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Malignant gliomas (MGs) (glioblastoma [GBM], anaplas-
tic astrocytoma [AA], and anaplastic oligodendroglioma 
[AO]) are universally fatal. For GBM, median overall sur-
vival is 12–16 months, with most deaths occurring before 
24  months.5 Better prognosis and increased durability of 
“response” to standard of care are associated with bio-
logic and demographic features, like mutations in isocitrate 
dehydrogenase 1 and 2 (IDH1/2),6 hypermethylation of the 
O6-methylguanine-DNA methyltransferase (MGMT) pro-
moter,7 deletions of 1p/19q chromosomal arms,8 absence 
of telomerase reverse transcriptase (TERT) mutations,9 
young age,10 extent of surgical resection,11 and good per-
formance score.12 Even “favorable” MGs recur eventually, 
resulting in fatality. Upon recurrence, treatment options 
are additional surgery, coupled with FDA-approved thera-
pies not employed upon the tumor’s first presentation, like 
bevacizumab,13–19 lomustine, or CCNU20; carmustine wafers 
(Gliadel); and/or tumor-treating fields (TTFs) (Optune).21,22 
“Off-label” FDA-approved chemotherapies such as irinote-
can23 or targeted therapies24 based on rare “actionable” 
mutation are less commonly used. Survival from the time of 

recurrence is less than 12 months, with survival greater than 
24 months judged as unusual. Extending survival beyond 
24 months garners considerable excitement.

Investigational therapies have been numerous for 
recurrent (r)GBM. Most are phase 0, I, or II trials: phase 
III trials are rare. Although the primary objective of phase 
I  trials is to establish treatment tolerability, there is an 
ever-increasing demand to discover a positive signal of 
effectiveness. This demand arises from the need to jus-
tify the resources required to test efficacy in a late stage 
randomized trial. A  positive signal is based on a radio-
logic response by MRI and/or clinical responses such as 
survival time from the treatment and/or progression-
free survival time from the treatment because there is 
no accepted molecularly based biomarker of response. 
Most clinical trials in rGBM have not shown substantial 
efficacy for the therapies under investigation. However, 
recent clinical trials that have provoked interest include 
those that have used viruses, engineered to replicate 
and be toxic to tumor cells, and/or to deliver an antican-
cer gene to cells in the tumor microenvironment.2,3 This 
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Abstract
A phase I trial of an engineered poliovirus for the treatment of recurrent glioblastoma (GBM) has attracted attention 
due to 8 survivors reaching the 24-month and 5 reaching the 36-month survival landmarks.1 Genetically engineered 
viruses (oncolytic viruses) have been in trials for GBM for almost two decades.2 These replication-competent 
(tumor-selective, oncolytic, replication-conditional) viruses or replication-defective viral vectors (gene therapy) 
deliver cytotoxic payloads to tumors, leading to immunogenic death and intratumoral inflammatory responses. 
This transforms the tumor microenvironment from immunologically naïve (“cold”) to inflamed (“hot”), increasing 
immune cell recognition of tumor antigens and the durable responses observed in virotherapy.3,4 Several current 
and past virotherapy trials have reported a “tail” of apparent responders at the 24-month landmark. Other modali-
ties have also reported a “tail” of seemingly long-term survivors. These trials seem to show that these responder 
“tails” characterize a defined subset of GBM patients.
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therapy (virotherapy) elicits a cellular immune response 
that ultimately leads to rejection of GBM cells in the cen-
tral nervous system.2 Virotherapy is being recognized as 
a special type of immunotherapy, administered intraven-
ously or in situ (peritumorally after resection of the rGBM 
or intratumorally via a stereotactic-guided catheter or via 
convection-enhanced delivery [CED]). Two types of viral 
vectors are utilized: the first uses viral vectors that infect 
and do not replicate but still deliver an anticancer gene 
(Fig.  1), while the second uses replication-competent 
viruses that infect and replicate (Fig. 2). The first (“gene 
therapy”) has found several FDA-approved applications 
for noncancer human diseases, while the second has 
been exclusively used for cancer. Both types of virother-
apy have been tested in early and late phase clinical trials 
for GBM, with reports of durable responses and survival 
greater than 24 months after recurrence. Here, we will dis-
cuss some of the more salient findings from virotherapy 
trials in the context of the broader landscape of trials of 
other modalities for rGBM.

