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Abstract

Purpose—Human neural stem cells (NSCs) are inherently tumor-tropic, making them attractive 

drug delivery vehicles. Toward this goal, we retrovirally transduced an immortalized, clonal 

NSC line to stably express cytosine deaminase (HB1.F3.CD.C21; CD-NSCs), which converts the 

prodrug 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU).

Experimental Design—Recurrent high grade glioma patients underwent intracranial 

administration of CD-NSCs during tumor resection or biopsy. Four days later, patients began 

taking oral 5-FC every 6 hours for 7 days. Study treatment was given only once. A standard 3+3 

dose escalation schema was used to increase doses of CD-NSCs from 10 million to 50 million 
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and 5-FC from 75 to 150 mg/kg/day. Intracerebral microdialysis was performed to measure 

brain levels of 5-FC and 5-FU. Serial blood samples were obtained to assess systemic drug 

concentrations as well as to perform immunologic correlative studies.

Results—Fifteen patients underwent study treatment. We saw no dose-limiting toxicity (DLT) 

due to the CD-NSCs. There was 1 DLT (grade 3 transaminitis) possibly related to 5-FC. We 

did not see development of anti-CD-NSC antibodies and did not detect CD-NSCs or replication 

competent retrovirus in the systemic circulation. Intracerebral microdialysis revealed that CD-

NSCs produced 5-FU locally in the brain in a 5-FC dose-dependent manner. Autopsy data indicate 

that CD-NSCs migrated to distant tumor sites and were non-tumorigenic.

Conclusions—Collectively, our results from this first-in-human study demonstrate initial safety 

and proof-of-concept regarding the ability of NSCs to target brain tumors and locally produce 

chemotherapy.
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INTRODUCTION

Human neural stem cells (NSCs) have emerged as promising cell-based strategies for 

treating central nervous system diseases and injury (1). Most current strategies aim to use 

NSCs for regenerative purposes—to replace damaged tissue, stimulate repair, or restore 

missing enzymes. In contrast, the focus of the NSC-based anti-cancer strategy described 

herein is to harness the intrinsic tumor-tropic properties of NSCs and use these cells as 

delivery vehicles to selectively target therapeutic gene products to invasive brain tumor 

cells. By modifying NSCs to express a prodrug-converting enzyme, potentially higher 

concentrations of chemotherapy can be selectively produced at tumor sites while minimizing 

toxicity to normal brain and other tissues in the body.

Use of NSCs can also potentially overcome a major obstacle that has limited the 

effectiveness of gene therapy to date—the inability of carrier cells to sufficiently distribute 

therapeutic agents throughout primary and distant sites of tumor. Preclinical studies have 

shown that human NSCs administered intratumorally, into the cerebral hemisphere opposite 

tumor, or even intravenously, can track to and distribute throughout the main brain tumor 

mass and co-localize with distant invasive micro-tumor foci in both primary and metastatic 

brain tumor models (2–13).

The NSC line used in this study (HB1.F3) was retrovirally transduced to express cytosine 

deaminase (CD) and subcloned (4, 9, 14–16). CD converts the prodrug 5-fluorocytosine 

(5-FC) to the cytotoxic agent 5-fluorouracil (5-FU), which then kills surrounding dividing 

tumor cells (Fig. 1A). This CD/5-FC prodrug strategy has a large bystander effect, 

predicting that one CD-NSC can kill many surrounding tumor cells (17, 18). In vitro and 

in vivo preclinical studies demonstrated this well characterized clonal human NSC line 

(HB1.F3.CD.C21; CD-NSCs) retained tumor-tropism, was non-tumorigenic, had minimal 

immunogenicity, and showed therapeutic efficacy (9).
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Based on the strong preclinical data, we conducted a first-in-human study to assess the 

feasibility of treating recurrent high grade glioma patients with intracranially administered 

CD-NSCs followed by oral 5-FC. In addition to obtaining preliminary safety data, this study 

provides initial clinical proof-of-concept regarding NSC migration to tumor foci in the brain 

and the ability of NSCs to mediate localized conversion of a prodrug to chemotherapy. 

Results from this study serve as the foundation for designing future brain tumor clinical 

trials of this NSC-based anti-cancer therapy.

MATERIALS AND METHODS

Study design

The primary objective of this first-in-human study was to assess the safety of intracranially 

administering CD-NSCs followed by a 7 day course of oral 5-FC in patients with 

recurrent high grade glioma. Main secondary objectives included assessing for possible CD-

NSC immunogenicity and secondary tumorigenicity, and evaluating for proof-of-concept 

regarding CD-NSC migration to tumor foci and localized conversion of 5-FC to 5-FU.

