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Abstract

Neural stem cells (NSCs) are tumor tropic and can be genetically modified to produce anti-cancer
therapies locally in the brain. In a prior first-in-human study we demonstrated that a single

dose of intracerebrally administered allogeneic NSCs, which were retrovirally transduced to
express cytosine deaminase (CD), tracked to glioma sites and converted oral 5-fluorocytosine
(5-FC) to 5-fluorouracil (5-FU). The next step in the clinical development of this NSC-based
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anti-cancer strategy was to assess the feasibility of administering multiple intracerebral doses of
CD-expressing NSCs (CD-NSCs) in patients with recurrent high grade gliomas. CD-NSCs were
given every 2 weeks using an indwelling brain catheter, followed each time by a 7-day course of
oral 5-FC (and leucovorin in the final patient cohort). Fifteen evaluable patients received a median
of 4 (range 2-10) intracerebral CD-NSC doses; doses were escalated from 50 x 106 to 150 x 106
CD-NSCs. Neuropharmacokinetic data confirmed that CD-NSCs continuously produced 5-FU in
the brain during the course of 5-FC. There were no clinical signs of immunogenicity, and only
three patients developed anti-NSC antibodies. Our results suggest intracerebral administration of
serial doses of CD-NSCs is safe and feasible and identified a recommended dose for phase 11
testing of 150 x 10% CD-NSCs.

INTRODUCTION

Neural stem cells (NSCs) have an innate ability to track to sites of damage in the brain.
Because of this inherent pathotropism and their pluripotency, there has been much interest
in assessing NSCs for their regenerative potential to differentiate and replace damaged tissue
in the central nervous system (CNS). For example, NSCs have been investigated as possible
therapies for stroke (1), macular degeneration (2, 3), amyotrophic lateral sclerosis (4, 5), and
spinal cord injury (6, 7). NSCs are also tumor tropic (8-10), and their intrinsic ability to
migrate through brain parenchyma and efficiently localize to both the main tumor site and
invasive foci provides an opportunity to achieve more effective, tumor selective therapy for
brain tumor patients.

Glioblastoma, the most common malignant primary brain tumor in adults, remains incurable
with a median overall survival of less than two years (11, 12). One major reason for the

lack of success of current therapies is the highly invasive nature of glioblastoma, resulting

in dissemination and formation of distant micro-tumor foci, which often “hide behind” an
intact blood-brain barrier through which most chemotherapy agents cannot pass. Preclinical
data have demonstrated that genetically modified NSCs can be used to deliver various
anti-cancer agents, such as prodrug activating enzymes (13-17), interleukins (18), and
tumor-specific oncolytic viruses (19, 20) to treat primary and metastatic brain tumors, in
effect circumventing the blood-brain barrier by localizing therapeutic payloads to tumor sites
in the brain.

We previously performed a first-in-human study in patients with recurrent high grade
gliomas (21) of a clonal, genetically, and functionally stable NSC line (HB1.F3.CD21)

that was retrovirally transduced to express cytosine deaminase (CD) (13, 14, 22-24). CD
converts the prodrug 5-fluorocytosine (5-FC) to the cytotoxic agent 5-fluorouracil (5-FU),
which Kills surrounding tumor cells that are dividing. In this initial study, a single dose of
CD-expressing NSCs (CD-NSCs) was administered intracerebrally to participants followed
by a 7-day course of oral 5-FC every 6 h. Autopsy data documented CD-NSC migration
from the site of injection to distant tumor foci, even when those foci were in the contralateral
hemisphere. In addition, using intracerebral microdialysis (25), we showed that the CD
produced by the NSCs converted 5-FC to 5-FU in the brain.
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In contrast to applying NSCs for regenerative purposes, when used as drug delivery vehicles
for treating cancer NSCs do not engraft and differentiate. Preclinical data in mice showed
that NSCs remain in the brain for at least two weeks, with the majority eliminated by

three weeks (14). Brain autopsies performed on two participants in our first-in-human study
detected the presence of only single, non-dividing NSCs remaining approximately 1.5 and
2.5 months after intracerebral administration of 10 million NSCs. Therefore, when NSCs
are used for the treatment of cancer, repeat administrations will likely be required to ensure
that enough NSCs are present to continue generating the anti-cancer therapy. Based on
these preclinical data, the initial clinical safety data for a single dose of intracerebrally
administered CD-NSCs followed by oral 5-FC, as well as the proof-of-concept data
regarding NSC migration to sites of tumor and NSC-mediated conversion of 5-FC into
5-FU from the first-in-human study, we next performed a phase I clinical trial to assess the
feasibility and safety of administering multiple doses of CD-NSCs intracerebrally. We were
able to give repeated doses of CD-NSCs to study patients and did not observe any CD-NSC
related toxicities. The results of this phase | trial serve as a foundation for the design of
future studies of genetically modified NSCs for the treatment of brain tumors.