History of Virotherapy Clinical Trials 

GBM virotherapy clinical trials started in the 1990s: the 
first application with tremendous interest consisted of a 
replication-defective mouse retroviral vector to deliver 
the herpes simplex virus type 1 (HSV1) thymidine kinase 
(tk) gene that endowed infected tumor cells with novel 
chemosensitivity to antivirals, such as acyclovir, ganciclo-
vir, and valacyclovir (Supplementary Table 1).25,26 The first 
clinical foray of this technology stereotactically implanted 
mouse fibroblasts that secreted these vectors into GBMs.27 
Although clinical data showed that retroviral vectors gen-
erated by these fibroblasts were not effective in transduc-
ing GBMs in vivo,28 a large multicenter randomized phase 
III trial of this technology in newly diagnosed GBMs was 
pursued without evidence of efficacy.29

Two advances in vector technology were made to 
improve the problem of vector infection and biodistribu-
tion. The first consisted of utilizing adenoviral vectors, 
shown in early phase clinical trials to infect and express 
a gene in GBMs more effectively than the retroviral vec-
tor technology.30,31 The second consisted of maintaining 
the capability of the virus to replicate: by successive cycles 
of infection and replication, the virus biodistributed better 
throughout the injected tumor than replication-defective 
viral vectors.32 The first genetically engineered replication-
selective virus was based on HSV1.33

Both advances were tested in clinical trials for GBM. 
Adenoviral vectors that delivered HSV1-tk were shown to 
promote an inflammatory response and cavitation necro-
sis in rGBM patients after stereotactic injection, and for the 
first time an actual maximum tolerated dose was estab-
lished for the adenoviral vector approach.34 Adenoviral 
vectors were also utilized to deliver p5335 and IFN-β.36 
Evidence for biologic effects in treated patients was 
observed in posttreatment biopsies. For replication-com-
petent viruses, a phase I clinical trial showed that stereo-
tactic injection of an engineered HSV1 (G207) in rGBM 
patients was well tolerated and showed viral DNA in post-
injected tumors and changes consistent with viral-induced 
tumor necrosis and inflammation.37 In fact, 4/21 patients 
were alive an average of 12.8 months from injection and 1 
showed an impressive radiographic response. The overall 
median survival in this trial was 15.9 months for 13 GBM 
patients and 40.5 months for the 4 AA patients. A different 
type of replication-competent HSV1 (1716) was tested in a 
phase I trial in 9 rGBM patients. The authors reported that 
4 patients were alive 24, 19, 17, and 14 months after injec-
tion.38 A  replication-competent adenovirus (ONYX-015) 
was tested by peritumoral injection in rGBM patients in a 
phase I multi-institutional study.39 In this study, there were 
durable responses in 3/24 patients at the time of last pub-
lished follow-up (about 27 mo after injection): 3 of these 
“responders” were diagnosed as AA (N = 2) or AO (n = 1). 
Two AA patients remain alive and tumor free more than 

Hs-tk
Adenoviral

vector

Cancer cell Cancer cell death

VCV VCV-P

VCV-P is used to repair
DNA strand break
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T
cells

Fig. 1 Replication-defective viral vectors infect cancer cells and deliver an anticancer gene but do not replicate. Adenoviral vectors have been 
engineered to deliver the herpes simplex thymidine kinase gene (Hs-tk). Once inside the cell, the adenoviral DNA exists as an extrachromosomal 
element in the nucleus and transcribes/translates the tk gene. Thymidine kinase phosphorylates nucleoside analogs, such as valacyclovir (VCV). 
The phosphorylated VCV (VCP-P) molecules are then used by the cancer cell DNA polymerases to repair DNA strand break (caused by radiation), 
leading to DNA replication arrest and immunogenic cell death. This leads to increased recognition of tumor antigens by immune effector cells.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
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17  years after undergoing treatment (Stephen B.  Tatter, 
MD, Wake Forest, personal communication). MRIs showed 
tumor regression in some and posttreatment samples 
showing extensive lymphoid and plasma cell infiltrates 
in injected tumors. Therefore, most phase I  clinical trials 
performed before 2010 with different types of replication-
competent viruses or with replication-defective adenoviral 
vectors showed a subset of recurrent MG patients with a 
response (measured by MRI, by posttreatment sampling, 
and/or by survival responses) that seemed atypical com-
pared with those of the general rGBM population.

Durability of Responses in Recent 
Virotherapy Clinical Trials 

Replication-Defective Adenoviral Vectors

Moolten’s original approach of gene delivery of HSV1-tk40 
to endow tumor cell chemosensitivity continues to be 
pursued using replication-defective adenoviral vectors 
(Table  1, Fig.  1). The approach was utilized upfront, cou-
pled with standard of care surgical resection and chemora-
diotherapy.41 Importantly, there was a one-week period of 
concurrent radiation and valacyclovir in treated patients, to 
take advantage of the synergy between radiation-induced 
DNA damage and the tk-mediated phosphorylated valacy-
clovir, acting as a “false” nucleotide that halted the DNA 
damage repair process. Further, there was an immuno-
therapy effect related to the expression of tk, acting as a 
“super-antigen,” and to the immunogenic cell death caused 
by the gene therapy.42 In a phase I41 and multi-institutional, 
matched-cohort phase II trial,43 there was evidence of a 