A standard 3 + 3 dose escalation design (19) was used to investigate 3 dose levels of 

CD-NSCs and 5-FC (Supplementary Table S1). Study patients underwent tumor resection 

or biopsy, as clinically indicated, after which an intracranial dose of CD-NSCs (10 million 

or 50 million) was manually administered into the wall of the resection cavity or tumor 

tissue. During surgery, the first 3 patients treated on each dose level also had an intracerebral 

microdialysis catheter temporarily placed in residual tumor or within 5–15 mm of the 

resection cavity to collect brain extracellular fluid (ECF) for measuring concentrations of 

5-FC and 5-FU (Fig. 1B). Four days after CD-NSC administration, to allow sufficient time 

for the NSCs to stop dividing and distribute among tumor foci, patients began a 7-day 

course of oral 5-FC (75 or 150 mg/kg/day in divided doses every 6 hours). While patients 

were taking 5-FC, samples of brain ECF were continuously collected, and blood samples 

were obtained for pharmacokinetic analysis. Blood samples for immunologic correlative 

studies were collected through day 60. A brain MRI was performed at the end of the 

toxicity evaluation period (day 32), and at that point, patients could start treatment with 

another chemotherapy if clinically indicated, but they were still followed for possible long-

term toxicity as per FDA guidelines for patients who have participated in gene therapy 

studies. The study was approved by the City of Hope (COH) Institutional Review Board, 

conducted under an Investigational New Drug Application (IND# 14041), and registered at 

ClinicalTrials.gov (NCT01172964). All participants gave written informed consent.

Study eligibility criteria

To be eligible to participate in this study, patients had to be at least 18 years old; 

have radiographic findings consistent with recurrent, supratentorial high-grade gliomas 

(including glioblastoma, anaplastic astrocytoma, gliosarcoma, anaplastic oligodendroglioma, 

or anaplastic oligoastrocytoma); and be in need of tumor resection or biopsy. Other inclusion 

criteria were: (a) Karnofsky performance status ≥ 60%, (b) previous treatment with brain 

radiation and temozolomide, (c) recovered from toxicity of prior therapy, (d) adequate bone 

marrow (defined as an absolute neutrophil count of ≥1500 cells/mm3 and platelet count 
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≥ 100,000 cells/mm3), hepatic (total bilirubin ≤ 2.0 mg/dl and AST (SGOT) ≤ 4 times 

the institutional upper limit of normal) and renal function (serum creatinine within normal 

limits), (e) a minimum of 4 weeks from previous chemotherapy (6 weeks from treatment 

with a nitrosourea), and (f) no anticipated physical connection between the post-resection 

tumor cavity and the cerebral ventricles.

Patients were excluded from study participation if they had (a) anti-HLA antibodies specific 

for class I or II HLA antigens expressed by the CD-NSCs, (b) a chronic or active viral 

central nervous system infection, (c) a coagulopathy or bleeding disorder, (e) a serious 

medical or psychiatric illness that could interfere with the completion of protocol treatment, 

or were (f) currently receiving other chemotherapy or radiation therapy, (g) or pregnant or 

breast-feeding.

NSCs

The primary NSCs were obtained in accordance with the Guidelines of the Anatomical 

Pathology Department of Vancouver General Hospital, with permission to use fetal tissue 

granted by the Clinical Research Screening Committee Involving Human Subjects of the 

University of British Columbia. A materials transfer agreement was approved for use of 

HB1.F3 and HB1.F3.CD-NSCs at COH. The HB1.F3 NSCs were immortalized using a 

retrovirus encoding the v-myc gene to retain the cells’ stem-like properties, including 

the ability to migrate and remain undifferentiated (14). The NSCs were then similarly 

transduced retrovirally to stably express Escherichia coli CD. A clonal cell population was 

selected (C21) and extensively characterized, demonstrating genetic and functional stability 

over time and passage (9). The NSCs were expanded under good manufacturing practices 

(GMP) conditions and release tested to establish a master cell bank (MCB) at COH.

Final CD-NSC preparation and release testing

Frozen vials of CD-NSCs from the MCB were thawed, plated, and grown for 72 h as per 

standard propagation protocol (9). On the day of surgery, CD-NSCs were harvested and 

resuspended to the target concentration in artificial cerebrospinal fluid (CSF) [Perfusion 

Fluid CNS; CMA Microdialysis]. The final CD-NSC product then underwent rigorous 

release testing prior to patient administration, including assessment for (a) bacterial or 

fungal contamination, (b) cell identity: >90% human nestin (NSC marker) and >70% CD 

(transgene expression) required, (c) cell count (+/− 20% of target dose), and (d) viability 

(>70 % of cells required). Please see Supplementary Methods for a description of the assays 

used to determine NSC identity and viability.

Intracerebral microdialysis

During surgery, a microdialysis catheter (70 Microdialysis Brain Catheter, membrane 

length 10 mm, membrane molecular weight cut-off 20 kDa, shaft length 100 mm; CMA 

Microdialysis) was placed in tumor or peritumoral tissue to collect dialysate for measuring 

levels of 5-FC and 5-fluorouracil (5-FU) in brain interstitium. After correct placement of 

the catheter was confirmed by a non-contrast brain CT scan, perfusion of the catheter with 

artificial CSF at 1 μl/min began by connecting the inlet tubing to a syringe pump (107 

Microdialysis Pump; CMA Microdialysis). Before starting the clinical trial, we determined 
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through in vitro recovery experiments that the fractional recoveries of 5-FC and 5-FU were 

92 ± 2.1% and 91 ± 1.5%, respectively, at a flow rate of 1 μl/min. Because the in vitro 
recoveries of 5-FC and 5-FU were >90%, the microdialysis data in the Results section are 

presented as uncorrected values.