PATIENTS AND METHODS

Study design

The primary objectives of the study were to assess the feasibility of serially administering
CD-NSCs via a Rickham reservoir attached to an intracerebral catheter (Codman Holter
Rickham Reservoir, [Integra LifeSciences, Princeton, NJ, USA]) and to determine the
recommended dosing for phase 1l testing of CD-NSCs when given in combination with fixed
doses of oral 5-FC. Secondary objectives included characterizing the relationship between
intracerebral and systemic concentrations of 5-FC and 5-FU at the maximum feasible dose
(MFD) level of CD-NSCs with the use of intracerebral microdialysis, assessing CD-NSC
immunogenicity, and describing clinical activity.

A standard 3 + 3 dose escalation design (26) was used to evaluate 4 dose levels of study
treatment (Table 1), in which three doses of CD-NSCs were assessed. The starting number
of CD-NSCs was 50 x 108, which was the highest single dose assessed in the first-in-human
study (21). To prevent cell aggregation, CD-NSCs were suspended at a highest density of
67 x 10% cells in 1 mL artificial CSF (Perfusion Fluid CNS, M Dialysis, North Chelmsford,
MA, USA) and 2% human serum albumin. Furthermore, due to volume constraints of
intracerebral administration the highest CD-NSC dose was limited to 150 x 108 cells in 2.25
mL. All study participants received the same dose of oral 5-FC (37.5 mg/kg every 6 h for 7
d), which is within the standard dosing range when 5-FC is used to treat fungal infections.
Patients on dose level 4 also received leucovorin (25 mg every 6 h for 7 d), which potentiates
the efficacy of 5-FU (27-29).

The length of a treatment cycle was 14 d; the CD-NSCs were administered intracerebrally
on day 1 of each cycle (Figure 1). The first intracerebral dose of CD-NSCs was manually
injected during surgery. When tumor resection was performed, the CD-NSC dose was
administered in divided 100-150 pL aliquots, as evenly spaced as possible throughout the
resection cavity and slowly injected as the needle was withdrawn, to distribute the CD-NSCs
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within a 1-2.5 cm depth of the cavity wall. Then a Rickham catheter was placed in the
resection cavity for subsequent intracerebral administrations of the CD-NSCs. If only a
biopsy was performed, the Rickham catheter was placed in the residual tumor tissue through
the biopsy track, and then up to 67 x 106 CD-NSCs in 1 mL were manually injected through
the Rickham catheter over 10 min followed by a 0.3 mL artificial CSF flush. For biopsy
patients treated on dose levels 2—4, the remainder of the CD-NSC dose was administered
through the Rickham catheter a few hours after the surgery by slow infusion as described
below.

Beginning with the second cycle, CD-NSCs were administered in the outpatient setting by
slow infusion (0.5 mL/h) through the Rickham catheter followed by a 1 mL flush of artificial
CSF. The total infusion time was 2.5 h to 5.5 h depending on the volume (dose level 1: 0.75
mL, dose level 2: 1.5 mL, dose level 3: 2.25 mL) of NSCs administered. Three days after
each CD-NSC administration (to allow time for the NSCs to distribute among tumor foci)
participants began taking the 7-day course of oral 5-FC (and leucovorin for participants on
dose level 4). Possible development of anti-NSC antibodies after repeated exposure to the
allogeneic NSCs was assessed using serial plasma samples from participants, as described
below. Brain MRIs were obtained every 8 weeks to evaluate response to treatment. The
clinical trial was approved by the City of Hope Institutional Review Board and conducted
under an Investigational New Drug Application (IND# 14041). Each study participant gave
written informed consent. The study was registered at ClinicalTrials.gov (NCT02015819).

Eligibility criteria

Patients 18 years or older who had radiographic findings consistent with recurrent,
supratentorial high grade gliomas (defined as grade 111 or IV by the World Health
Organization (30)) and needed tumor resection or biopsy were eligible to participate in
this study. Study participants were required to have a Karnofsky performance status =

70, received previous treatment with brain radiation and temozolomide, and recovered
from any toxicities associated with their prior therapy. Other inclusion criteria were: no
anticipated physical connection between the post-resection tumor cavity and the cerebral
ventricles; adequate bone marrow function (defined as an absolute neutrophil count of >
1,500 cells/mm? and platelet count = 100,000 cells/mm3); total bilirubin < 2.0 mg/dL and
aspartate aminotransferase < 4 times the institutional upper limit of normal; serum creatinine
within normal limits; a minimum of 2 weeks from the last dose of a targeted agent; and

a minimum of 4 weeks from the last dose of a cytotoxic chemotherapy (6 weeks from
treatment with a nitrosourea) or bevacizumab. There was no limit to the number of prior
therapies a participant could have received for treatment of recurrent disease.