survival effect. In subjects with a gross total resection and 
treated with peritumoral injection of the gene therapy (n 
= 18) the median overall survival was 25 months compared 
with 16.9  months for a prospectively collected matched 
cohort group (n = 44). One-, 2-, and 3-year survivals of 90%, 
53%, and 32% compared with 64%, 28%, and 6%, respect-
ively (hazard ratio = 0.5; range, 0.29–0.86). Therefore, the 
approach of replication-defective adenoviral vectors to 
deliver HSV1-tk and endow upfront GBMs with valacyclovir 
chemosensitivity to synergize with radiation shows a sub-
set of patients who exhibit a durable long-term response.

However, these results are in contrast to a phase III ran-
domized open-label study (ASPECT) of a similar approach 
(but different vector manufacturer) that did not show 
benefit in terms of median overall survival.44 Both arms of 
this trial showed a “tail” of approximately 15% survivors 
past 3 years. Analysis of the ASPECT trial was complicated 
by the uneven use of temozolomide between the groups 
and lack of concomitant radiation during the actual admin-
istration of gene therapy. The lag time between the gene 
therapy and radiotherapy would limit treatment effect 
(Figure 1), and this difference could be a reasonable bio-
logical explanation for the increased survivors seen in the 
Wheeler et al study43 compared with the ASPECT trial.

Replication-Competent Viruses: Herpes Simplex 
Virus Type 1 

The original genetically engineered herpes simplex virus 
type 1 (HSV1) (G207) was tested in a phase I trial for rGBM 
with posttreatment evidence of inflammatory responses45 
and in one patient evidence for unusual survival past 
6 years.46 The addition of radiation to G207 was reported 
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Fig. 2 Replication-competent viruses infect tumor cells and replicate. As they lead to tumor cell cytotoxicity and spread an infection to surround-
ing tumor cells, innate immune cells, such as macrophages, are activated and release cytokines, inflaming the tumor microenvironment. Lysis of 
tumor cells is thought to improve antigen presentation and infiltration of activated effector T cells against tumor and viral antigens. This leads to 
durable antitumor responses.
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to show 3/9 radiographic responses.47 Another genetic-
ally engineered HSV1 (Imlygic, Amgen) was FDA approved 
for in situ injection in melanoma based on a randomized 
phase III trial.48,49 Imlygic stimulated cytotoxic CD8+ T-cell 
infiltration and upregulation of immune checkpoint sign-
aling, providing a rationale for combining with pembroli-
zumab.4 There are currently other types of HSV1 in clinical 
trials for rGBM in the USA (M032, NCT02062827 and 
rQNestin34.5v.2, NCT03152318; Supplementary Table  2) 
and Japan (T. Todo, personal communication).

Replication-Competent Viruses: Retroviruses 
(Toca511)

Toca511 (Tocagen) expresses the yeast cytosine deaminase 
gene that endows Toca511-tranduced cells with chemo-
sensitivity to 5-fluorocytosine (5-FC), after conversion to 
bioactive, 5-fluorouracil.50,51 Preclinically, Toca511 efficacy 
was due to an immune response with focal inflammation 
at the site of injection.52,53 A phase I clinical trial in patients 
involved tumor resection of rGBM followed by peritumoral 
injection of Toca511 and then administration of 5-FC.54 
Overall survival was 13.6  months. Importantly, 12/43 
with treated MGs were alive at the 24-month landmark. 
Additional data were published for a total of 53 treated 
patients.55 Six patients (3 GBMs and 3 AAs) achieved a 
complete response and were alive 33.9 to 52.2 months after 
treatment. Two of the AAs were IDH mutated. Four patients 
were less than 45 years of age. Tumor burden at the time 
of 5-FC administration was mostly nonmeasurable, be-
cause of the previous resection. Responding patients had 
low genomic mutational burden in tumors compared with 
patients who did not respond. This contrasts with the con-
cept that immunotherapy works best with high mutational 
burden cancers and thus Toca511 may break immune toler-
ance of less immunogenic tumors.

Replication-Competent Viruses: Reovirus

Reovirus is a small RNA virus tested for several cancers, 
including rGBM. In a phase I clinical trial in rGBM, biopsy-
proven GBMs were infused with reovirus by CED.56 Two 
of 15 patients survived 2  years. In a second trial, reo-
virus was administered intravenously in 6 patients with 
high-grade glioma and 3 with brain metastases.57 Tumors 
were resected 3–17 days after. Samples showed low-level 
reovirus proteins and transcripts in tumors, suggesting 
blood–brain barrier passage. There were also immune cell 
infiltrates in tumors. No efficacy or survival data were pro-
vided. Reovirus thus seems to benefit a small subset of 
GBM patients, perhaps by immune-mediated mechanisms.