When a study patient began taking 5-FC, dialysate samples were collected continuously 

for analysis. The microvial at the end of the outlet tubing was replaced with a new one 

every 60 min during the first 24 h after the start of 5-FC, and then every 3 h until a patient 

finished the course of 5-FC or the microdialysis catheter stopped functioning. The catheter 

was removed after completing collection of the dialysate samples. Microvials containing the 

dialysate samples were kept on dry ice until moved to an ultralow temperature freezer (≤ 

−70°C), where they were stored prior to analysis.

During the dialysate collection period, blood samples were obtained to define the plasma 

concentration-time profiles of 5-FC and 5-FU in order to characterize the relationship 

between intracerebral and systemic concentrations of the two drugs. Pharmacokinetic 

sampling was performed before and after the 5-FC reached steady-state. On days 4 and 

5, blood samples were drawn just prior to the morning dose of 5-FC and then every 30 

min during the first 3 h after the morning dose was taken by the patient. Additional blood 

samples were collected 4 and 6 h (just prior to the next 5-FC dose) after the morning dose. 

On days 6, 7, and 8, blood samples were obtained just before the morning dose and then 90 

min later. Within 1 h after collection, blood samples were centrifuged at 1500 × g for 10 min 

to separate plasma from whole blood, and then plasma was stored at ≤ −70°C until analysis. 

Quantitative tandem mass spectrometry analysis of 5-FC and 5-FU in plasma and dialysate 

was performed in the COH Analytical Pharmacology Core Facility (see Supplementary 

Methods).

Correlative safety studies

Assessment of possible NSC migration into the systemic circulation—
Quantitative PCR (qPCR) using primer pairs specific for v-myc (a marker for the NSCs) was 

performed by the COH Clinical Immunobiology Correlative Studies Laboratory (CICSL) 

on peripheral blood mononuclear cells (PBMCs) from study participants’ blood samples 

obtained prior to surgery and then on days 4, 10, 32, and 60 after intracranial NSC 

administration to assess for the possible presence of NSCs in the blood.

Assessment of the presence of replication competent retrovirus (RCR)—RCR 

testing was performed by analyzing patient DNA from whole blood for RCR-specific 

sequences prior to surgery; at 3 months, 6 months, and 1 year after study treatment; and 

annually thereafter. Real time PCR with 4070A envelope-specific primers was used to 

screen DNA extracted from PBMCs from study patients treated with CD-NSCs.

Correlative immunologic study

Serial assessments of humoral immune responses to the NSCs were performed by CICSL. 

Blood was collected at enrollment, then on days 4, 10, 32, and 60 for isolation of plasma. 
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The possible presence of antibodies against the NSCs in plasma was monitored using a 

qualified flow cytometric method (see Supplementary Methods).

Correlative brain tissue studies

Permission for brain autopsy was obtained from family members of two study patients. 

The brains were formalin fixed for 2 weeks and then serially sectioned coronally. Extensive 

sampling of the brain sections included tissue from prior surgical sites, ipsilateral and 

contralateral areas involved by tumor, grossly unremarkable gray and white matter, as well 

as deep nuclei, periventricular areas, and long axonal tracts. A total of 38 tissue matched 

samples were collected from the brain of the first patient and 26 samples from the brain 

of the second one. Each formalin-fixed tissue sample was divided for separate analysis of 

histopathology and detection of NSCs using v-myc nested PCR.

Histopathological analysis—Tissue samples were conventionally processed for paraffin 

embedding, and every tenth slide (10μm sections) was stained with hematoxylin and eosin 

and analyzed via microscopy by the study neuropathologist.

v-myc PCR analysis—Genomic DNA from tissue samples was isolated using the 

Puragene Kit (Qiagen). Nested PCR for v-myc was performed to detect CD-NSCs as 

previously described (9). The housekeeping gene used was glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), and the assay was repeated 3 times for each tissue sample. 

Detection of v-myc bands in 2 out of 3 PCR assays was considered positive for NSCs.

XY fluorescence in situ hybridization (FISH) analysis—XY FISH analysis was 

performed on brain tissue from the second autopsy patient who was male; NSCs were 

derived from female fetal tissue. Twenty-five slides of 5 μm sections were cut from each of 

the 3 cassettes that contained v-myc-positive tissue and from 1 cassette containing normal 

brain tissue that was v-myc negative (to serve as a negative control). FISH was performed 

with XY probes (CEPX(DXZ1) SGn #05J10-033 /Y(DYZ3)SO probe, #05J10-051; Abbott 

Molecular) as previously described (20). The slides were scanned and mapped using the 

software XY on the Bioview Duet Image analyzer (Bioview).