Exclusion criteria included the presence of anti-human leukocyte antigens (HLA) antibodies
specific for class | or 11 HLA antigens expressed by the CD-NSCs, a chronic or active viral
CNS infection, a coagulopathy or bleeding disorder, or a serious medical or psychiatric
illness that might prevent the participant from completing study treatment. Patients were
also excluded from study participation if they were currently receiving radiation or other
chemotherapy, or if they were pregnant or breastfeeding.
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Neural stem cells

The primary NSCs were obtained in accordance with the Guidelines of the Anatomical
Pathology Department of Vancouver General Hospital (Vancouver, British Columbia,
Canada). Permission to use fetal tissue was given by the Clinical Research Screening
Committee Involving Human Subjects of the University of British Columbia (Vancouver,
British Columbia, Canada). As previously described, the parental NSC line (HB1.F3) was
generated by immortalizing dissociated NSCs using a retrovirus encoding gag-v-myc, which
preserves the cells’ stem-like properties that are needed for migration (31). The NSCs were
then retrovirally transduced a second time to express Escherichia coli cytosine deaminase
(CD-NSCs), cloned, and characterized (14). A materials transfer agreement gave permission
for use of the HB1.F3 NSCs and CD-NSCs at City of Hope.

A master cell bank (MCB) was manufactured under cGMP conditions in compliance with
FDA requirements and was extensively characterized (21). Clinical cell banks of CD-NSCs
were manufactured from the MCB under cGMP conditions and release tested prior to use

in the clinical trial. All cryopreserved cell banks were placed on an annual stability testing
program. Thaw qualification runs were performed on each bank prior to clinical use and
included testing for cell counts, viability, identity (human nestin [NSC marker] and CD
expression [transgene expression] assessed by flow cytometry), endotoxin, and sterility. For
each clinical infusion, the dose level-appropriate number of frozen vials of CD-NSCs were
thawed, rinsed, and resuspended in artificial CSF with 2% human serum albumin. These cell
products were also tested for sterility prior to intracerebral administration.

Safety correlative studies

Assessment of possible NSC migration into the systemic circulation—
Quantitative PCR (gPCR) for the NSC marker gag-v-myc was done using a Chromo

4 System for Real-Time PCR (BioRad, CA, USA) and TagMan technology (Applied
Biosystems, CA, USA). Briefly, custom primer/probe sets were ordered (ABI/ThermoFisher,
CA, USA) that were specific for gag-v-myc (NSC marker; forward primer = 5’-
CAGCCGCCGCGATG-3’; reverse primer = 5’-CGTAGTCGTAATCGTAGTTCTTGCT-3’;
and probe = 5’-FAM-TCAGCGCCAGCCTC-NFQ-3’) and ApoB (housekeeping gene;
forward primer = 5’-GGAGGAACTTTGCACTATGTTCATG-3’; reverse primer = 5’-
GACTTTCGAATATACCTGGGACAGT-3’; and probe = 5’-FAM-CCGTCCCTACCTCCC-
NFQ-3’). Genomic DNA was extracted from peripheral blood mononuclear cells obtained
from blood samples obtained at enrollment; every 2 weeks just prior to administering doses
2, 3, and 4; and monthly while on study treatment. DNA (0.5-1 pug per sample) was added

to a final reaction mixture that contained TagMan Universal Master Mix Il with UNG
(ABI/ThermoFisher, CA, USA), nuclease free water, and primer/probe sets 900 nM/250 nM
(final concentration). PCR conditions were: initial denaturation at 95°C for 10 min, followed
by 40 cycles of denaturation and annealing/extension at 95°C for 15 s and 60°C for 60 s,
respectively.

Assessment for the presence of replication-competent retrovirus (RCR)
—DNA extracted from whole blood from study patients was assessed for RCR-
specific sequences prior to surgery; at 3 months, 6 months, and 1 year after
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study treatment; and annually thereafter. Real-time PCR with 4070A envelope-specific
primers (forward primer = 5’-~AGGCGCTTAACCTCACCAA-3’; reverse primer = 5’-
ACACTAAGCACAGCCAACATTCTT-3’; and probe = 5’FAM-TCCCGACAAGACCC-
NFQ-3’) was used for this analysis. The same gPCR conditions were used as above for
the assessment of possible NSC migration into the systemic circulation.

Intracerebral microdialysis

Intracerebral microdialysis is a sampling technique that continuously measures free drug
concentrations in the brain extracellular fluid without disrupting normal tissue function.
We and others have applied intracerebral microdialysis to define the neuropharmacokinetic
profile of other chemotherapies/anti-cancer agents (25, 32-36). /n vitro recovery
experiments were performed to determine the fractional recoveries of 5-FC and 5-FU. The
intracerebral microdialysis technique used in this study has been described previously (21).