Replication-Competent Viruses: Parvovirus 
(ParvOryx01)

H-1 parvovirus is a small, non-enveloped, single stranded 
DNA virus whose natural host is the rat. A  phase I  clin-
ical trial in 18 rGBM subjects consisted of some tumors 
injected stereotactically while others were treated intra-
venously: 10 days later, resection of the GBM was followed 

by peritumoral injection.58 Three of 18 patients survived 
2 years or more with MRI evidence of responses. These 3 
patients did not have the usual favorable variables for out-
come, except for KPS = 100 and small tumors. They also 
reported that the virus crossed the blood–brain barrier. 
There were prominent immune cell infiltrates consist-
ing of activated CD8+ and CD4+ T cells. Peripheral blood 
mononuclear cells (PBMCs) of 9 subjects mounted signifi-
cant antiviral cell responses to parvoviral antigens. PBMCs 
of 3/6 patients showed reactivity against a panel of GBM 
antigens. Therefore, a subset of patients had a clinical 
response with intratumoral evidence of viral gene prod-
ucts and immunological evidence of peripheral reactivity 
against viral and tumor antigens.

Replication-Competent Viruses: Adenovirus 
(DNX-2401)

DNX-2401 was engineered with a 24 base pair deletion of 
the E1A gene, restricting viral replication to cells with a 
dysfunctional retinoblastoma pathway.59,60 The virus pos-
sesses an arginine/glycine/aspartic acid motif in its fiber 
that targets integrins, enriched in GBM, to enter cells. DNX-
401 was tested in a phase I trial in a 2-arm scheme.61 Arm 
A consisted of 25 patients who underwent tumor biopsy 
followed by intratumoral injection of the agent, while arm 
B consisted of 12 patients whose rGBM was injected with 
the agent, followed 14 days later by en bloc resection to 
obtain posttreatment specimens and peritumoral injec-
tion of the agent. In arm A, there was tumor reduction in 
18/25 patients, with 5/25 surviving more than 3 years. In 
arm B, 2/12 patients survived for 2 years. In arm A, 3 com-
plete responders (GBMs, IDH wildtype) exhibited initial 
contrast enhancement that then progressively decreased, 
consistent with inflammatory pseudoprogression. A  re-
resected rGBM showed enhancing areas that were necrotic 
with inflammatory cells. A patient developed a recurrence 
at a second site, shown to be inflammatory. Tumors in arm 
B exhibited CD8+ T cells expressing T-bet and increases in 
CD4+ T cells. GBM cells cultured from the specimens also 
showed evidence of immunogenic cell death markers. 
Although viral proteins were seen at the 14-day timepoint, 
the authors report no viral proteins past 30 days, suggest-
ing initial viral replication that then stops. This would be 
consistent with a subsequent longer lasting immune effect 
against the cancer, evoked by DNX-2401 injection.

Replication-Competent Viruses: Poliovirus 
(PVSRIPO)

This is engineered with a foreign (rhinovirus) ribosome entry 
site, ablating neurovirulence. Tropism is mediated by entry 
via the CD155 receptor, highly expressed in tumors.62,63 In 
a phase I  trial, 61 patients with biopsy-proven rMG were 
treated with an intratumoral infusion of PVSRIPO.1 Eight of 
61 patients (or 8/35 if one uses only the subgroup of patients 
treated for at least 24 mo) had a durable radiographic 
response, with survival greater than 2 years, and another 6 
patients were alive but were followed for less than 24 months 
(censored data). The median cross-sectional area of treated 
tumors was 873 mm2 (a little less than 3 cm in diameter). 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
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The durable response group consisted primarily of patients 
whose tumors were smaller than this value. This suggests 
that a relatively small lesion may be an important prognostic 
factor for this therapy. Most of the durable response tumors 
possessed at least one of the variables known to favor 
improved survival. Only 1/8 survivors at the 24-month land-
mark had no favorable variable (a 59-y-old with IDH wildtype 
and unmethylated MGMT). Several patients were treated 
relatively recently (before 24 mo); several data points for this 
trial are still maturing and additional follow-up results are 
needed to fully interpret the trial.

Additional Considerations 

Several virotherapy trials have progressed to later stages 
and are actively accruing. Several other virotherapy tech-
nologies are being tested in phase I trials (Supplementary 
Table 2).

