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ABSTRACT
◥

Purpose: Testing safety of Delta24-RGD (DNX-2401), an onco-
lytic adenovirus, locally delivered by convection enhanced delivery
(CED) in tumor and surrounding brain of patients with recurrent
glioblastoma.

Patients and Methods: Dose-escalation phase I study with 3þ3
cohorts, dosing 107 to 1 � 1011 viral particles (vp) in 20 patients.
Besides clinical parameters, adverse events, and radiologic findings,
blood, cerebrospinal fluid (CSF), brain interstitial fluid, and excreta
were sampled over time and analyzed for presence of immune
response, viral replication, distribution, and shedding.

Results: Of 20 enrolled patients, 19 received the oncolytic
adenovirus Delta24-RGD, which was found to be safe and feasible.
Four patients demonstrated tumor response on MRI, one with

complete regression and still alive after 8 years.Most serious adverse
events were attributed to increased intracranial pressure caused by
either an inflammatory reaction responding to steroid treatment or
viral meningitis being transient and self-limiting. Often viral DNA
concentrations inCSF increasedover time, peaking after 2 to4weeks
and remaining up to 3 months. Concomitantly Th1- and Th2-
associated cytokine levels and numbers of CD3þT and natural killer
cells increased. Posttreatment tumor specimens revealed increased
numbers ofmacrophages and CD4þ and CD8þT cells. No evidence
of viral shedding in excreta was observed.

Conclusions: CED of Delta24-RGD not only in the tumor but
also in surrounding brain is safe, induces a local inflammatory
reaction, and shows promising clinical responses.

Introduction
Despite aggressive multimodal therapy the prognosis of patients

with glioblastoma (GBM) remains dismal, with amedian survival of 12
to 15months and almost always a fatal outcome (1). The need for novel
treatments of GBM has led to the development and evaluation of
several virus-based therapeutic strategies, among which oncolytic
viruses (2).

In this clinical study we tested Delta24-RGD (DNX-2401) in
patients with recurrent GBM. This oncolytic adenovirus harbors a
24 base pair deletion in the viral E1A genomic region, which renders
the adenovirus unable to replicate in normal cells, but capable of
replicating in cells with disrupted Rb pathway (3, 4). The p16/Rb
pathway is inactivated in more than 90% of gliomas, making this
pathway an excellent target for designing tumor-specific replication-
competent viruses (5–9). In addition, a RGD-4C peptide is inserted in
the fiber knob, altering the primary attachment from the Coxsackie
Adenovirus Receptor (CAR) to avb5 and avb3 integrin receptors,
improving the infection efficiency of glioma cells (10, 11). The
oncolytic potency of Delta24-RGD has been confirmed in several
preclinical studies (12–15).

Apart from direct oncolysis, studies in syngeneic mouse glioma
models demonstrated that local Delta24-RGD treatment induced
T-cell-mediated antitumor responses and established a protective
immune memory (16, 17). This immune-mediated antitumor activity
was abolished upon co-treatment with the immune suppressive agent
dexamethasone or by depletion of CD4þ or CD8þ T cells, resulting in
complete loss of survival benefit (16, 18). More recently, we showed
that local Delta24-RGD therapy promotes a prolonged shift in tumor
macrophage phenotype from the protumoral M2 toward pro-
inflammatory M1 in human GBM, contributing to a tumor-
detrimental microenvironment (19). Combination treatment with the
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immune checkpoint inhibitor anti–PD-1 improved the efficacy of
Delta24-RGD treatment in two syngeneicmousemodels forGBM(20).
Together, these studies underscore the important role of the immune
system in Delta24-RGD therapy of GBM.

A recently published phase I clinical trial with a “window of
opportunity” component testing local injection of Delta24-RGD into
the tumor of patients with recurrent GBM showed evidence of viral
replication in tumor cells and activation of antitumor immune
responses in posttreatment specimens. These biological effects trans-
lated into complete and durable antitumor responses in several
patients. No toxic side effects were observed and 15% of the antitumor
responses were long-lasting, suggesting that activation of the immune
system is an important mechanism of this agent (21).

In view of the recognized heterogeneity and the diffuse spread of
GBM, we applied convection enhanced delivery (CED) for local
administration. With this method of prolonged micro-infusion, a
large volume of distribution can be achieved (22). Herewith, different
subclonal tumor populations may be infected by the virus, as well as
infiltrating tumor cells in the surrounding brain.

In this clinical study, we enrolled 20 patients with recurrent GBM in
a dose escalation set-up, administering Delta24-RGD byCED to larger
areas of tumor and tumor-infiltrated brain with the purpose of
evaluating the safety and tolerability of Delta24-RGD. A unique aspect
of the studywas that serial blood and cerebrospinalfluid (CSF) samples
were obtained before, during, and for prolonged periods after virus
infusion, which enabled analysis of reactive changes in blood and CSF
composition. Microdialysis of tumor tissue enabled measurement of
interstitial, extracellular fluid composition before and during virus
infusion. Urine, saliva, and fecal sampling enabled us to assess
potential viral shedding after virus administration to the brain.

Patients and Methods
Clinical trial

We conducted a standard dose-escalation phase I trial, followed by a
small dose expansion cohort (see “treatment plan” and “dose cohort”
below), evaluating administration of Delta24-RGD by CED to tumor
and surrounding brain. This trial was conducted in accordance with
the Declaration of Helsinki and approved by the Dutch regulatory

authorities, that is, the Central Committee on Research Involving
Human Subjects, the Ministry of Health and the Ministry of Infra-
structure and Environment. All participants provided written
informed consent. Patient safety was monitored by an independent
Data Safety Monitoring Board (DSMB).