During surgery at the beginning of study treatment, a temporary microdialysis catheter (70
Brain MD Catheter, membrane length 10 mm, membrane molecular weight cutoff 20 kDa,
shaft length 100 mm; M Dialysis, North Chelmsford, MA, USA) was inserted within 5-15
mm of the resection cavity or biopsy site in participants on dose level 4 to collect dialysate
from which to measure concentrations of 5-FC and 5-FU in the brain interstitium.

After surgery, the microdialysis catheter was perfused with artificial CSF at a flow rate of

1 uL/min, and dialysate was collected continuously. Beginning at the time participants took
their first dose of oral 5-FC on cycle 1 day 4, the collecting microvial was replaced with a
fresh vial every 60 min for 24 h and thereafter replaced every 3 h until the end of the 7-day
course of 5-FC or until the microdialysis catheter stopped functioning. Dialysate-containing
microvials were placed on dry ice until they were moved to an ultralow temperature freezer
(<-70°C) for storage prior to analysis.

Blood samples were collected from participants before and after 5-FC reached steady-state
to determine the plasma concentration-time profiles of 5-FC and 5-FU. These data were to
be used to characterize the relationship between intracerebral and systemic concentrations of
the two drugs. Blood samples were obtained prior to the first dose of 5-FC and then every
30 min for 3 h, with additional samples at 4 h and 6 h after the first dose of 5-FC was taken
on days 4 and 5. On days 6, 7, and 8, blood samples were collected just before the morning
dose and then 90 min later. The blood samples were centrifuged at 1500 x g for 10 min

for harvesting plasma within 1 h after collection and then stored at < -70°C until they were
analyzed.

Evaluation of 5-FC and 5-FU concentrations in dialysate and plasma was performed by
quantitative tandem mass spectrometry in the City of Hope Analytical Pharmacology

Core Facility using an Agilent Technologies LC 1100 series system (Palo Alto, CA,

USA) interfaced with a Micromass Quattro Ultima Triple Quadrupole Mass Spectrometer
(Micromass, Inc., Milford, MA, USA). HPLC separation was achieved using a Synergi
hydro-RP 4 m 150 mm x 2.0 mm analytical column (Phenomenex, Torrance, CA, USA). The
auto-injector temperature was maintained at 5°C and the column temperature at 25°C. Water
was purified using the Millipore Milli-Q system (Milford, MA, USA). An isocratic mobile
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phase of 0.1% formic acid (J.T. Baker, Phillipsburg, NJ, USA) in water was used to elute the
analytes from the column at a flow rate of 0.2 mL/min. The total run time was 7 min. The
electrospray ionization source of the mass spectrometer was operated in positive ion mode
with a cone gas flow of 50 L/h and a desolvation gas flow of 750 L/h. The capillary voltage
was set to 3.5 kV. The cone voltage was optimized at 45 V for 5-FC (Sigma, St. Louis,

MO, USA) and 37 V for 5-FU (Sigma, St. Louis, MO, USA) and the internal standard (IS),
5-Fluorouracil-15N,, (C/D/N Isotopes, Inc., Quebec, Canada). The collision cell energy was
20 eV for 5-FC and 17 eV for 5-FU and the IS. The source temperature was 125°C and the
desolvation temperature was 450°C. A solvent delay program was used from 0 to 2 min and
from 6 to 7 min to minimize the mobile phase flow to the source. MassLynx version 4.1
software was used for data acquisition and processing.

Positive electrospray ionization of 5-FU, 5-FC, and the IS produced abundant protonated
molecular ions. Fragmentation of these compounds was induced under collision-induced
dissociation conditions and acidic maobile phase. The precursor — product ion combinations
at m/z 131.1—114.12 for 5-FU, 130.1—113.25 for 5-FC, and 133.0—115.20 for the IS
were used in multiple reaction monitoring (MRM) mode to determinate these compounds.
The use of MRM provided sufficient specificity and sensitivity. MS/MS experimental
conditions, such as collision energy and collision cell pressure, were optimized from
continuous flow injection sample introduction of standard solutions. Under optimized assay
conditions, the retention time was 3.14 min for 5-FC and 5.28 min for 5-FU and the IS, and
the lower limits of quantitation were 6 nM and 0.25 nM, respectively.

