seizures is increased. New 
or worsening symptoms should prompt brain imaging to 
evaluate for edema. Management strategies include both 
symptom-directed treatment, such as for seizures, and con-
trol of the edema itself. While steroids are a commonly 
utilized treatment for edema and have been shown pre-
clinically to improve CED efficiency when administered 
pre-infusion [78], high doses of steroids can potentially 
suppress the immune response generated by oncolytic 
virotherapy, thereby reducing treatment efficacy, as dem-
onstrated in other immunotherapy trials in glioblastoma 
[79]. A recommended maximum dexamethasone dose is 
4 mg/day for such trials [59]. For persistent, symptomatic 
edema, bevacizumab, a humanized anti-vascular endothe-
lial growth factor (VEFG) antibody that is FDA-approved 
for the treatment of recurrent GBM, can be utilized as a 
steroid-sparing agent. Bevacizumab decreases edema by 
normalizing decreased vascular permeability and in the 
post-CED infusion setting, has been used safely at least 
2 weeks after completion of oncolytic virotherapy infu-
sion [59].

Cerebral Edema  In cases where cerebral edema is more exten-
sive, symptoms such as headache, altered mental status, and 
nausea/vomiting may be experienced. Similar evaluation and 
management strategies as for peritumoral edema should be uti-
lized in cases of cerebral edema as well. In addition, for refrac-
tory, life-threatening cases of cerebral edema treatment with 
osmotic agents or surgical tumor debulking can be considered.
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Intracerebral Hemorrhage  Although the risk is low, intrac-
erebral hemorrhage can be observed after tumor resection, 
direct intratumoral injection, or catheter placement and 
removal for CED. Patients are often asymptomatic and can 
be managed with observation only. To limit the risks of 
bleeding along catheter tracts, some clinical trials utilizing 
CED now require a platelet count of at least 125,000 prior 
to catheter insertion [59].

Hydrocephalus  Hydrocephalus has been reported as an 
adverse event in oncolytic virus clinical trials and may or 
may not be associated with elevated intracranial pressure. 
Obstructive hydrocephalus can arise in the setting of cer-
ebral edema secondary to immunotherapeutic treatment 
effects, while non-obstructive hydrocephalus may occur 
secondary to proteinorachia following tumor breakdown. 
Brain imaging can diagnose hydrocephalus, and it can be 
managed non-operatively or operatively depending on the 
severity and degree of associated symptoms. Non-operative 
management options include carbonic anhydrase inhibitors, 
such as acetazolamide, or low-dose bevacizumab for control 
of cerebral edema. Operatively, surgical procedures includ-
ing ventriculoperitoneal shunt placement or endoscopic third 
ventriculostomy can be performed.

Aseptic Meningitis  Although uncommon, aseptic meningitis 
can be observed following invasive agent delivery methods 
including direct intratumoral injection or CED. The risk is 
further increased with any breach into the cerebrospinal fluid 
space; therefore, tumor location must be carefully consid-
ered prior to treating a patient with oncolytic virotherapy 
to reduce this risk. If there is clinical or radiographic con-
cern for meningitis, cerebrospinal fluid evaluation should be 
performed to rule out infectious etiologies as management 
strategies differ. Aseptic meningitis is typically self-limited 
and often resolves without specific intervention.

Fever  While intratumoral agent  administration reduces 
the risk of systemic side effects, fever has been observed 
in numerous clinical trials utilizing oncolytic virotherapy. 
Typically, fever is transient and resolves spontaneously, and 
the mechanism may be related to the viral replication and 
associated immune activation. Before attributing fever to 
the oncolytic viral therapy, however, other etiologies typi-
cally seen with surgical procedures should be eliminated, for 
example, infectious processes (aspiration pneumonia, uri-
nary tract infection), atelectasis, or thromboembolic event.

Determination of Disease Progression Versus 
Treatment Effect

One particular challenge frequently encountered follow-
ing treatment with oncolytic virotherapy is the difficulty 

in establishing whether changes seen on imaging are due 
to the immunotherapeutic effect or due to true tumor pro-
gression from lack of efficacy. Post-treatment MRIs often 
demonstrate an increase in fluid-attenuated inversion recov-
ery (FLAIR) signal abnormalities suggestive of an increase 
in peritumoral edema, while post-contrast images show an 
increase in lesion size with polycystic degeneration, also 
known as a “soap bubble” appearance [32, 40, 59]. These 
findings may persist for several months before a contraction 
of the area, consistent with treatment response, is observed; 
in addition, the observation of an increase in number of TILs 
or other markers of treatment effect in areas sampled due 
to suspicion for tumor progression suggests that imaging 
criteria originally proposed to define progressive disease 
following immunotherapy [80] will need to be adjusted 
to take into consideration the delayed pattern of immune 
response following oncolytic viral therapy. Currently, the 
neuro-oncology community is working to refine these cri-
teria for oncolytic virotherapy specifically. Due to this diffi-
culty, investigators evaluating viral oncolytic therapies have 
cautioned against initiating new therapies which could ablate 
the immune response too rapidly and instead recommend 
proceeding first with mitigating strategies like bevacizumab 
or surgical debulking of the area of concern.