Inclusion and exclusion criteria
Eligible patients had a recurrence of a histologically proven GBM

after surgery and/or chemo- and/or radiotherapy, confirmed on MRI
scan within 3 weeks prior to enrollment. All patients were between 18
and 70 years old; had aKarnofsky performance status rating≥70%; had
recovered from the toxic effects of prior therapy; had adequate hepatic,
renal, and bonemarrow function, defined as absolute neutrophil count
(ANC) ≥1.5� 109 L�1, platelet count of ≥100� 109 L�1, ALT (SGPT),
AST (SGOT), and alkaline phosphatase≤2 timesULN, total bilirubin<
26 mmol/L, creatinine <1.5 times ULN, and urea (BUN) <1.5 times
ULN. Recurring tumors had to be restricted to one hemisphere,
without signs of subependymal spreading, be accessible for surgery
or biopsy, be unifocal without a midline shift >0.5 cm and without
radiologic signs of uncal herniation. Before start of virus infusion,
histologic analysis of the resected or biopsied tumor had to support the
diagnosis of tumor recurrence. Patients were excluded if they had an
active uncontrolled infection; had an upper pulmonary infection and/
or flu-like symptoms or the presence of adenovirus in pretreatment
throat-swab or serum sample as determined by PCR; had evidence of
bleeding diathesis or use of anticoagulants that could not be safely
interrupted; had systemic diseases or other unstable conditions asso-
ciated with increased anesthetic/surgical risks; were immune-
compromised or known to have HIV; were pregnant or lactating; or
had another primary malignancy than GBM.

Study drug
Delta24-RGD is a conditionally replication-competent adenovirus,

containing a 24 base pair deletion (bases 923–946) in the E1A gene and
an integrin-binding motif (RGD-4C) insertion in the H1 loop of the
fiber. The production of the virus was commissioned and supplied by
the Biological Resources Branch (BRB), Development Therapeutics
Program (DTP) of the Division of Cancer Treatment & Diagnostics
(DCTD) at the National Cancer Institute-Frederick (NIH), and man-
ufactured by The National Vector Production Laboratory at Baylor
college of Medicine in Houston.

The drug was supplied in a sterile, pyrogen-free solution at a
concentration as specified on the Certificate of Analysis diluted in 20
mmol/L Tris, 25mmol/L NaCl, 2.5% (w/v) glycerol as stabilizer and pH
8.0. Delta24-RGD was provided in sterile single use vials, containing
0.25mLfill volumeeach,with a titer of 2� 1011vp/mL(6� 109pfu/mL).
Just prior to administration, the virus was dissolved in 0.9% NaCl and
0.2% human serum albumin and divided into syringes of which the
number corresponded with the number of CED-infusion catheters to be
used. Virus stability and compatibility with the catheter-tubing system
was assessed in advance.

Treatment plan
Patients not amenable for surgical resection underwent needle

biopsy, placement of CED catheters, a ventricular catheter with
subcutaneous reservoir for CSF sampling and a microdialysis probe
in a single surgical procedure. Four temporary CED catheters were
inserted, of which two in the enhancing tumor core and two in the
tumor-infiltrated surrounding brain. The temporary microdialysis
probe (cut-off 100,000 Da; M Dialysis AB), enabling continuous
sampling of brain interstitial fluid (BIF), was inserted in the tumorcore.

Translational Relevance

In this phase I trial, we demonstrate the safety of prolonged
infusion by convection enhanced delivery of the oncolytic adeno-
virus Delta24-RGD, in recurrent glioblastoma (GBM) and peritu-
moral regions. Despite the potential effects of immunotherapeutic
approaches in GBM, including immune checkpoint blockade and
therapeutic vaccines, limitations affecting treatment efficacy are
apparent. Our study results show promising clinical responses and
indications for an antitumor immune response, providing a base for
future testing of (combinatorial) Delta24-RGD treatment in GBM.
This trial was the first to assess the local and locoregional responses
upon infusion of an oncolytic virus into the tumor and surrounding
brain by sequential sampling of brain interstitial fluid and
cerebrospinal fluid (CSF). Cytokine and chemokine analysis in
CSF suggested that IFNg andTNFa levelsmay represent a potential
biomarker for response in future oncolytic viral trials. Biomarker
assays may ultimately aid in the identification of responding
patients and improve the response rate to oncolytic viral therapy.
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Patients with an indication for tumor debulking first underwent
resection in a separate procedure at least 1 week before study
treatment.

Before virus infusion, the position of catheters was evaluated by CT
scanning. Convective properties and function of catheters were
assessed by 4 to 6 hours test infusion (flow rate of 0.2 to 0.3 mL/h)
of a gadolinium-based contrast agent followed by MR scanning.
Catheters not showing convective spread of gadolinium were not used
for virus infusion.

Viruswas infused over a time period of 44 to 66.7 hourswith a rate of
0.2 to 0.3 mL/h, depending on number of catheters used. Hereafter
CED catheters and the microdialysis probe were removed. Patients
remained in isolated care during virus infusion and until daily testing
for virus shedding was negative for minimally 3 consecutive days after
ending of Delta24-RGD infusion, provided that surgical wounds were
without signs of CSF leakage after removal of the catheters and dialysis
probe.

Dose cohorts
Patients were subsequently assigned into one of six Delta24-RGD

incremental dose cohorts, ranging from 1� 107 vp to 1� 1011 vp. If no
dose-limiting toxicities (DLT) occurred in the first three patients,
subsequent patients were entered in the next dose level (Supplemen-
tary Fig. S1). In the event of a DLT, three additional patients were
enrolled at the same dose level. DLT was defined as any Delta24-RGD
related ≥grade 3 organ system toxicity, or grade 4 hematology or grade
4 nonorgan system metabolic/laboratory toxicity. The MTD was
defined as one dose level below the dose causing DLT in ≥33.3% of
the patients with a minimum of 6 treated patients treated at that dose
level. An extension cohort of 6 patients was planned to be treated at the
MTD.

Endpoints
The primary endpoint of this study was to determine the MTD.

Safety was further assessed by evaluation of adverse events (AE),
laboratory examinations (biochemistry, hematology, CSF sampling),
dissemination of virus in body fluids analyzed by PCR, vital signs,
physical examination, KPS score, and neurologic examination. The
secondary endpoints of this study were PFS, overall survival (OS), and
tumor response on MRI.

Safety assessment
During hospitalization patients had daily physical and neurologic

examinations, registration of vital signs, AEs, serum, CSF, and urine
analysis, saliva, blood, urine, and feces samples for virus culturing and
use of concomitantmedication. The same assessments were performed
at every study visit after hospital discharge until 4 weeks after
completion of the Delta24-RGD infusion. The severity (Grade) of
each AE was assigned according to the NCI Common Terminology
Criteria (CTC) for Adverse Events, version 3.0.

Response assessment
Radiographic tumor assessment on T1 contrast enhancing, FLAIR,

and T2 images was performed by MRI scan every 12 weeks. Efficacy
was studied by determination of PFS and OS.