Assessment of anti-NSC antibodies in serum

We also collected serial blood samples from participants to evaluate for possible
development of humoral immune responses to the allogeneic NSCs. Blood was collected for
isolation of serum at the time of participant enrollment; every 2 weeks during participants’
first two months on study (prior to starting cycles 1-4); and then monthly for the remainder
of time the participant received study treatment. The presence of antibodies against the
CD-NSCs and the parental NSC line were assessed using the same qualified flow cytometric
method as in the first-in-human study. Aliquots of cultured NSCs (CD-NSCs and the
parental line as a control) were incubated at 4°C for 20 min with cryopreserved patient
serum samples that had been heat-treated to inactivate complement. After incubation, the
NSCs were washed twice with 1 mL of FACS buffer (PBS with BSA [5 g/L] and sodium
azide [0.06 g/L]). After each wash, NSCs were pelleted by centrifugation (1000 x g, 5

min). After the second wash and centrifugation, NSCs were resuspended in FACS buffer
and analyzed using flow cytometry for bound antibodies detected using a fluorescein
isothiocyanate (FITC)-conjugated AffiniPure F(ab”), fragment goat anti-human IgG, Fcy
(Jackson ImmunoResearch, PA, USA; Catalog No. 109-096-008). Binding of human
antibodies to the NSCs was detected as a shift in the mean fluorescence intensity (MFI)
compared to NSCs not treated with human serum. A significant shift was defined as a value
outside the 95% confidence interval around the mean for 10 normal donors.
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Statistical analysis

The recommended dose for phase 1l testing of intracerebrally administered CD-NSCs

in combination with fixed doses of 5-FC and leucovorin was determined based on the
maximum tolerated dose (MTD), or the MFD, and the full toxicity profile. The protocol
definition for the MTD was the highest CD-NSC dose tested in which less 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 based

on the rules of the 3+3 design. The MFD was defined as the highest dose studied when
DLT was not the limiting factor for the chosen dose level. DLTs consisted of grade 3 or 4
non-hematologic (except grade 3 nausea/vomiting without maximal anti-emetic therapy and
grade 3 fatigue) or grade 4 hematologic adverse events that were at least possibly related
to the investigational agents. The DLT evaluation period was 28 d. During the DLT period,
participants were treated with 2 intracerebral doses of CD-NSCs separated by 2 weeks
and followed each time by a 7-day course of oral 5-FC (and leucovorin for dose level 4
participants only).

Rates and associated 90% confidence limits were estimated for the DLTs at the MTD/MFD
and disease response. Toxicities were graded using the NCI Common Terminology Criteria
and Adverse Events (CTCAE) version 4.0. Tables were created to summarize all toxicities
and side effects by dose, course, organ, severity, and attribution. In evaluable study
participants, Kaplan Meier methods were used to estimate median progression-free survival
and overall survival. Statistical and graphical methods were used to describe correlative
pharmacokinetic (PK) and immunologic data. Participant demographics were summarized
using descriptive statistics.

The primary PK parameters of interest were the Cp,x and AUC of 5-FC and 5-FU, measured
both in the dialysate samples and in plasma. The 5-FC and 5-FU PK data were also
compared to the PK data obtained from patients who underwent intracerebral microdialysis
in the first-in-human study of CD-expressing NSCs (21) to determine if there was a dose
effect at the MTD/MFD compared to lower doses of CD-NSCs. All summaries were
exploratory, with the goal of developing further questions regarding the modulation of
therapy or reasons for efficacy or lack of efficacy.

RESULTS

Patient enrollment and characteristics

Between October 2014 and May 2017, 16 patients with recurrent high grade gliomas were
enrolled at City of Hope. A description of these participants is provided in Table 2. The
majority of participants had recurrent glioblastoma (81%) and underwent tumor resection
(75%). The median age of study participants was 57 (range 26—-71).

Dose escalation

Of the 16 patients who started study treatment, fifteen were fully evaluable for the purpose
of dose escalation. One participant on dose level 4 could not proceed with the second dose of
CD-NSCs because the tip of his Rickham catheter subsequently penetrated into the adjacent
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lateral ventricle after resolution of brain shift during the post-operative period. Because this
participant did not experience a DLT but could not receive all the planned treatment for the
DLT evaluation period, he was replaced by another patient for dose escalation and response
evaluation. However, pharmacokinetic and immunologic samples were still collected from
him.

No DLTs occurred on dose levels 1-3. However, a participant treated on dose level 4
experienced a DLT consisting of a grade 3 wound infection due to Serratia liquefaciens

and Candida parapsilosis that was possibly related to the Rickham catheter, 5-FC, and
leucovorin. The MFD of intracerebrally administered CD-NSCs was determined to be 150 x
108 in combination with oral 5-FC (37.5 mg/kg) with or without leucovorin (25 mg) every 6
h for 7 d. The DLT rate at the MFD was 17% (90% confidence interval (Cl), 1-58%).

Overall, study treatment was well tolerated by the participants. There were no grade 4

or 5 toxicities related to study treatment. Eleven participants [69% (90% CI, 45-87%)]
experienced grade 2 or 3 toxicities attributed to study drug, where attribution was defined

as possibly, probably, or definitely related to NSCs, 5-FC or leucovorin. Table 3 presents

the maximum grade toxicities of each type and includes all attributed grade 3 toxicities and
grade 2 toxicities that occurred in more than one participant. We did not observe any leakage
from the Rickham reservoirs during the several hours-long infusions of the CD-NSCs.