Proliferating cell nuclear antigen (PCNA) staining—Serial tissue sections containing 

female cells (NSCs) identified by XY FISH were processed for immunohistochemistry 

(IHC) with primary PCNA (ab2426; Abcam), followed by anti-rabbit horseradish peroxidase 

(K4003; Dako) conjugated and developed with 3-amino-9-ethylcarbazole (Vector Lab, 

SK-2000). To determine the genotype of PCNA-positive cells, IHC brightfield images of 

slides were scanned using Bioview Duet Image analyzer software ICHx20 TS-software task, 

and sequential FISH was performed before both images were superimposed to conduct a 

blind analysis of the slides for comparison of PCNA-positive cells to XY FISH. A minimum 

of 100 fields (~30-50 cells per field at 20X) were evaluated for each tissue slide.

Statistical analysis

For this first-in-human clinical trial, the United States Food and Drug Administration (FDA) 

specified that only one dose of CD-NSCs could be administered intracranially to study 
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patients, and so no attempt was made to determine a maximum tolerated dose of CD-NSCs 

in combination with 5-FC. Instead, the goal was to define the maximum study dose (MSD), 

which would then be used as the starting dose for a formal phase I study in which repeated 

doses of study treatment would be given. The MSD was defined as the highest CD-NSC 

dose tested in which fewer than 33% of patients experienced a dose-limiting toxicity (DLT) 

attributable to the treatment regimen, when at least 6 patients were treated at that dose and 

were evaluable for toxicity. DLT was defined as a grade 3 or 4 non-hematologic toxicity 

(except grade 3 nausea/vomiting without maximal antiemetic therapy and grade 3 fatigue) or 

a grade 4 hematologic toxicity that was at least possibly related to the investigational agents.

All observed toxicities were summarized using descriptive statistics. Similarly, 

immunologic, efficacy, neuropharmacokinetic, and autopsy data were summarized using 

descriptive statistics and graphs. All summaries were exploratory, with the goal of 

developing further questions regarding the modulation of therapy and future clinical trial 

design.

RESULTS

Patient enrollment and characteristics

Between November 2010 and January 2013, 18 patients with recurrent high grade gliomas 

were screened for study enrollment. Three patients were ineligible because they had 

antibodies to a class I human leukocyte antigen on the NSCs. Characteristics of the 15 

patients who received study treatment are provided in Supplementary Table S2. The majority 

of participants had recurrent glioblastoma and underwent tumor resection.

Safety results

Of the 15 patients enrolled in the study, 3 were replaced because they were not evaluable 

for dose escalation. Two patients died from disease progression before completing the 

toxicity evaluation period, and one died from a post-surgical complication, an intracerebral 

hemorrhage from a blood vessel at the surgical margin. CD-NSCs had not been injected in 

the area in which the hemorrhage occurred.

Twelve patients were fully evaluable for toxicity and dose escalation. Toxicities were graded 

using the NCI Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. 

Overall, the study treatment was well tolerated by participants. We observed no toxicities 

associated with intracranial administration of the CD-NSCs and no CTCAE grade 3 or 4 

toxicities related to the CD-NSCs. One DLT, which was thought to be possibly due to 5-FC, 

occurred in a patient on dose level 3. This patient developed grade 3 elevations of alanine 

aminotransferase and aspartate aminotransferase, both of which returned to normal within 

24 h of stopping the 5-FC. Other observed toxicities that were at least possibly related to 

5-FC included grade 3 fatigue, lymphopenia, and thrombocytopenia (Table 1).

Serial blood samples were collected from study patients through day 60 to assess if CD-

NSCs migrated into the systemic circulation. CD-NSCs were not detected in any of the 

participants’ blood samples, as determined by quantitative PCR using v-myc primers. This 
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finding is consistent with preclinical data demonstrating that NSCs injected into the brain 

were not detected in blood or other organs (9).

Because replication-deficient retrovirus vectors were used to transduce the NSCs ex vivo 
with v-myc and CD genes, we tested both the GMP cell bank and blood samples from study 

patients for the presence of RCR. The GMP cell bank and all of the patient blood samples, 

including samples obtained as much as one year after the start of study treatment, tested 

negative for RCR.

No evidence of humoral responses to CD-NSCs

Serum samples collected at the time of enrollment and then 32 and 60 days after CD-NSC 

administration were assessed for the presence of NSC-binding antibodies. Compared to 

results obtained with normal donor sera (negative control) and serum from a patient who 

was deemed ineligible because of expression of an antibody against one of the HLA class I 

antigens on the CD-NSCs (positive control), no anti-NSC antibodies were detected in study 

patients at any time (Fig. 2).

Efficacy Data

For all study patients, the median progression-free survival (PFS) was 1.02 months (95% 

CI 0.95-1.12), and median overall survival (OS) was 8.41 months (95% CI 2.92-14.20). 