Collection of blood, cerebrospinal fluid, and BIF
Blood and CSF were collected 24 and 6 hours before start of virus

infusion respectively (indicated as pre-infusion time points) and 6, 24,
48, 72, and 96 hours, and 1, 2, 4, and 12 weeks there after (indicated as
post-infusion time points). Samples were centrifuged within 1 hour to

remove erythrocytes from CSF or to collect serum or plasma from
blood and aliquoted and stored at �80�. BIF was collected at 6 hours
before and 2, 6, 22, and 44 hours after start of virus infusion and frozen
at �80� immediately.

Analytical plan of the phase I trial
Sample size was variable and dependent on the number of patients

needed to find the MTD with a dose-limiting toxicity level of <33.3%
and amaximum of 6 patients treated at any dose level. AEs were coded
using the CTCAE v3.0 and MedDRA v 10.0 AE dictionaries and listed
by severity and by relatedness with the study treatment. Laboratory
data were analyzed with shift tables and summaries of change from
baseline to maximum posttreatment value.

Laboratory analyses
IHC of posttreatment tissues

Tumor sections were made from the formalin-fixed paraffin-
embedded tissue of patient 7 (postmortem, 3 months after treatment)
and 11 (resection 6 weeks after virus treatment). Antigens were
retrieved at 97�C for 16 minutes (CD8) or 64 minutes (CD68, CD16,
CD4) using ULTRA Cell Conditioning (Ventana Medical Systems
Inc.). Sections were stained with the following antibodies: anti-hexon
(Millipore), anti-CD68/k (Clone M0814; Dako Agilent Pathology
Solutions), anti-CD16 (Clone 2H7, Neomarkers Inc.), anti-CD4
(Ventana Medical Systems Inc.), and anti-CD8 (clone Sp57, Ventana
Medical Systems Inc.). Sections were analyzed after signal amplifica-
tion and counterstaining with Hematoxylin II and Bluing Reagent (All
Ventana Medical Systems Inc.).

Detection of Delta24-RGD viral genomes
FromCSF and excreta samples (urine, throat, and anal swabs) nucleic

acids were extracted for qPCR analysis of the adenoviral RGD-modified
fiber gene using the High Pure Viral Nucleic Acid Extraction Kit of the
Magnapure LC (Roche Molecular Systems). Amplification was per-
formed using the 2� TaqmanUniversal Mastermix (Life Technologies)
and primers add24-RGDfwd (50-acactaaacggtacacaggaaacag-30) and
add24-RGDrev (50-gccagaccagtcccatgaaa-30) and FAM-BHQ1 labeled
probe add24-RGDprobe (50-ccgcggagactgtttctgccca-30). Real-time PCR
amplification was read on a Lightcycler 480 (RocheMolecular Systems).
In parallel, a calibration curve of a Delta24-RGD stock with a known
viral particle titer was run. The minimal detection level of RGD-specific
adenoviral genomes was 20 vp/mL.

Cytokine and chemokine measurements
For cytokine and chemokine analysis, theCSF andBIF samples were

thawed on ice and 25mL of each sample (in duplicate for CSF) was used
to detect IFNg , IL1b, IL2, IL4, IL5, IL6, IL8, IL10, IL12p70, IL13,
TNFa, IP-10, MCP-1, MCP-4, MIP-1b, TARC, and Eotaxin using the
Meso Scale Discovery Human Cytokine Ultra-Sensitive Multiplex
Assay (MSD) according to the manufacturer’s instructions. Plates
were run on the SECTOR Imager Instrument (MSD) and results were
analyzed using the Workbench analysis software (MSD).

Blood, CSF, and tissue flow cytometry analysis
Blood and CSF samples were processed for 6-color flow cytometry

analysis as described by de Graaf and colleagues (23). The absolute
numbers and percentages of leukocytes (lymphocytes, granulocytes,
and monocytes), lymphocytes [T (CD4 and CD8), natural killer (NK),
NKTandB cells], T cells (na€�ve, centralmemory, effectormemory, and
regulatory), and dendritic cell (DC) subsets (myeloid and plasmacy-
toid) were assessed. Immediately upon staining, list mode data were
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acquired on a 6-color FACS Canto flow cytometer (BD Biosciences).
Analysis was performed using FCS Express software (De Novo Soft-
ware). Resection tissue (patient 16) obtained 26months posttreatment
was processed and analyzed by flow cytometry as described previously
using the following antibodies CD3, CD4, CD8, CD14, CD19, CD27,
CD45, and CD56 (19).

Serum and cerebrospinal fluid adenovirus antibody titers
Serum and cerebrospinal fluid immunoglobulin antibodies

against adenovirus were determined quantitatively by adenovirus
IgG and adenovirus IgM ELISA kits (Creative Diagnostics) accord-
ing to manufacturer’s instructions. For both IgG and IgM assays,
samples obtained before virus treatment and at 4 weeks after were
thawed and duplicate serial dilutions up to 1:2,000 were prepared
followed by testing against the provided standard curves of the kits.
The absorbance was read on a VERSAmax tunable microplate
reader (Molecular Devices). Results are expressed in arbitrary units
(U/mL).

Statistical analysis
Statistical analysis was performed using the Prism Graphpad

Software (Graphpad Software Inc.). Differences were considered
statistically significant whenP< 0.05. Time to progression and survival
was summarized by Kaplan–Meier methods.

Results
Patient characteristics and virus treatment

In total, 20 patients were enrolled, 15 in the dose escalation cohort, 5
in the dose expansion cohort (Supplementary Fig. S1). Patients had a
median age of 53.5 years (range 29–69 years) and Karnofsky Perfor-
mance Score (KPS) between 70 and 100 (median 90; Table 1). Most
patients suffered from a second or third tumor recurrence (n ¼ 17;

85%) after prior treatments of resection at initial diagnosis (n ¼ 19;
95%), re-resection after recurrence (n ¼ 5; 20%), radiation (n ¼ 20;
100%), concomitant and adjuvant temozolomide (n ¼ 19; 95%),
second-line lomustine (n ¼ 15; 75%), and second-line bevacizumab
(n¼ 6; 30%). Tumors were determined to be IDH1 wild-type (n¼ 15;
75%), mutant (n ¼ 1; 5%), or unknown (n ¼ 4; 20%). Nineteen of 20
patients completedDelta24-RGDvirus infusion according to protocol;
5 of 20 patients (25%) had tumor debulking/resection prior to virus
treatment. All patients received four CED catheters, except one in
whom a small venous superficial cortical hemorrhage prohibited entry
and placement of one catheter. Of 79 catheters placed in 20 patients, 70
were used for virus infusion. In 5 patients one of four catheters was
excluded for infusion due to mispositioning of the catheter tip in the
lateral ventricle (1) and contrast leakage to CSF spaces at test infusion
(4). One patient showed lowering of KPS below 70 after the surgical
procedure for needle biopsy and catheter placement, resulting in
failure to meet the inclusion criteria for virus infusion.