Future Directions

Oncolytic virotherapy has shown promise as a novel ther-
apeutic approach for the treatment of glioblastoma and 
attempts to circumvent the challenges associated with con-
ventional treatments, including limited passage of the agent 
across the blood–brain barrier, a “cold” immunosuppres-
sive tumor microenvironment, and tumor heterogeneity. 
However, scientific challenges remain, including balancing 
viral safety with virulence and replicative efficacy, sustain-
ing an optimal anti-tumor inflammatory response without 
limiting viral spread, and determining the optimal route of 
delivery. Outcomes of clinical trials to date have been vari-
able, often with only a subgroup of patients demonstrating 
a durable clinical benefit, suggesting there may be biologic 
or molecular differences between tumors and/or the tumor 
microenvironment to account for this, which if identified 
could be helpful in predicting responders to treatment. Inter-
estingly, one such factor may be tumor mutation burden, 
as it was recently shown that low tumor mutational burden 
correlated with longer survival and enriched inflammatory 
gene signatures after treatment with the genetically modified 
poliovirus in recurrent glioblastoma patients [81]. Addition-
ally, it is important to note that the majority of completed 
trials to date have been conducted in recurrent disease, at 
which time patients are often heavily pretreated with agents 
(i.e., chemotherapy, corticosteroids) further compounding 
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their immunosuppressive state and limiting the possibility 
of response to viral oncolytic therapy; efficacy in the upfront 
setting before exposure to those agents has been only mini-
mally explored and warrants further investigation.

Given the aforementioned challenges and outcomes asso-
ciated with oncolytic viruses in monotherapy, there has been 
increasing interest in combinatory regimens that may pro-
vide a synergistic therapeutic benefit. First, concurrent onco-
lytic virus and chemotherapy administration allow for the 
targeting of separate pathways for cell death, as well as the 
opportunity to leverage chemotherapy-induced immunomod-
ulation for increased viral replication and spread, such as has 
been shown with cyclophosphamide preconditioning [82, 
83]. Additionally, combinatory regimens may be able to cap-
italize on the augmentation of traditional resistance mecha-
nisms, such as DNX-2401-induced silencing of the MGMT 
promotor thereby reestablishing sensitivity to temozolomide 
[41, 84]. Second, concomitant radiation is of interest given 
evidence that it can enhance viral infectivity and replication, 
which was initially demonstrated in preclinical studies inves-
tigating oncolytic HSV-1 in lung cancer [85], and afterward 
in murine U-87 glioma xenografts [86], while the syner-
gistic effect and potential benefit in malignant glioma of 
the combination of radiation and oncolytic HSV-1 were first 
suggested in human U-87 malignant glioma xenografts [87]. 
Oncolytic viruses can also be engineered as radiosensitizers, 
such as in the case of AdV-p53 and viruses expressing the 
sodium iodide symporter (NIS), thereby increasing the apop-
totic effect of radiation [50, 88]. Third, there is significant 
interest in the potential synergistic effect of oncolytic viruses 
and various immunotherapies, such as checkpoint inhibitors, 
chimeric antigen receptor T (CAR-T) cells, and cancer vac-
cines, all of which serve to create a pro-inflammatory anti-
tumor response. It is theorized that combinatory regimens 
may promote a sustained response as opposed to that often 
seen in oncolytic virus monotherapy due to diminished viral 
replicative capacity and systemic clearance [89]. Regarding 
immune checkpoint inhibitors, efficacy in glioblastoma has 
been subpar compared to other solid tumors, in part due to 
a low density of targetable TILs on which the efficacy of 
immune checkpoint inhibitors depends. However, the direct 
oncolysis triggered by oncolytic virotherapy can modulate 
the tumor microenvironment to attract cytotoxic TILs and 
upregulate the PD-1/PD-L1 axis, thus priming for immu-
nological checkpoint blockade, as was shown in a window-
of-opportunity trial investigating reovirus; additionally, cor-
relative preclinical studies demonstrated improved survival 
following sequential treatment with reovirus and immune 
checkpoint inhibition [54]. While CAR-T cells have been 
approved for the treatment of multiple myeloma, successful 
targeting by CAR-T cells in brain tumors is hindered by a 
lack of effective tumor antigens, induced T cell exhaustion, 
and risks of off-target toxicity; combinatory regimens with 

CAR-T cells are therefore of interest given that oncolytic 
viruses can be engineered to selectively express in tumor 
cells the same antigen used in constructing CAR-T cells for 
targeting. This has been demonstrated preclinically using an 
engineered oncolytic vaccinia virus expressing a truncated 
CD19 protein (OV19t) in combination with CD19-CAR-
T cells, which resulted in tumor control and a synergistic 
positive feedback immunostimulatory loop in various solid 
tumor mouse models [90]. Ongoing clinical trials are inves-
tigating some of these combinatory regimens, the results of 
which will help further identify promising treatments mov-
ing forward.

Finally, clinical challenges remain and emphasize the 
importance of best management practices in addressing both 
the symptomatic complications and radiographic changes 
related to oncolytic virotherapy in order to avoid negating, 
such as with steroids, or prematurely discontinuing a treat-
ment that may otherwise be beneficial to the patient. Overall, 
oncolytic virotherapy appears to be a safe and promising 
therapeutic modality for patients with glioblastoma, and 
optimizing delivery of the agent, multimodal regimens, 
patient selection, and clinical management practices are all 
necessary for maximizing its potential.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13311-​022-​01256-1.

Required Author Forms  Disclosure forms provided by the authors are 
available with the online version of this article.
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