Our first-in-human study found no evidence of CD-NSC migration into the systemic
circulation after a single administration (21). In the current study, we also did not detect
CD-NSCs, as determined by qPCR using gag-v-myc primers (unique to the HB1.F3.CD21
NSC line), in any of the serial blood samples from participants after multiple doses of
CD-NSCs were administered, including a participant who was treated for as long as 5
months (10 cycles).

Because replication-deficient retrovirus vectors were used to transduce the NSCs ex

vivo with the gag-v-mycand CD genes, we assessed the clinical lots of CD-NSCs

and participants’ blood samples for the possible development of replication-competent
retrovirus, as required by the United States Food and Drug Administration. The CD-NSC
clinical lots and all blood samples, including those obtained as far out as one year from the
start of study treatment, tested negative for replication-competent retrovirus.

The median number of intracerebrally administered CD-NSC doses that evaluable study
participants received was 4 (range 2-10). The Rickham catheters remained functional for the
duration of study treatment in all participants, including in the participant who received 10
intracerebral doses of the CD-NSCs over 5 months. These results indicate that it is feasible
to administer multiple doses of CD-NSCs using a Rickham catheter.
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Measuring conversion of 5-FC to 5-FU by the CD-NSCs

Dialysate and plasma samples were collected from participants treated with the highest dose
of CD-NSCs and 5-FC/leucovorin (dose level 4 participants, N=7) during their first 7-day
course of 5-FC. Although only 6 patients were evaluable for DLTs, all 7 patients enrolled

at this dose level had dialysate and plasma samples collected for pharmacokinetics. The
concentrations of 5-FC and 5-FU in these samples were determined by quantitative tandem
mass spectrometry. Prior in vitro recovery experiments showed fractional recoveries of
>90% for 5-FC and 5-FU (21); therefore, the microdialysis data are presented as uncorrected
values. The interstitial concentrations of both 5-FC and 5-FU increased rapidly in the brain
after the first oral dose of 5-FC, reaching a steady-state within 8 h (Figure 2A). Average
steady-state 5-FC and 5-FU concentrations in the brain were 213 + 58 pmol/L and 26 +

14 nmol/L, respectively. The microdialysis catheters remained functional for the full 7-day
dosing interval of 5-FC in four participants. Analysis of dialysate and plasma samples
revealed that the CD-NSCs continued to convert 5-FC to 5-FU throughout the entire 7 d of
5-FC administration (Figure 2B), confirming our initial proof-of-concept data (21).

We also measured 5-FC and 5-FU plasma concentrations to assess the systemic exposure

to the prodrug and to confirm that the measured intracerebral 5-FU concentrations were not
just the result of circulating 5-FU produced from conversion of 5-FC by CD-expressing gut
flora. Dose level 4 participants achieved an average steady-state plasma 5-FC concentration
of 748 + 218 pmol/L after taking 150 mg/kg/day of oral 5-FC. This concentration was
similar to the results from our first-in-human study (21), as well as for patients taking

5-FC to treat cryptococcal meningitis (37). The mean ratio of average brain interstitial 5-FC
concentrations to the average steady-state plasma levels was 29 + 21%.

For all seven participants on dose level 4, plasma 5-FU levels were determined to be

either low or undetectable. In nearly all instances where 5-FU was detected in the plasma,
concentrations were below or at least slightly lower than the levels measured in the brain

at the same time point (Figure 2B). Since the CNS penetration of 5-FU in a non-human
primate model is between 10-20% of plasma levels (38), one would expect the brain 5-FU
concentrations to be much lower than 5-FU levels in plasma if the only source of 5-FU in
the brain was from 5-FU in plasma crossing the blood-brain barrier. So even though some
intracerebral 5-FU data points were relatively similar to plasma 5-FU concentrations, we can
confidently conclude that most of the 5-FU measured in the brain came from NSC-mediated
production of 5-FU from 5-FC in the brain.

Humoral responses to CD-NSCs

Treating patients repeatedly with allogeneic NSCs raises concern about possible
development of anti-NSC antibody responses, which could potentially decrease the efficacy
of the NSCs. We assessed serial serum samples from 14 study participants for the presence
of NSC-binding antibodies. Samples were collected at the time of enrollment and up

to 5 months after start of treatment. The participants did not show any clinical signs

of adverse immune responses to the NSCs, such as fever, rash, or unexplained cerebral
edema. However, anti-NSC antibodies were detected in the serum of three of the 14 study
participants (Figure 3) as compared with results obtained from normal donor sera (negative
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control) and sera from patients found to have antibodies against one of the HLA class |
antigens on the CD-NSCs (positive control). Detectable antibody levels occurred after these
three participants received their third dose of CD-NSCs. Although we were not able to
determine from our assay if the anti-NSC antibodies were neutralizing ones, we found that
the antibody responses were against both CD-NSCs and the parental HB1.F3 NSCs (data not
shown) in all three patients, indicating that these responses were to the NSCs themselves and
not the bacterially-derived cytosine deaminase.