Regarding PFS and OS by dose of CD-NSCs, among the study patients who received 10 

million CD-NSCs (dose levels 1 and 2), PFS did not exceed 2 months in any of the 9 

patients treated. Of the 6 patients who received 50 million NSCs (dose level 3), 1 patient had 

a PFS of 5 months (the remaining 5 patients developed tumor progression in approximately 

1 month). On dose levels 1-2, the median OS was 2.9 months (95% CI 1.45-11.2), while 

on dose level 3, the median OS was 15.4 months (95% 7.23-18.5), with p < 0.05. Two of 

9 patients on dose levels 1–2 had an OS of greater than 12 months, and with the third dose 

level, 4 of 6 patients had an OS greater than 12 months.

Conversion of 5-FC to 5-FU by CD-NSCs

Intracerebral microdialysis was used to measure 5-FC and 5-FU concentrations in the brain, 

which were then compared to levels in plasma. Intracerebral microdialysis is a sampling 

technique that enables continuous analysis of brain ECF concentrations of biomolecules or 

drugs without significantly disrupting tissue function (21), and it has been applied to define 

the neuropharmacokinetic profiles of anti-cancer agents (22–26). Dialysate and plasma 

samples were collected from 9 participants while they were taking 5-FC and analyzed for 

drug concentrations by quantitative tandem mass spectrometry. Interstitial concentrations of 

both 5-FC and 5-FU increased rapidly in the brain after the first dose of 5-FC, and steady-

state was achieved within the first 6–8 h (Fig.3A). Comparison of average steady-state drug 

concentrations in the brain across the 3 dose levels revealed a clear 5-FC dose-dependent 

increase in 5-FU. Increasing the dose of 5-FC from 75 to 150 mg/kg/day resulted in higher 

average 5-FC (53 ± 24 μM vs 183 ± 31 μM; p=0.005) and 5-FU (23 ± 9 nM vs 81 ± 29 

nM; p=0.009) concentrations in the brain. Patients who were treated with 150 mg/kg/day 

5-FC and either 10 million (dose level 2) or 50 million (dose level 3) CD-NSCs had average 

5-FU brain interstitial concentrations of 107 ± 32 nM and 64 ± 8 nM, respectively (p>0.05), 
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indicating there was no apparent NSC dose effect on 5-FU concentrations in the brain. Given 

the presumed inherent inter- and intra-patient variability in NSC biodistribution throughout 

the brain, and the technical variability associated with intracerebral microdialysis, it is likely 

that our sample size was too small to detect such an NSC-mediated dose effect.

The average steady-state plasma 5-FC concentrations in participants taking 5-FC doses of 75 

or 150 mg/kg/day were 252 ± 72 μM and 676 ± 428 μM, respectively. These 5-FC plasma 

concentrations are similar to previously reported values in patients taking 5-FC to treat 

infections (27). The mean ratio of average brain interstitial to plasma 5-FC concentrations 

was 25 ± 13%. In one third of participants studied, 5-FU was detected in plasma; however, 

the plasma 5-FU concentrations (38 ± 11 nM) were much lower than the brain interstitial 

5-FU concentrations (85 ± 40 nM). This result indicates that the presence of 5-FU in brain 

interstitium could not be accounted for by circulating 5-FU levels in blood, providing further 

evidence that the CD-NSCs converted 5-FC to 5-FU locally in the brains of all participants 

assessed with intracerebral microdialysis.

The microdialysis catheters remained functional for the full dosing interval of 5-FC in two 

participants. Analysis of dialysate and plasma samples revealed that the CD-NSCs continued 

converting 5-FC to 5-FU throughout the entire 7 days of 5-FC administration (Fig. 3B). No 

5-FU was detected in plasma samples from this participant, indicating that all of the 5-FU 

measured in her brain was the result of NSC-mediated conversion of 5-FC to 5-FU.

NSC migration to distant tumor foci

Brain autopsies were performed on two study participants. One was a woman who died 

of recurrent disease 44 days after injection of the CD-NSCs in her right frontal lobe, and 

the other was a man who died of progressive multifocal disease 79 days after injection of 

NSCs in his right parietal lobe. Both patients received a dose of 10 million NSCs. All of 

the sampled brain tissue was assessed for the presence of CD-NSCs by nested PCR for the 

v-myc gene. The detection limit of this nested PCR assay is 68 NSCs per 1 μg DNA, which 

is equivalent to 17 NSCs per 42,000 cells (250 ng tissue). In both brains, v-myc-positive 

areas were detected within tumor foci distant from the primary injection sites, including the 

opposite hemisphere. Additionally, v-myc was detected in the female patient’s contralateral 

left occipital lobe, where tumor had been resected 13 years earlier. This v-myc-positive 

area was devoid of obvious tumor cells but displayed moderate to marked anoxic ischemic 

changes (NSCs also travel to areas of anoxia-hypoxia) (28).