Durability of Responses in  
Non-Virotherapy Trials for rGBM

Surgical Clinical Trials

Surgical trials have tested carmustine wafers, dendritic 
cell vaccinations and other immunotherapies, and ther-
mal therapies (ie, NeuroBlate; Supplementary Tables 3–5). 
Notably, a phase III randomized prospective trial compared 
carmustine wafers (n = 183) with CED of cintredekin besu-
dotox (n =  93), a recombinant chimeric cytotoxin com-
posed of human interleukin-13 fused to a mutated motif 
of pseudomonas aeruginosa exotoxin A.64 Patients rand-
omized to carmustine wafer underwent maximal resection 
followed by implantation of carmustine wafer along the 
surgical cavity. Those randomized to cintredekin besudotox 
underwent resection followed by delayed catheter place-
ment and peritumoral infusion. Fourteen of 93 patients 
treated with carmustine wafers and 27/183 patients treated 
with cintredekin besudotox were alive 24  months after 
treatment, with a fair proportion remaining alive at the 
36-month landmark.

Two trials have evaluated thermal therapy strategies 
in rGBM (Supplementary Table  5). The first was a phase 
I  trial assessing laser interstitial therapy (NeuroBlate) 
in 10 patients with rGBM.65 All underwent stereotactic 
biopsy followed by laser therapy. Three patients survived 
12 months and 1 (age, 34 y; KPS = 90) remained alive at 
24 months. The second trial was a phase II trial assessing 
intratumoral thermotherapy using magnetic iron-oxide 
nanoparticles combined with external beam radiother-
apy.66 Fifty-nine patients underwent intratumoral injection 
of magnetic fluid followed by thermotherapy and adjunct 
stereotactic beam radiation. Nine of 59 patients survived 
24 months and some extended up to 36 months. Smaller 
tumor volume was associated with improved survival.

IDH mutation and MGMT promoter methylation status 
were not reported, since these trials were completed be-
fore these markers were clinically available. This limits the 
modern interpretation of survivors and responders.

Nonsurgical Clinical Trials

Anti-angiogenic therapies, tyrosine kinase inhibitors, epi-
genetic modifiers, and other targeted inhibitors have been 
studied in the setting of rGBM. Many are phase II with 
few phase III trials. Patients enrolling in nonsurgical clin-
ical trials may represent a population different from those 
entering surgical clinical trials. These trials can still be in-
formative in assessing the rate of durable response for 
patients who did not get a biopsy or repeat resection at 
recurrence.

The rates of 24-month survival in trials assessing anti-
angiogenic therapies vary from 0 to 33% (Supplementary 
Table 6 and Fig. 3). Most use anti-angiogenic therapies in 
combination with other therapies (alkylating agents or 
lomustine). The most noteworthy was a phase II trial of 30 
rGBM patients receiving biweekly bevacizumab in combin-
ation with temozolomide.67 Ten of 30 patients were alive at 
24 months. Unusually, these patients also exhibited a dur-
able response: they were still alive at the 5-year landmark, 
but the overall survival curves show that none lasted past 
the 7-year landmark. Patients harboring MGMT promoter 
methylated tumors and those who had a treatment-free 
interval of 2  months before recurrence after initial treat-
ment represented the subset that exhibited this positive 
response.

Two trials have assessed the utility of combination 
bevacizumab and lomustine.68,69 The larger was a phase 
III comparing combination bevacizumab + lomustine with 
lomustine alone, with 6/288 and 6/149 patients alive at 
24 months in both groups, respectively. Only one patient 
was alive at 36 months in the bevacizumab and lomustine 
arm. In the phase II BELOB trial assessing the efficacy of 
combination bevacizumab and lomustine for rGBM, 17/148 
patients remained alive at 18  months, but outcomes be-
yond this landmark were not reported.70

There have been a handful of studies assessing tyrosine 
kinase inhibitors in patients with rGBM (Supplementary 
Table 7). The largest was a single-arm phase II trial of cabo-
zantinib in 152 patients.71 All patients were naive to anti-
angiogenic therapy. Treatment was given orally at 2 doses. 
Most patients (99/152) had stable disease upon treatment. 
A small group of patients demonstrated partial response to 
treatment (23/152) and 6/152 patients were alive 24 months 
after treatment, with 3 patients alive at 34 months, but all 
deceased by 36 months. The study with the greatest pro-
portion of patients that reached the 24-month survival 
landmark was reported in a phase II study using dacomi-
tinib in patients with epidermal growth factor receptor 
(EGFR) amplified GBMs at first recurrence.72 Patients were 
divided into 2 cohorts according to EGFR variant III muta-
tion status. Overall, 18/49 patients were alive at 24 months, 
with a substantial proportion remaining alive at 36 months. 
Other phase II studies assessing various tyrosine kinase 
inhibitors have also showed a similar trend of a “tail” of 
patients alive 24 months after treatment.