Of the three participants who showed antibody responses, Patient 4 had the highest
measured antibody response. This patient had tapered off dexamethasone the day before
receiving his third dose of CD-NSCs. Because we had a limited amount of sera for

this patient, we were unable to repeat the HLA antibody assessment after the anti-NSC
antibodies were detected. The other two participants (Patients 6 and 10) had anti-NSC
antibody responses that were lower than that of Patient 4. At the time they exhibited
antibody responses to the NSCs, both patients were found to have antibodies against

HLA class | antigens known to be expressed on the NSCs (HLA class | A1, A3l, and

B7), despite being negative for these antibodies at screening. Similar to Patient 4, these
other 2 participants had stopped taking dexamethasone for a period of time before the
anti-NSC antibodies were detected. Patient 6, had stopped taking dexamethasone 12 d prior
to receiving his second dose of CD-NSCs, but he then restarted dexamethasone (2 mg twice
daily) 4 d before he was given his third dose of NSCs, and Patient 10 stopped taking
dexamethasone 9 d before he received his third dose of CD-NSCs.

However, we do not believe generation of anti-NSC antibodies was directly related

to dexamethasone because other study participants who also did not continuously take
dexamethasone during study treatment did not develop these antibodies. For example,
Patient 2, also tapered off dexamethasone 9 d before receiving her third dose of CD-NSCs
and remained off dexamethasone for the rest of her study treatment, receiving a total of 6
doses of CD-NSCs during that time period without ever developing anti-NSC-antibodies.
Similarly, Patient 5 stopped taking dexamethasone 4 d before receiving his second dose

of CD-NSCs and remained off dexamethasone for his third and fourth doses of CD-NSCs
without developing antibodies to the NSCs. In summary, of the 7 participants who took
dexamethasone part of the time during their study treatment, 3 had detectable levels of
antibodies against the CD-NSCs in their blood, while none of the 7 participants who took
dexamethasone continuously developed antibodies to the CD-NSCs, even after receiving as
many as 9 or 10 doses. Based on a one-sided Fisher’s exact test, the relationship between the
development of antibodies and the use of dexamethasone was not statistically significant (P
= 0.18) in this small post hoc analysis.

Clinical activity

For all study participants, the median progression-free survival was 1.8 months (95 % ClI,
1.2-4.8) and median overall survival was 4.3 months (95% ClI, 2.5-12.1). The best response
was stable disease, which was seen in three participants and ranged from 4 to 5 months.

One of these participants, Patient 14, did not actually experience tumor progression while
receiving study treatment (Figure 4). He developed a brain abscess due to Propionibacterium
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acnef after five months of study therapy and was taken off treatment because his Rickham
catheter had to be removed as part of the management of the brain abscess. At the time of
study enrollment, he had a 6.5 cm by 3.7 cm aggressive left fronto-temporal lobe high grade
glioma (O8-methylguanine-DNA methyl-transferase promoter unmethylated and isocitrate
dehydrogenase wild type), which had not responded to prior treatment for recurrent disease
that included lomustine, bevacizumab, and alternating electric fields (39). At the time of
craniotomy to drain the brain abscess, biopsies of the surgical cavity showed no evidence

of recurrent tumor. However, one month after stopping study treatment and completing a
course of vancomycin, a follow up brain MRI documented tumor progression at the surgical
site.

DISCUSSION

NSCs are inherently tumor tropic, and when genetically modified they can be used to deliver
anti-cancer agents for the treatment of brain tumors. This phase | study not only determined
the recommended dose of CD-NSCs in combination with 5-FC and leucovorin for phase Il
testing, it demonstrated the feasibility of intracerebrally administering serial doses of NSCs.
The Rickham catheters remained functional for up to 5 months.

Although our surgical site infection rate of 12.5% is higher than rates reported after a
craniotomy for glioma resection (4-5%) (40, 41), this increased rate is not unexpected since
the risk of infection is higher when an indwelling catheter is present. Comparing our study’s
rate of infection to that of the more commonly used indwelling Ommaya reservoir/catheter,
ours was still slightly higher than the infection rate of 8% reported in the largest study

of Ommaya reservoir-related infections to date (40). The Rickham reservoir is similar to

the Ommaya reservoir, except the Rickham’s diameter is smaller, and both reservoirs are
positioned beneath the scalp. However, the catheter attached to the Ommaya reservoir is
typically placed in the lateral ventricle to administer chemotherapy into the CSF via manual
push over several minutes, whereas we inserted the Rickham reservoir’s catheter into the
resection cavity or residual tumor and slowly infused the CD-NSCs over several hours.
These differences in approach likely contributed to the difference in infection rate. Of note,
neither the early nor the late surgical site infections that occurred in two of the study
participants were life threatening, leading us to conclude that the somewhat increased risk of
infection associated with our technique for intracerebral delivery of NSCs is acceptable in
this patient population.