Toxicities
A summary of AEs is shown in Table 2. In 14 patients, 17 serious

AEs (SAE) occurred, of which 8 were unrelated to the study treatment,
including one fatal SAE (gastrointestinal perforation). The remaining
nine SAEs that were possibly related are described in detail below
(Table 3).

Patient 9 (dose level 3, 1� 109 vp) was readmitted with a CTC grade
4 confusion and signs of delirium 4 weeks after virus infusion.
Although this event was possibly related to virus treatment, he
recovered after haloperidol and antibiotic treatment because of a
suspected urinary tract infection.

Patient 10 (dose level 4, 1� 1010 vp) was hospitalized 2 weeks after
virus treatment because of a first generalized seizure, CTC grade 3.
Seizures resolved after starting anti-epileptic medication and correc-
tion of a hyponatremia and hypopotassemia. The event was possibly

Table 1. Patient characteristics: sex (F, female, M, male), age (in years), KPS, prior treatments before enrollment in this trial (RT,
radiotherapy; TMZ, temozolomide), received viral dose (vp), if patients underwent resection prior to treatment, and isocitrate
dehydrogenase (IDH) status.

Prior treatment
Patient Sex Age KPS Standard therapy Second-line Third-line Dose (vp) Resection IDH status

1 F 42 90 Resection, RT/TMZ, aTMZ Bevacizumab þ lomustine 107 Yes Wild-type
2 F 29 90 Resection, RT/TMZ, aTMZ Bevacizumab þ lomustine 107 No n/a
3 M 54 80 Resection, RT Temsirolimus Bevacizumab þ

lomustine
107 No Wild-type

4 F 46 90 Resection, RT/TMZ, aTMZ Lomustine 108 No Wild-type
5 M 53 100 Resection, RT/TMZ, aTMZ Bevacizumab þ lomustine 108 No Wild-type
6 F 60 90 Resection, RT, TMZ 108 Yes Wild-type
7 M 67 80 Resection, RT/TMZ Dasatinib þ lomustine 109 No Wild-type
8 M 64 90 Resection, RT/TMZ, aTMZ Lomustine 109 No n/a
9 M 60 90 Resection, RT/TMZ DC therapy Lomustine 109 No n/a
10 F 54 90 Biopsy, RT, TMZ Lomustine 1010 No Wild-type
11 F 48 80 Resection, RT/TMZ Re-resection, aTMZ 1010 No Wild-type
12 M 52 90 Resection, RT/TMZ, aTMZ 1010 Yes Wild-type
13 M 45 90 Resection, RT/TMZ, aTMZ Re-resection, lomustine 3 � 1010 No Wild-type
14 M 37 90 Resection, re-resection, TMZ, RT Lomustine Not infused No n/a
15 F 40 100 Resection, RT/TMZ, aTMZ Lomustine 3 � 1010 No Mutant
16 M 55 100 Resection, RT/TMZ, aTMZ 1010 No Wild-type
17 F 66 90 Resection, RT/TMZ, aTMZ Bevacizumab þ lomustine Re-resection 1010 Yes Wild-type
18 M 69 90 Resection, RT/TMZ, Re-resection, aTMZ Re-resection 1010 Yes Wild-type
19 M 38 80 Resection, RT/TMZ, aTMZ Bevacizumab þ lomustine 1010 No Wild-type
20 M 56 80 Resection, RT/TMZ, aTMZ Re-resection, lomustine 1010 No Wild-type
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related to virus infusion, but more likely related to the GBM itself in
combination with hyponatremia.

Patient 13 (dose level 5, 3 �1010 vp) was readmitted 4 weeks after
virus treatment with symptoms of increased intracranial pressure and
increased peritumoral edema on CT scan, CTC grade 3. Administra-
tion of dexamethasone provided rapid improvement.

Patient 14 experienced neurologic deterioration after surgery for
needle biopsy and catheter placement. His preoperative KPS score of
70 dropped to 50 resulting in failure tomeet the inclusion criteria. This
grade 3 SAE was related to study related surgery and not to the virus
itself.

Patient 15, treated at dose level 5 (3� 1010 vp), was readmitted with
mild fever, nausea, and vomiting, CTC grade 3, hydrocephalus, and
CSF leakage from the surgical headwound 2weeks after virus infusion.
After bacterial meningitis was ruled out, the patient was diagnosed

with viral meningitis and subsequent mild hydrocephalus, which was
supported by the finding of a high Delta24-RGD titer in CSF. Spon-
taneous recovery occurred after 2 weeks.

Patient 16 experienced a wound dehiscence, CTC grade 3, related to
other study procedure.

Patient 17 (dose level 4, 1 � 1010 vp) was readmitted 2 weeks after
virus infusion with an increase of preexisting mild hemiparesis,
headache, nausea, and vomiting, CTC grade 3. A CT scan showed
increased edema around the tumor and mid-line shift, after dexa-
methasone andmannitol therapy symptoms disappeared. This patient
also experienced a wound dehiscence, CTC grade 3.

Patient 20 (dose level 4, 1 � 1010 vp) was readmitted 1 week after
virus treatment with dysphasia and mild fever, CTC grade 3, both
disappeared spontaneously. ACT scan did not reveal new findings and
an EEG showed possible postictal changes. Because of previous

Table 2. All reported adverse events arranged by body systems and toxicity grades.