With the increasing recognition of the role of epigenetic 
changes in carcinogenesis, epigenetic modifiers have been 
trialed as antineoplastic agents in rGBM (Supplementary 
Table 8). The most noteworthy is a phase II trial of panobi-
nostat, a histone deacetylase inhibitor, in combination with 
biweekly bevacizumab.73 Of 24 rGBM patients, 5 remained 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
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Study
24-month
survivors

Carmustine

Dendritic cell
vaccination

Other
immunotherapy

Antiangiogenic
therapy

Tyrosine-kinase
inhibitors

Epigenetic
modifiers

Other

Carmustine Wafer (76)
Carmustine wafer + O6-Benzylguanine (77)
Carmustine wafer (78)

Dendritic cell vaccination (82)
Rilotumumab (83)

Heat shock protein vaccine (85)
Bevacizumab or bevacizumab + lomustine (69)
Bevacizumab and lomustine or lomustine (68)
Bevacizumab + temozolomide (87)
Bevacizumab (88)
Bevacizumab and temozolomide (14)
Bevacizumab + temozolomide (67)
Bevacizumab + carboplatin (89)
Cediranib + gefitinib (90)
Cediranib + cilengitide (91)
Aflibercept (92)
Vandetanib + sirolimus (93)
Cabozantinib (70)
Sunitinib (94)
Axitinib (95)
Tandutinib (96)
Tandutinib + bevacizumab (97)
Dacomitinib (71)
Picropodophyllin (98)

Vorinostat + Bevacizumab + Temozolomide (101)
Panobinostat + bevacizumab (72)
Alternating electric fields (21)
Alternating electric fields (22)
Laser Interstitial Therapy (65)
lntratumoral thermotherapy + radiotherapy (66)
Dose-Intensive Temozolomide (75)
Dose-Intensive Temozolomide (74)
Lonafarnib and Temozolomide (86)
Irinotecan + bevacizumab (23)

Random effects model
Heterogeneity: I 2 = 72%, τ2 = 0.5629, p < 0.01

Romidepsin (99)
Vorinostat + Bortezomib (100)

Autologous T-cell therapy (84)
Cintredekin besudotox (64)

Dendritic cell vaccination + temozolomide (79)
Dendritic cell vaccination (80)
Dendritic cell vaccination (81)

2
5

14
1
5
6
2
1
3

27
5
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12

1
0
2

10
9
0
0
3
4
6
2
9
4
4
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2
1
1
6
5
9
3
1
6
8
7
7
0

8
52
93

9
18
21

8
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11

183
41
49

437
32
48
32
30
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38
45
42
22

152
16
79
31
41
49

9
35
37
39
24

120
10
10
59
54

105
34

167

2472

Total Proportion 95%-CI

0.25 [0.03; 0.65]
0.10 [0.03; 0.21]
0.15 [0.08; 0.24]
0.11 [0.00; 0.48]
0.28 [0.10; 0.53]
0.29 [0.11; 0.52]
0.25 [0.03; 0.65]
0.02 [0.00; 0.09]
0.27 [0.06; 0.61]
0.15 [0.10; 0.21]
0.12 [0.04; 0.26]
0.24 [0.13; 0.39]
0.03 [0.01; 0.05]
0.03 [0.00; 0.16]
0.00 [0.00; 0.07]
0.06 [0.01; 0.21]
0.33 [0.17; 0.53]
0.07 [0.03; 0.14]
0.00 [0.00; 0.09]
0.00 [0.00; 0.08]
0.07 [0.01; 0.19]
0.18 [0.05; 0.40]
0.04 [0.01; 0.08]
0.12 [0.02; 0.38]
0.11 [0.05; 0.21]
0.13 [0.04; 0.30]
0.10 [0.03; 0.23]
0.37 [0.23; 0.52]
0.22 [0.03; 0.60]
0.03 [0.00; 0.15]
0.03 [0.00; 0.14]
0.15 [0.06; 0.31]
0.21 [0.07; 0.42]
0.08 [0.03; 0.14]
0.30 [0.07; 0.65]
0.10 [0.00; 0.45]
0.10 [0.04; 0.21]
0.15 [0.07; 0.27]
0.07 [0.03; 0.13]
0.21 [0.09; 0.38]
0.00 [0.00; 0.02]

1.8%
2.9%
3.5%
1.3%
2.7%
2.9%
1.8%
1.4%
2.2%
3.8%
2.9%
3.4%
3.5%
1.4%
0.9%
2.1%
3.2%
3.3%
0.9%
0.9%
2.5%
2.6%
3.1%
2.0%
3.3%
2.7%
2.7%
3.5%
1.9%
1.4%
1.4%
3.0%
2.8%
3.3%
2.2%
1.4%
3.0%
3.2%
3.2%
3.1%
0.9%

0.12 [0.09; 0.15] 100.0%
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Weight