Figure 4A shows representative brain sections from the male patient. Nested PCR for 

v-myc (Fig. 4B) detected CD-NSCs in three tissue block cassettes, including the patient’s 

right parietal lobe, left frontal lobe/corpus callosum, and left occipital lobe. Two of these 

sites were located in the contralateral cerebral hemisphere, as identified in coronal brain 

sections (Fig. 4A). Diffuse viable tumor was confirmed by the study neuropathologist in 

adjacent tissue sections from all three NSC-positive PCR blocks. These NSC-positive areas 

were indistinguishable histologically from areas devoid of NSCs. We estimated the distance 

traveled by the CD-NSCs from the injection site in the right parietal lobe to the left occipital 

lobe (the furthest site where CD-NSCs were identified) to be approximately 11 cm.
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Absence of CD-NSC induced tumorigenicity on short term follow up

Additionally, the male patient’s brain autopsy showed no evidence of secondary tumors 

derived from the CD-NSCs. To assess for the possible presence of NSC-derived secondary 

tumors, 5 μm tissue sections from the three v-myc positive cassettes (Fig. 4) were stained for 

PCNA, a cell division marker. To determine the genotype of PCNA-positive cells, sequential 

XY FISH staining was performed on the same slide. CD-NSCs (XX) were distinguished 

from the patient’s cells (XY) by superimposing PCNA and FISH images. Blind analysis by a 

cytogenetics technologist identified rarely present single female cells (Fig. 5), in blocks 9 (2 

cells in 141 fields) and 25 (1 cell in 136 fields). All PCNA-positive cells identified were of 

male origin, and all female cells were PCNA-negative, indicating that the remaining NSCs 

in the brain were not dividing and thus not tumorigenic.

DISCUSSION

Through this first-in-human study, we have established the safety of intracranial 

administration of genetically modified allogeneic NSCs followed by treatment with an 

oral prodrug and provide initial proof-of-concept data regarding the ability of CD-NSCs to 

migrate to sites of tumor in the brain and locally convert a prodrug into a chemotherapy 

agent. Unlike many other NSC-based therapeutic approaches, where the goal is to achieve 

long-term engraftment and differentiation of the NSCs, this NSC-based anti-cancer strategy 

does not require the NSCs to permanently engraft. The cells must only remain viable in 

the brain long enough to produce the therapeutic agent. Our intracerebral microdialysis data 

showed that the CD-NSCs continued to function during the entire seven day course of 5-FC 

(Fig. 3B).

Based on autopsy data from two study participants, only rarely did CD-NSCs remain in the 

brain longer than required for prodrug conversion, which fortunately provided preliminary 

clinical documentation of CD-NSC migration from the injection sites to distant tumor foci, 

including tumor in the contralateral cerebral hemisphere. However, even a small number 

of CD-NSCs persisting in the brain raises a safety concern as to whether these v-myc 
immortalized NSCs might become tumorigenic. If residual NSCs were to continue dividing 

and start forming secondary tumors, the CD expressed by the NSCs could simultaneously 

function to kill any rapidly dividing CD-NSCs with 5-FU generated from conversion of 

5-FC. Nonetheless, it is reassuring to observe that the few remaining CD-NSCs identified 

at autopsy did not appear to be dividing (PCNA-negative) and were present only as rare 

single cells in tumor, rather than as a cell mass, which might have suggested cell division 

had occurred. Although based on limited clinical data, these autopsy findings are consistent 

with preclinical data showing that CD-NSCs ceased dividing within 48 h of implantation and 

did not form tumors (9). Caveats to the conclusion that this NSC line is non-tumorigenic 

in the human brain are that each participant received only 1 intracranial dose of CD-NSCs, 

and the 2 autopsy patients died from progressive disease within 3 months of starting study 

treatment, so follow-up was limited. The potential for NSCs to form secondary tumors in the 

brain will continue to be assessed in future studies in which repeated doses of NSCs will be 

administered to study participants.
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The principal advantage of NSC-based delivery of anti-cancer therapeutics is the potential 

to increase the tumor-specificity, and therefore, the therapeutic index of treatments. 

Intracerebral microdialysis data revealed that the CD-NSCs converted 5-FC to 5-FU in 

the brain. In a small subset of patients, low levels of 5-FU were also found in plasma, 

which is consistent with previous studies in patients taking 5-FC for fungal infections, and 

most likely results from conversion of 5-FC by intestinal microflora that express CD (29). 

Importantly, every patient had detectable levels of 5-FU in the brain, but not every patient 

had detectable levels in plasma. Furthermore, given the relatively poor CNS penetration of 

5-FU when administered systemically, the fact that 5-FU levels in the brain were always 

higher than the levels measured in plasma, means that most, if not all, of the 5-FU detected 

in the brain was the result of localized production of the cytotoxic chemotherapy by the 

CD-NSCs.

Results from another microdialysis study (30) provide additional context for the 

intracerebral drug concentrations measured in the current trial. In that study, intratumoral 

microdialysis data were acquired from five patients who had accessible subcutaneous tumors 

and were treated with a 5-day continuous infusion of 1000 mg/m2/day of 5-FU. Average 

tumoral 5-FU concentrations were in the range of 350 to 750 nM compared to 100 nM 

on the current study. Although tumoral 5-FU levels in the previous study were 4-8-fold 

higher, in our study, using a single administration of NSCs and multiple oral doses of 5-FC, 

we achieved comparable 5-FU levels in the brain to those attained in peripheral tumors 

with continuous infusions of 5-FU. Furthermore, because we administered 5-FC for 7 days 

instead of only 5, the total 5-FU exposures (i.e., AUC) were even more similar.