Toxicity grade Total
Body system 1 2 3 4 5 Missing data

Blood/bone marrow 95 5 3 103
Cardiac general 5 1 6
Coagulation 15 15
Constitutional symptoms 21 9 3 34
Dermatology/skin 6 1 2 9
Endocrine 2 1 3
Gastrointestinal 20 18 2 1 (perforation) 42
Hemorrhage/bleeding 8 1 9
Infection 4 7 1 12
Lymphatics 4 1 5
Metabolic/laboratory 138 19 7 1 165
Musculoskeletal/soft tissue 6 5 7 1 19
Neurology 27 26 14 3 70
Ocular/visual 2 3 5
Pain 22 15 3 40
Pulmonary/upper respiratory 10 4 2 16
Renal/genitourinary 3 2 2 7
Syndromes 1 1
Total 389 117 48 5 1 1 561

Table 3. All reported SAEs per patient, viral dose, and relation to treatment.

Patient Dose (vp) SAE Grade Relation to treatment

5 108 Neck pain (in combination with fever) 2 Unrelated
6 108 Hydrocephalus 4 Unrelated
7 109 Urinary tract infection 2 Unrelated
7 109 Neurological deterioration 3 Unrelated
7 109 Diverticulitis resulting in sigmoid perforation and sepsis 5 Unrelated
9 109 Confusion 4 Related to Delta24-RGD infusion
10 1010 Seizure (generalized) 3 Related to Delta24-RGD infusion
11 1010 Neurological deterioration 2 Unrelated
12 1010 Chronic subdural hematoma 2 Unrelated
13 3 � 1010 Increased intracranial pressure 3 Related to Delta24-RGD infusion
14 Not infused Neurological deterioration 3 Related to catheter surgery
15 3 � 1010 Meningitis with hydrocephalus 3 Related to Delta24-RGD infusion
16 1010 Wound dehiscence at the site of the Ommaya 3 Related to other study procedure
17 1010 Increased intracranial pressure 3 Related to Delta24-RGD infusion
17 1010 Wound dehiscence at the site of the Ommaya 3 Related to other study procedure
19 1010 Depressed level of consciousness 4 Unrelated
20 1010 Seizure 3 Related to Delta24-RGD infusion
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epilepsy-related speech disorders, it was concluded that this event was
caused by an epileptic seizure, possibly related to virus infusion.

Four patients developed dysregulation of the CSF circulation. This
resulted in re-closure of a CSF-leaking head wound (patient 15),
placement of a CSF shunt (patients 6 and 12), and head bandage for
a subcutaneous CSF collection with ventricular enlargement on CT
scan (patient 10). Two of these patients and an additional other patient
(patient 17) had signs of viral meningitis consisting of headache, neck
pain, and nausea, occurring between week 2 and 4, which were all self-
limiting. Although a clear relation between occurrence of these
symptoms, CSF circulation disturbances, and viral CSF titers is lacking,
virus delivery through CED catheters in the tumor and the surround-
ing brainmay have led to spreading of viral particles, not only in tissue
but also in the CSF, causing symptoms of viral meningitis.

MTD as a result from toxicity was not reached in this study.
Because of CSF leakage from a head wound 2 weeks after treatment
at dose level 5 (3 � 1010 vp) in patient 15, dose escalation was
evaluated by the Dutch environmental safety authority and DSMB
upon which it was recommended to stop dose escalation, not
because of toxicity but to avoid a possible risk of virus shedding.
Therefore, patients in the dose expansion cohort were subsequently
treated at dose level 4 (1 � 1010 vp).

Survival
Median PFS was 82 days (range 29–287 days), with a median OS of

129 days (range 68 days tomore than 7 years). Six of 19 patients had an
OS of more than 6 months, of which 2 (15 and 16) achieved long-term
survival of 7.5 and 2.5 years, respectively. Patient 15 had a complete
response, is still alive and well, without signs of tumor recurrence and
without any other treatments (Table 4).

MRI response
Using three-dimensional volume measurements on T1 contrast

enhancing as well as FLAIR andT2 images, we could identify 4 patients
with a radiographic response. Patient 7 (dose 1 � 109 vp) had at

3 months unchanged tumor size on T2, an increase of FLAIR signal
interpreted as edema and a decrease of contrast enhancement on T1
(Fig. 1). Patient 11 (dose 1� 1010 vp) showed tumor lysis around the
track of a CED-infusion catheter (Fig. 2). Two patients with long-term
survival (dose 1� 1010 vp and 3� 1010 vp) showed tumor regression.
Patient 15 had increased enhancement at the initial follow-up MRI
scan (Fig. 3), which was later interpreted as pseudoprogression,
because after more than a year the tumor gradually disappeared over
the course of another year, without having had any other treatment
(Table 4).

Shedding data
In all but 1 patients daily PCR analyses of urine, throat-swab, and

anal-swab samples were negative for Delta24-RGD during 3 conse-
cutive days after ending of virus infusion. From patient 19 (dose level
4), one of the in triplicate tested anal-swab samples was positive for
Delta24-RGD on the first day after completing virus infusion.
Although laboratory contamination could not be ruled out, isolated

Table 4. Survival (in days) of the trial patients and reported MRI
responses.

Patient Dose (vp) Response type Survival in days

1 107 169
2 107 Survival 280
3 107 Survival 225
4 108 86
5 108 98
6 108 129
7 109 MRI 96
8 109 94
9 109 96
10 1010 Survival 211
11 1010 MRI 106
12 1010 131
13 3 � 1010 95
14 Not infused
15 3 � 1010 MRI þ survival 2,792a

16 1010 MRI þ survival 976
17 1010 82
18 1010 146
19 1010 68
20 1010 Survival 199

aPatient currently alive 7.5 years after initial Delta24-RGD treatment.

Pretreatment

3 Months after Delta24-RGD infusion

Figure 1.

Illustrative case patient 7, a 67-year-oldmalewith a second recurrence of aGBM,
diagnosed 13 months earlier. Virus infusion of 1� 109 vp was uncomplicated, but
patient was readmitted 3 months later due to neurological deterioration. MR
showed a decrease of the contrast-enhancing part of the tumor but an increase
of the signal intensity in the peritumoral area on the T2- and FLAIR-images,
interpreted as increased edema and stable tumor (left side: T1 after gadolinium;
right side: T2 images). During hospitalization, patient deteriorated rapidly, dying
with clinical signs of sepsis. At autopsy a diverticulitis with sigmoid perforation
was found. Brain autopsy revealed a relatively small tumor in relation to the MR
images, containing immune cell infiltrates (Fig. 5A), necrotic areas, infarctions,
and absence of vascular proliferation.
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care was prolonged for an extra day according to protocol after which
further PCR tests remained negative (results not shown).