Carmustine
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Epigenetic modifiers
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Study
36-month
survivors Total Proportion 95%-CI Weight
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Carmustine wafer + O6-Benzylguanine (77)
Dendritic cell vaccination + temozolomide (79)
Dendritic cell vaccination (80)
Dendritic cell vaccination (1823)
Autologous T-cell therapy (84)
Cintredekin besudotox (64)
Heat shock protein vaccine (85)
Bevacizumab or bevacizumab + lomustine (69)
Bevacizumab + lomustine or lomustine (68)
Bevacizumab + temozolomide (87)

Bevacizumab + temozolomide (67)
Cediranib + gefitinib (90)
Cediranib + cilengitide (91)

Cabozantinib (5702)
Sunitinib (94)
Tandutinib (96)
Tandutinib + bevacizumab (97)
Dacomitinib (71)
Picropodophyllin (98)
Romidepsin (99)
Alternating electric fields (21)
Laser Interstitial Therapy (65)
Dose-Intensive Temozolomide (75)
Dose-Intensive Temozolomide (74)
Lonafarnib and Temozolomide (86)
Irinotecan + bevacizumab (23)

Aflibercept (92)

Bevacizumab (88)

Random effects model
Heterogeneity: I 2 = 68%, τ2 = 0.8099, p < 0.01

4
1
3
1
2

27
2
9
1
0
0

0
0
2
0
0
3
0
8
0
0
4
0
5
2
5
0
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9

18
8

11
183
41
49

437
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48

38
45
42

152
16
31
41
49
9

35
120
10
54

105
34

167

1866 0.06 [0.04; 0.10)   100.0%

30

0.08 [0.02; 0.19]
0.11 [0.00; 0.48]
0.17 [0.04; 0.41]
0.12 [0.00; 0.53]
0.18 [0.02; 0.52]
0.15 [0.10; 0.21]
0.05 [0.01; 0.17]
0.18 [0.09; 0.32]
0.00 [0.00; 0.01]
0.00 [0.00; 0.11]
0.00 [0.00; 0.07]
0.33 [0.17; 0.53]
0.00 [0.00; 0.09]
0.00 [0.00; 0.08]
0.05 [0.01; 0.16]
0.00 [0.00; 0.02]
0.00 [0.00; 0.21]
0.10 [0.02; 0.26]
0.00 [0.00; 0.09]
0.16 [0.07; 0.30]
0.00 [0.00; 0.34]
0.00 [0.00; 0.10]
0.03 [0.01; 0.08]
0.00 [0.00; 0.31]
0.09 [0.03; 0.20]
0.02 [0.00; 0.07]
0.15 [0.05; 0.31]
0.00 [0.00; 0.02]

5.1%
2.8%
4.5%
2.8%
3.9%
6.4%
4.1%
5.8%
3.0%
1.9%
1.9%
5.7%
1.9%
1.9%
4.1%
2.0%
1.9%
4.7%
1.9%
5.7%
1.9%
1.9%
5.1%
1.9%
5.3%
4.2%
5.3%
2.0%

Fig. 3 Pooled proportion of survivors in non-virotherapies trials for rGBM at (A) 24 months and (B) 36 months. Studies on non-virotherapy clin-
ical trials reporting 24-month and 36-month overall survival for rGBM are included. Survivors represent the number of patients surviving at 24 or 
36 months. Total represents the total number of rGBM patients in a trial. Given the heterogeneity of designs, pooling of proportion of patients was 
performed via a random effects model.
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alive at the 24-month mark, with no further deaths con-
firmed at the 30-month landmark.

Other non-invasive, non-medical trials have been tested 
in the setting of rGBM (Supplementary Table  5). For ex-
ample, low intensity alternating electric fields (TTFs) dis-
rupt GBM cell division.21,22,74 One hundred and twenty 
patients were treated with TTF in a phase III trial. Median 
duration of follow-up was 39  months, 9/120 patients 
were alive at 24 months, and 7/120 patients were alive at 
30 months, with no further confirmed deaths beyond this 
point (censored data). Rechallenging with dose-intensive 
temozolomide for rGBM has been studied in 2 trials.75,76 
The larger (n =  105) demonstrated a 15% proportion of 
24-month survivors and 9% proportion of 36-month sur-
vivors (DIRECTOR trial). Factors associated with favorable 
survival were MGMT methylation and complete resection 
of contrast enhancing disease.75

Summary of Landscape of Durable 
Responders in Virotherapy and  
Non-Virotherapy Clinical Trials