The general threshold for 5-FU cytotoxicity is in the micromolar range; however, the 

cytotoxic effects of 5-FU are also time-dependent, such that longer drug exposures result 

in lower IC50 values. In our study, measured concentrations of 5-FU produced by the 

CD-NSCs were in the high nanomolar range and were maintained throughout the entire 

7-day 5-FC course. It is important to point out that the concentrations of 5-FU measured by 

microdialysis will depend on the location of the catheter relative to the NSCs. Because the 

levels of 5-FU are expected to be highest directly adjacent to the cells expressing CD, the 

microdialysis measurements are likely underestimating the true local drug concentrations. 

It is also possible that with further dose escalation of the CD-NSCs and/or 5-FC, higher 

concentrations of 5-FU may be achievable. Alternatively, given the continuous production 

of 5-FU by the CD-NSCs, exposure to prolonged intracerebral concentrations of 5-FU may 

be sufficient to kill tumor cells as compared to bolus dosing of 5-FU. Moreover, prolonged 

exposure to lower concentrations of 5-FU may potentiate the cytotoxicity of other drugs and 

radiation therapy (31–33).

Although conversion of 5-FC to 5-FU by CD is an established prodrug/enzyme gene 

therapy modality, 5-FU is not a standard chemotherapy agent for gliomas. Two phase II 

studies of intravenously administered 5-FU in patients with recurrent primary brain tumors 

showed 5-FU had only minimal activity (34, 35). However, in vitro cytotoxicity studies 

demonstrated that glioma cells are as sensitive to 5-FU as gastrointestinal tumor cells (36). 

This discrepancy may be explained by the presence of the blood-brain barrier. With high 

grade gliomas, the blood-brain barrier is typically disrupted, but the amount of systemically 
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administered chemotherapy that reaches these tumors is often variable and unpredictable. 

Moreover, the advancing edge of the tumor lies behind intact blood-brain barrier. Thus, 

the lack of efficacy seen in prior glioma clinical trials with 5-FU was more likely due to 

the limited ability of systemically administered 5-FU to cross the blood-brain barrier and 

achieve therapeutic levels in the brain rather than an inherent resistance of gliomas to 5-FU. 

Circumventing the blood-brain barrier by using NSCs to locally produce 5-FU at sites of 

tumor in the brain is a reasonable alternative strategy to explore.

Assessment of efficacy was not a primary objective of this pilot feasibility study, given the 

FDA stipulation that we first establish the safety of a single intracranial dose of CD-NSCs 

before treating patients with repeated doses. Indeed, no noticeable improvement in median 

PFS or OS was observed in this recurrent high grade glioma patient cohort as a whole. 

Although the finding of a statistically significant difference in median OS between study 

participants who received a dose of 10 million versus 50 million CD-NSCs is intriguing, 

there was no apparent difference in 5-FU levels measured in the brain in these two groups. 

Therefore, concluding that a true dose effect on OS exists after treatment with a single 

dose of CD-NSCs is premature and will be further assessed in a formal phase I study 

that is underway in patients with recurrent high grade gliomas who are being treated with 

escalating doses of CD-NSCs administered intracranially every 2 weeks via an indwelling 

brain catheter, followed each time by a 7-day course of oral 5-FC.

Regardless of whether this particular NSC-mediated enzyme/prodrug combination 

ultimately becomes a new treatment for gliomas, the results of this first-in-human study 

lay the foundation for future NSC-based clinical trials in patients with brain tumors. Viewed 

as a platform technology, this NSC line can be further modified for tumor-localized delivery 

of a variety of anti-tumor agents, including other prodrug activating enzymes (4, 10, 37, 

38), oncolytic viruses (39–41), apoptotic agents (42–44), antibodies (45), or nanoparticles 

(46, 47), which could be given serially or in combination to maximize therapeutic benefit. 

Thus, this NSC-based approach potentially has widespread applicability, which could lead to 

improved treatment of both primary and metastatic brain tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Human neural stem cells are inherently tumor-tropic, enabling them to track to infiltrative 

sites of tumor in the brain. When modified to express a therapeutic transgene, neural stem 

cells can serve as vehicles for tumor-localized drug delivery, in effect, circumventing 

the blood-brain barrier to produce concentrated amounts of chemotherapy directly at 

sites of tumor while minimizing toxicity to normal brain tissue. In addition to obtaining 

preliminary safety data, this first-in-human neural stem cell study in patients with 

recurrent high grade gliomas provides initial clinical proof-of-concept regarding the 

ability of cytosine deaminase-expressing neural stem cells to migrate to tumor foci 

after intracranial administration and mediate localized conversion in the brain of an oral 

prodrug, 5-fluorocytosine, to the chemotherapy agent 5-fluorouracil. These results lay 

the foundation for future studies of neural stem cell-based anti-cancer strategies for the 

treatment of both primary and metastatic brain tumors.
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Figure 1. 
Treatment strategy for CD-NSCs in combination with 5-FC. A. Schematic of tumor-