Prolonged presence of viral DNA in CSF
The kinetics of Delta24-RGD replication after CED administration

were assessed byPCR analyses of viral DNAon sequential CSF samples
in 18 of 19 patients (Fig. 4). At 24 to 48 hours after start of infusion,
CSF viral DNA titers were low or undetectable in 15 patients and high
in patients 8, 12, and 13. Hereafter, most patients show a substantial
increase of CSF viral titers with a peak at 2 weeks post-infusion. In
patients 1, 3, 7, and 16, titers remained low or undetectable up to
4 weeks after viral infusion. Interestingly, in three of the six available
12-week CSF samples, viral DNA was still present. No correlation
could be found between administered viral dose, the level of or fold
increase of virus particles in CSF over time and tumor response.
However, in 4 of 7 patients surviving more than 6months, the amount
of viral DNA increased over time up to 4 weeks after treatment
(patients 2, 10, 15, and 20), with the best responding patient 15 having
a steep increase.

Presence of intratumoral adenoviral proteins
In the post-mortem brain of patient 7, at 3 months and the re-

resected tumor of patient 11, at 6 weeks after virus infusion hexon-
positive cells were present. In patient 7, some scattered hexon-positive
cells were observed (Fig. 5A, top image) whereas in patient 11
abundant hexon-positive cells were present in tumor around the cavity
that had emerged after the virus infusion (Fig. 5B, top image),
suggestive for viral replication. Furthermore, we routinely establish
tumor cell cultures with a success rate of over 75%, however, from this
virus-treated tumor specimen of patient 11 we were not able to
establish a viable cell culture and clear signs of virus-induced cyto-
pathic effects were observed (results not shown). These observations
are suggestive of prolonged intratumoral presence and/or activity of
the virus.

Intratumoral induction of proinflammatory cytokines and
chemokines

In 11 patients, including patient 14 who underwent catheter place-
ment but did not receive virus, BIF samples were acquired by

A

B

Pretreatment 2 Weeks after Delta24-RGD infusion

Figure 2.

Illustrative case patient 11, a 48-year-old female, whowas treated 21months afterGBMdiagnosis for a second recurrence at dose level 4with 1� 1010 vp. After 2weeks,
MRI showed a large areawith cavity formation suggestive of tumor lysis in the target area of one of the intratumoral catheters used for virus administration [A, T1 after
gadolinium prior to treatment and 2 weeks after treatment; B, postoperative neuronavigation screenshot demonstrating the relation of the CED catheter (trajectory
in blue) and the necrotic area]. Six weeks after virus infusion her preexisting paresis of the left leg deteriorated due to increasingmass effect of the treated tumor for
which she underwent subtotal re-resection. After initial improvement, she deteriorated again 6 weeks later, at this point she declined further diagnostic tests and
treatment. She died 106 days after virus infusion. PCR analysis of CSF samples demonstrated increasing virus titers 3 months post-infusion (Fig. 5). The resected
tumormaterial contained besides tumor cells also viral proteins and immune cell infiltrates (Fig. 4B). Our routine tumor cell culture protocol of this tumor failed due to
virus-induced lysis of tumor cells. Unfortunately, we were unable to discriminate between true tumorprogression or an inflammatory reaction known as
pseudoprogression.
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microdialysis during the period of virus infusion. Directly after the
surgical procedure in which CED catheters were placed and before
viral infusion, levels of acute-phase cytokines, including IL6 andTNFa
(Supplementary Fig. S2A) were increased in almost all patients. These
increases are probably the result of the surgical procedure itself asmost
cytokines show a steady decrease during the following 44 hours, with
the exception of macrophage inflammatory protein-1b (MIP-1b,
Supplementary Fig. S2B). Indeed, patient 14 (black line), who did not
receive virus but had follow-up CSF analyses showed similar cytokine

kinetics. The cytokines IL2, IL4, IL5, and IL12 (p70) were not
detectable in the BIF samples (results not shown).

Elevated levels of cytokines and chemokines in CSF after viral
infusion

The levels of Th1-associated cytokines IFNg and TNFa increased in
most patients after virus administration, peaking between 2 and
4 weeks. IL6 levels showed large inter-patient variability. Of the
Th2-associated cytokines, IL10 and IL13 were detectable in the CSF
samples with initial low levels, rising after 96 hours (Fig. 6A). The
cytokines IL4, IL5, and IL12 (p70) were not detectable (results not
shown).

Chemokines were quite abundantly present in the CSF in response
to virus. In particular, Eotaxin, IP-10, and MIP-1b (Fig. 6B) showed a
steep increase after virus infusion. The remaining chemokines that
could be detected, IL8, MCP-1, and MCP4, showed a more variable
response pattern (Supplementary Fig. S3).

Together these analyses are indicative of an inflammatory response
to the virus infusion in the majority of the patients.

Phenotyping of locoregional inflammatory cells
CSF samples of patients 1 to 15 were analyzed for the presence of

immune cells. As shown inFig. 7, marked changeswere seen after virus
infusion. Significant increases of CD56þ NK cells and DCs (CD45þ/
lineage�/HLA-DRþ) were seen 2 and 4 weeks after treatment. Both
CD4þ andCD8þT-cell subsets rose up to 100-fold comparedwith pre-
infusion values and were well above normal range (gray beam in the

3 mos 6 mos 10 mos 12 mos 25 mos 60 mos 92 mos

Figure 3.

Illustrative case patient 15, a 40-year-old female who received 3� 1010 vp for her second GBM recurrence, 13 months after initial diagnosis of an IDHmutant GBM. T1
after gadolinium images posttreatment demonstrated tumor regression of the virus-infused tumor site (top) after initial pseudoprogression, followed by a slow
prolonged regression of the distant tumor sites (middle and bottom). One year after virus infusion patient neurologically deteriorated despite high-dose steroid
treatment. Ultimately, she was bedridden with palliative care and all medication, including steroids, was withdrawn. After this she made a remarkable recovery,
regaining a KPS of 70. Patient is still alive and in stable clinical condition 8 years after Delta24-RGD treatment without having had any other treatments.

Figure 4.