The rates of 24-month survival in non-virotherapy trials 
for rGBM vary from 0 to 37%. A pooled analysis of 2472 

patients suggests that the overall proportion of 24-month 
survival is 12% (95% CI: 9–15%) and 36-month survival is 
6% (95% CI: 4–10%; Figure 3). A pooled analysis of recent 
virotherapy trials for rGBM suggests that the overall pro-
portion of 24-month survival is 15% (95% CI: 11–21%) and 
of 36-month survival, 9% (95% CI: 5–14%; Figure  4). The 
considerable heterogeneity in trial designs and popula-
tions precludes a pooled comparison of different treatment 
modalities. This analysis does highlight the existence of a 
subgroup of durable responders to various treatments for 
rGBM. Reporting of IDH mutation and MGMT status has 
not been consistent, emphasizing a need for a harmonized 
approach to facilitate pooled analyses across clinical trials. 
In studies that report these factors, most durable respond-
ers possess the classically favorable variables: mutation 
in IDH1/2, MGMT promoter methylation, young age, and 
good performance status. For the latest virotherapy trials, it 
does seem that tumor size may also be an important factor 
in responses. Other issues can introduce significant bias 
in interpreting treatment effects with early phase surgical 
and medical trials. These include lack of blinded random-
ization, perioperative steroid use, and absence of central 
confirmation of eligibility and treatment effects. Ultimately, 
discovering a scientific surrogate that correlates with an 
observed treatment effect could confirm therapeutic valid-
ity and provide an important advance.

Study
24-month
survivors Total Proportion 95%-CI Weight

Random effects model
Heterogeneity: I 2 = 0%, τ2 = 0, p < 0.97

183 0.15 [0.11 ; 0.21]    100.0%

G207 (45)

A

B

G207 with radiation (47)
Toca511 (54,55)
Reovirus (56)
ParvOryx01 (58)
DNX-2401 (61)
PVSRIPO (1)

0
0
7
2
3
7
8

6
5
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18
35
61

0.00 [0.00; 0.46]
0.00 [0.00; 0.52]
0.15 [0.06; 0.29]
0.17 [0.02; 0.48]
0.17 [0.04; 0.41]
0.20 [0.08; 0.37]
0.13 [0.06; 0.24]

2.0%
1.9%

25.2%
7.1%

10.6%
23.8%
29.5%

0 0.1 0.2 0.3 0.4 0.5

Study
36-month
survivors Total Proportion 95%-CI Weight

Random effects model
Heterogeneity: I 2 = 0%, τ2 = 0, p = 0.89

185 0.09 [0.05; 0.14]     100.0%

G207 (45)
G207 with radiation (47)
Toca511 (54,55)
Reovirus (56)
ParvOryx01 (58)
DNX-2401 (61)
PVSRIPO (1)

0
0
3
0
1
5
5

6
5

48
12
18
35
61

0.00 [0.00; 0.46]
0.00 [0.00; 0.52]
0.06 [0.01; 0.17]
0.00 [0.00; 0.26]
0.06 [0.00; 0.27]
0.14 [0.05; 0.30]
0.08 [0.03; 0.18]

3.3%
3.3%

20.0%
3.4%
6.7%

30.5%
32.7%

0 0.1 0.2 0.3 0.4 0.5

Fig. 4 Pooled proportion of survivors in recent virotherapies trials for rGBM at (A) 24 months and (B) 36 months. Studies on virotherapy clin-
ical trials reporting 24-month and 36-month overall survival for rGBM are included. Survivors represent the number of patients surviving at 24 or 
36 months. Total represents the total number of rGBM patients in a trial. Given the heterogeneity of designs, pooling of proportion of patients was 
performed via a random effects model.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy170#supplementary-data
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Conclusions

The field eagerly awaits the ultimate test of virotherapy’s 
role as a suitable agent in rGBM in a prospective rand-
omized trial. There were 123 patients with rGBMs that were 
treated with a biopsy alone followed by injection of a viral 
agent throughout the last two decades of clinical trials 
(Supplementary Table 1 and Table 1) and 19 lived for at least 
24 months. Several, but not all, early phase clinical trials 
using a variety of modalities include a “tail” of long-term 
responders, the large majority of whom had tumors known 
to possess relatively favorable biologic and/or demo-
graphic characteristics. This implies that the design of late 
phase randomized trials should restrict eligibility to these 
subpopulations with seemingly favorable biologic and/or 
demographic characteristics to determine if the treatment 
is truly effective.

It is also evident that most rGBM patients possess one or 
more “unfavorable” demographic, radiologic, and/or bio-
logic features, such as older age, poor performance, large 
tumors, IDH wildtype, unmethylated MGMT promoter, 
immunosuppression, concomitant morbidities, multi-
focal disease, and multiple prior treatment failures. These 
patients have not shown favorable efficacy responses in 
early phase clinical trials of any modality. These are the 
patients for whom the field of neuro-oncology still seeks 
the beginnings of a hint of what the ultimate curative treat-
ment may look like. This will require more scientific pro-
gress in dissecting the architecture and evolution of the 
complexity of these tumors in the context of their genetics, 
epigenetics, and immunology.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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