localized production of chemotherapy by CD-NSCs. Intracranially administered CD-NSCs 

migrate to residual tumor. The CD-NSCs stop dividing within 48 h of administration, 

allowing them to survive exposure to cytotoxic chemotherapy. The orally administered 

prodrug, 5-FC, crosses the blood-brain barrier, and the CD expressed in the NSCs converts 

the 5-FC into 5-FU. The 5-FU then diffuses from the NSCs and kills nearby dividing tumor 

cells. B. Study treatment schema. On the day of surgery (day 0), the total dose of CD-NSCs 

was distributed in 100–150 μl volumes and injected throughout the wall of the resection 

cavity (or as a single 1 ml intratumoral injection via the biopsy track [not shown]). An 

intracerebral microdialysis catheter was also placed in tumor or peritumoral tissue. Four 

days later, the patient started taking 5-FC orally every 6 h for 7 days. During this time, 

dialysate and blood samples were drawn to measure levels of 5-FC and 5-FU. Serial blood 

samples were also drawn through day 60 to assess for possible anti-NSC antibody and T cell 

responses and investigate if NSCs migrated into the systemic circulation. A brain MRI was 

performed at the end of the toxicity evaluation period, 32 days after injection of CD-NSCs.
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Figure 2. 
Assessment of humoral immune responses to CD-NSCs. Anti-NSC antibodies present in 

the serum of all patients were assessed at the time of enrollment and then on days 32 and 

60 after NSC administration by flow cytometry. The dotted lines indicate the normal mean 

fluorescence intensity (MFI) range of 0.55 to 2.59 that represents a 95% prediction interval 

based on a 2.3 standard deviation in each direction. Each data point for normal sera (N=10) 

represents the mean of 5 independent experiments. Each data point for study patients’ sera 

represents the mean of triplicate assays. The “positive control” is the mean of triplicate 

assays on serum from a subject who was ineligible because of expression of an antibody 

against of the HLA I antigens (A1) expressed on the CD-NSCs. Patients 6 and 8 did not have 

adequate sample collections and were considered not evaluable.
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Figure 3. 
Intracerebral microdialysis data: brain interstitial 5-FC and 5-FU concentrations. A. Average 

brain interstitial 5-FC and 5-FU concentrations from patients on dose levels 1 (N=4), 2 

(N=2) and 3 (N=3). Dose escalation was: level 1, 10 million CD-NSCs + 75 mg/kg/day 

5-FC ; level 2, 10 million CD-NSCs + 150 mg/kg/day 5-FC and level 3, 50 million CD-

NSCs + 150 mg/kg/day 5-FC. B. Intracerebral microdialysis data from a single patient on 

dose level 1 demonstrating the ability of the NSCs to convert 5-FC to 5-FU in the brain 

throughout the 7-day course of oral 5-FC. In this patient, no 5-FU was detected in the 

plasma, indicating that all of the 5-FU measured in the brain came from NSC-mediated 

conversion of 5-FC to 5-FU.
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Figure 4. 
Brain autopsy data from the male patient. A. Representative coronal sections, depicted 

from rostral to occipital (inset shows the plane of section, red line; and the plane of NSC 

injection, red dot), show the classic variegated appearance of involvement by a high grade 

infiltrating glioma, including diffuse cerebral edema with mass effect (right side larger than 

left side), necrosis, and hemorrhage. Numbers on the coronal sections represent areas from 

which tissue samples were obtained (sampling from additional coronal sections not shown). 

The presence of NSCs (red boxes) was confirmed by nested PCR analysis in the right 

frontoparietal white matter, just occipital to the NSC injection site (cassette #9; center panel) 

as well as at distant sites, including the left internal capsule and corona radiata (cassette #24, 

left panel) and left occipital region (cassette #25, right panel). The presence of infiltrating 

glioblastoma was confirmed histologically at these three sampled sites. B. Representative 

nested PCR results. Red text and boxes indicate v-myc positive bands. GAPDH was used 

as a DNA integrity control and normal brain tissue spiked with NSC DNA was used as a 

positive control for v-myc. The assay was repeated 3 times per tissue block sample, and 

detection of v-myc in 2 out of 3 PCR assays was considered positive for NSCs.
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Figure 5. 
Mitotically inactive CD-NSCs within tumor parenchyma. A representative section from 

brain tissue in cassette #25 from the male autopsy patient, which nested PCR indicated 

contained NSCs (see Fig. 4), was processed for both XY FISH and PCNA, a cell division 

marker. A. XY FISH (X chromosomes green, Y chromosomes red) shows the presence of 

a rare single CD-NSC (XX) scattered among male tumor cells (XY). B. The same tissue 

section as in panel A, stained with PCNA and detected with the chromogenic substrate 

3-amino-9-ethyl-carbazole. Patient tumor cells were PCNA-positive (brown) and CD-NSCs 

were PCNA-negative, indicating that the CD-NSCs were not mitotically active. FISH stained 

images were superimposed with PCNA brightfield images. C and D. Higher magnification 

fluorescent and brightfield images of the 3 cells indicated in panels A and B.
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