Prolonged presence of Delta24-RGD DNA in cerebrospinal fluid of treated
patients. Samples collected at indicated time points from permanent ventricular
catheter were analyzed by a Delta24-RGD specific PCR for the presence of viral
copy numbers (expressed as viral particles per mL CSF).
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graphs). Peak numbers were measured on days 14 and 28 after virus
infusion. Interestingly, the ratio of CD4þ:CD8þ cells decreased most
remarkably in patients with longest OS (for which CSF samples could
be obtained at day 85), indicating a relative abundance of CD8þ

(cytotoxic) T cells in these patients.
IHC staining revealed the presence of abundant numbers of macro-

phages (CD68þ and CD16þ cells), CD4þ T cells and to a lesser extent
CD8þ cells in tumors that were exposed to virus of patients 11 and 16
(Fig. 5). Flow cytometry of a tumor sample obtained 26 months after
virus treatment (patient 16) revealed increased percentages of macro-
phages, CD4þ and CD8þ lymphocytes within the intratumoral leu-
kocyte population compared with these numbers in four control GBM
samples, suggestive for a prolonged local immune activation (Supple-
mentary Fig. S4).

Systemic immune response
No changes in serum levels of cytokines and chemokines, nor in

immune cell subsets of 12 patients could be detected (Supplemen-
tary Fig. S5). Numbers of immune cell were below the normal range,
probably due to prolonged effects of prior chemotherapy as well as
the reported systemic immune suppressive effects of the tumor
itself (24, 25).

Serum adenovirus-specific IgG and IgM levels prior to and 4 weeks
after virus infusion revealed that most patients had low levels of pre-
existing antibodies to adenovirus (IgG in Fig. 8A). Interestingly, long-
term surviving patient 15 had the highest level of preexisting anti-
bodies. In approximately half of the patients, a considerable rise in
antibody titers was observed at 4 weeks after virus infusion, with again

patient 15 showing the highest levels followed by patients 12 and long-
term surviving patient 16. Similar results were obtained for anti-
adenovirus IgM levels (not shown) and for IgG levels in the cerebro-
spinal fluid of treated patients (Fig. 8B). These results suggest that pre-
existing anti-adenovirus antibodies do not preclude a therapeutic
response to virus treatment.

Inflammatory response correlated with increased survival
A subset of patients showed a substantial increase inCSF IFNg levels

4 weeks after viral infusion, whereas in the other subset no increase was
detected. These subgroupswere defined as IFNg-high (>50 pg/mL) and
IFNg-low <10 pg/mL; Fig. 9A). To further investigate this phenom-
enon, reciprocal correlations between cytokine and chemokine pro-
duction in these two groups were calculated. In patients with a high
IFNg concentration, significant positive correlations between almost
all cytokines and chemokines were detected, whereas in patients with
low IFNg concentration only few correlations were found (Fig. 9B).
Although levels of IFNg were not significantly correlated with the CSF
Delta-24RGD levels (P¼ 0.057), in the 2 patients with the highest viral
titers, IFNg levels were increased compared with the other patients
(Fig. 9C). Furthermore, CD8þ T cells were more abundant in the CSF
in the IFNg-high group at 4 weeks after viral infusion (Fig. 9D) and a
trend toward a prolonged survival compared with patients with a
IFNg-low profile was observed (Fig. 9E).

Of note, the acute-phase cytokine TNFa significantly correlated
with the CSF levels of Delta-24RGD (Supplementary Fig. S6); however
only 3 patients had a higher titer of TNFa at 4 weeks after viral
infusion. Of these 3 patients, one showed a prolonged survival.

Figure 5.

IHC analysis of post-mortem tumor material of patient 7 (A, 3 months after virus administration, left) and re-resection material of patient 11 (B, 4 weeks after virus
administration, right) for the adenoviral protein hexon (top images), showing scattered hexon-positive cells and for the presence of immune cells (bottom images);
CD68þ cells (macrophage marker), CD16þ (monocyte marker), and CD4þ lymphocytes are quite abundant in both samples. CD8þ lymphocytes are less frequent in
both samples.
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Discussion
In this study we have shown for the first time that prolonged

infusion by CED technique of the oncolytic adenovirus Delta24-RGD,
in recurrent GBM as well as in the surrounding brain, is safe. Study-
related SAEs that occurred caused symptoms mostly related to
increased intracranial pressure caused by inflammation-related edema
or viral meningitis, however these signs and symptoms were all
temporary. Two of 19 treated patients showed long-term survival, of
whom one is still alive, free of tumor 8 years without any other
treatment. In CSF and tumor of specific patients, including the
long-term surviving patient, virus remained present over a long time
period, up to 12 weeks, the number of immune cells and levels of

modulatory cytokines and chemokines were increased, suggesting that
an antitumor immune response can be elicited.

Several trials have shown that local delivery of replicating oncolytic
viruses into malignant glioma is feasible and safe (26–30), and recent
studies demonstrated impressive durable responses in a significant
proportion of patients (21, 31, 32). Lang and colleagues testedDelta24-
RGD in 37 patients with recurrent GBM (21). Five of 25 patients (20%)
receiving a single intratumoral injection survived more than 3 years.
Furthermore, analysis of resected treated tumor revealed presence of
intratumoral CD8þ and T-betþ cells 2 weeks after Delta24-RGD
treatment, suggesting an immunogenic antitumor response. Treat-
ment of 61 patients with recurrent GBM with the polio-virus derived
PVS-RIPO achieved a similar therapeutic effect of 21% long-term

Figure 6.

CSF levels of the cytokines IL6, IFNg , TNFa, IL10, and IL13 (A) and the chemokines Eotaxin, IP-10, and MIP-1b (B) at indicated time points prior to, during, and after
Delta24-RGD infusion. Concentrations are expressed in pg/mL CSF.
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survivors (31). Treatment of 45 patients with the retrovirus derived
TOCA-511 virus in a phase II trial led to an OS of 13.6 months (32).
Although the phase III study with TOCA-511 was negative (33), we do
believe that oncolytic viral therapy holds strong therapeutic potential,
based on the relatively large number of responders in early-phase trials.

In the current trial, we observed viralmeningitis as treatment related
toxicity in 3 patients, which is most likely related to the mode of
delivery using CED. At the time of this study, dedicated CED catheters
designed for backflow reduction, were not available yet. The use of
these suboptimal CED catheters in this trial may have contributed to
shedding of virus into the CSF, causing viral meningitis. Although we
cannot outweigh the benefits or risks of use of CED for delivering

adenovirus to tumor and surrounding brain, the finding that virus
remains present in the CSF for a long period of time, is new. This may
be caused by continuous production of viral progeny in the infected
tumor cells, the viral spill in the CSF due to inadequate CED catheters
or a combination.

In this dose-escalating study with six dose levels, the MTD was not
reached. A wound healing problem occurred in a patient treated at
dose level 5 (3� 1010 vp), with subsequent CSF leakage, 2 weeks after
hospital discharge. Due to the risk of viral shedding as observed by the
national environmental safety authority, the DSMB recommended to
continue the study at dose level 4. Risk of environmental shedding of
the virus through excreta was found to be nearly nil.

Figure 7.

Immune cells were isolated from cerebrospinal fluid at indicated timepoints after Delta24-RGD infusion and analyzed by flow cytometry with the followingmarkers:
CD45þCD3�CD56þ (NK cells), DCs (CD45þ/lineage�/HLA-DRþ), CD45þCD3þ/CD4þ (CD4þ T-lymphocytes), and CD45þCD3þ/CD8þ (CD8þ T-lymphocytes).
Immune cell subsets are presented as absolute numbers per mL CSF. Gray-shaded areas indicate the normal range for each cell type.
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Although median OS is within the expected range for patients with
recurrent GBM, 2 of 19 treated patients showed long-term survival,
with one complete responder being still alive. Although these results
may not seem impressive, it must be recognized that in this trial
patients were heavily pretreated and in far stage of disease. The
majority of patients in this study, 14 of 19, were treated at second
or even third recurrence. Furthermore, during the conduct of this trial,
it could not be discerned whether symptoms as headache and nausea
were caused by viral meningitis, tumor growth, or an inflammatory
reaction causing edema. MR and CT imaging were not helpful in
discriminating between these different etiologies of increased intra-
cranial pressure. These symptoms were treated with steroids, in
retrospect this treatment may have hampered the desired antitumor
immune response. A striking observationwas that long-term surviving
patient 15, whose neurologic deterioration that was accompanied by
signs of increased intracranial pressure was initially treated with high-
dose dexamethasone, improved dramatically after withdrawal of
steroids. These support the notion that steroid use should be avoided
in oncolytic viral therapies.

This clinical trial was also the first to assess the local and loco-
regional responses upon infusion of an oncolytic virus into the tumor
and surrounding brain by sequential sampling of BIF and CSF. PCR
analysis in 12 of 17 evaluable CSF samples showed presence of viral
DNA at 4 weeks after treatment, in 5 patients these levels were
increased compared with measurements at earlier time points. At
12weeks, 4 patients still had viral DNApresent in CSF, of which 2were
increased compared with the 4-weekmeasurement. These findings are
in support of the anticipated biological effect of virus replication in
tumor cells, which may continue for a longer period of time than

Figure 8.

Serum-specific anti-adenovirus IgG antibodies were determined in all patients
prior to (white bars) and 4weeks after (black bars) Delta24-RGD treatment (A).
Levels are expressed in units per mL serum. Anti-adenovirus IgG antibodies
found in the CSF of patients prior to (white bars) and 4 weeks after (black bars)
Delta24-RGD treatment are shown in B. Stars indicate usages of a 2-week
sample instead of 4 weeks post-infusion.

Figure 9.

The degree of inflammatory response is correlatedwith survival. In a subset of patients, termed IFNg-high, CSF IFNg levels rose above 50 pg/mL at 2 to 4weeks after
treatment (A). In these patients, almost all measured cytokines and chemokines are significantly correlated and increased. Significant correlated cytokines/
chemokines are connected with a straight line (P < 0.05) or with a dotted line (P < 0.001; B). The levels of IFNg are not significantly correlated with levels of
Delta24-RGD (C). The IFNg-high group also revealed higher CD8þ T cells numbers in CSF compared with IFNg-low group (D). Kaplan–Meier survival curve of treated
patients separated into IFNg-high and IFNg-low groups. Both long-term surviving patients (nos. 15 and 16) belong to the IFNg-high group (E, black line).
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previously anticipated. Not only reactive immune cell activation but
also preexisting antiviral antibodies may limit the efficacy of virus-
based therapies due to rapid elimination of the virus or viral vec-
tor (34, 35). However, therapy-enhancing effects of preexisting anti-
bodies have also been reported (36, 37). In the Delta24-RGD-treated
patients, the levels of preexisting anti-adenovirus antibodies did not
correlate with level and duration of viral DNA in the CSF. Interest-
ingly, the best responding patient had the highest pre- and posttreat-
ment antibody titers.

Also, the Th1-associated cytokines IFNg andTNFa, rose inCSF of a
large subset of patients and peaked between 2 and 4 weeks after
treatment. This peak coincided with significant increases in CD4þ,
CD8þ T-cell subsets and CD56þ NK cells. These findings were in line
with the analysis of post-mortem tumor tissue of patient 7 and re-
resected tumor of patient 11 showing large numbers of immune cell
infiltrates. Re-resected tumor obtained 26months after treatment from
patient 16, revealed the long-term nature of this local inflammatory
response to viral treatment, which was also accompanied by a mac-
rophage phenotypic shift from a more tumor-supportive M2 pheno-
type toward a more tumor detrimental M1 phenotype as we described
previously (19). Importantly, presence of high levels of IFNg in theCSF
was associated with high numbers of CD8þ T cells in the CSF. In this
small patient series, segregation of the overall survival graph into
patients with high versus low CSF IFNg levels, suggests a survival
benefit of high IFNg levels. CSF IFNg and TNFa levels may therefore
represent a potential biomarker for response in future oncolytic virus
trials.

BIF analysis showed high levels of acute-phase cytokines and
chemokines already prior to virus infusion, presumably resulting from
tissue damage during surgery for biopsy and catheter placement. Such
effects have been reported previously and were described to resolve
within approximately 6 hours (38). However, a more prolonged
increase in cytokines and in particular chemokines was noted in a
subset of our patients, often returning to baseline values after 44 hours.
This may indicate that these increases measured beyond 6 hours are
related to the virus infusion. Because we were unable to sample BIF
after the time point of 44 hours prolonged kinetics could not be
assessed.

Further research is required to validate whether local cytokine levels
represent biomarkers for response and whether such responses can be
modelled ex vivo. Such biomarker assays may ultimately aid in the
identification of responding patients and improve the response rate to
oncolytic viral therapy.
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