It is unknown how long CD-NSCs remain in the brain and are functional. Based on

our preclinical data, autopsy results from the first-in-human study, and our intracerebral
microdialysis data, we predict that the CD-NSCs persist for at least two weeks and then their
numbers significantly decrease, thus necessitating serial administration of NSCs to sustain
an anti-tumor effect. In this study, repeated treatment with the CD-NSCs and 5-FC with or
without leucovorin was generally well tolerated. Participants received as many as 10 doses
of intracerebrally administered CD-NSCs, and we did not detect any evidence of the NSCs
migrating out of the brain into the systemic circulation. Moreover, testing for development
of replication-competent retrovirus as far as one year out from the start of study treatment
was negative.
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Our microdialysis results validate the findings from our first-in-human study regarding the
ability of the CD-NSCs to continuously convert 5-FC into 5-FU in the brain throughout

the dosing period of oral 5-FC (21). These microdialysis data also corroborate our previous
conclusion that diffusion of 5-FU from the peripheral circulation into the brain cannot
account for the higher 5-FU concentrations measured in the brains of our study participants,
confirming that the CD-NSCs were converting 5-FC to 5-FU locally in the brain.

We did not see any apparent NSC dose-dependent differences in intracerebral average
steady-state 5-FU concentrations between patients treated with 150 x 108 CD-NSCs in the
current study as compared to patients treated with 50 x 108 CD-NSCs in our first-in-human
study, indicating that the ability of NSCs to distribute within tumor may be saturable.
Furthermore, intracerebral concentrations of 5-FU in patients treated with the higher dose
of CD-NSCs were still in the nM range, and below the accepted threshold for 5-FU
cytotoxicity (typically in uM range). Because no increase in 5-FU concentrations in the brain
was observed after administering the MFD of CD-NSCs, future directions could include
possibly using a vector that yields a higher expression of CD or treating with 5-FC for
longer than 7 d to assess the effect of continuous exposure from lower levels of 5-FU since
the cytotoxic effect of 5-FU is time dependent (42, 43).

Administering multiple doses of allogeneic NSCs raises concern about possible development
of immune responses that could neutralize the NSCs, thus limiting efficacy of the treatment.
Although no clinical signs of immunogenicity were observed, a small number of participants
had detectable levels of anti-NSCs antibodies in their blood after receiving a third dose of
the NSCs. It remains unknown if anti-NSC antibodies were also present in the brain. The
relationship between the development of anti-NSC antibodies in the blood and the use of
dexamethasone was not found to be statistically significant; however, the fact that none of
the participants who took dexamethasone continuously developed antibody responses could
be hypothesis-driving. One potential strategy to investigate in future NSC-based studies
would be to require all participants to take dexamethasone during the entire time that they
receive study treatment to determine if doing so reduces or prevents the development of
anti-NSC-antibodies.

In addition to determining the MFD of intracerebrally administered CD-NSCs, the results

of this phase | study confirm proof-of-concept regarding the ability of NSCs to produce
chemotherapy locally in the brain and establish the feasibility of administering serial doses
of NSCs directly into the brain using a Rickham catheter. NSCs can be viewed as a platform
technology for delivering a variety of anti-cancer therapies (19, 44-48) to sites of tumor.
This NSC line, for example, has also been modified to express a conditionally replicating
adenovirus (19, 20, 49). The rationale for combining NSCs with an oncolytic virus (NSC-
OV) is that the NSCs can transport the oncolytic virus across normal brain to seed sites of
tumor distant from the main mass while simultaneously protecting it from being destroyed
by the immune system. Although a few participants in this phase | study of multiple doses of
CD-NSCs developed anti-NSC antibodies after receiving three doses of NSCs, most patients
did not. Furthermore, should patients develop anti-NSC antibodies, being able to effectively
administer even three doses of an oncolytic virus before it is neutralized by the immune
system would be an advance to the field of oncolytic virotherapy. A phase | study of a
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single dose of NSC-OV given intracerebrally to newly diagnosed high grade glioma patients
in combination with standard focal brain radiation and temozolomide (NCT03072134) was
recently completed at Northwestern University and City of Hope. Based on the documented
safety and feasibility of intracerebrally administering multiple doses of NSCs reported here,
a phase | study to assess intracerebral administration of serial doses of the NSC-QV in
patients with high grade gliomas is being planned.
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Figure 1. Study schema
The cycle length was 14 d. On cycle 1 day 1, participants underwent surgery for either

resection or biopsy of the tumor and manual injection of the first dose of CD-NSCs. A
Rickham catheter (green) was placed in the resection cavity or residual tumor (if only a
biopsy was performed) for subsequent intracerebral administrations of the CD-NSCs. For
participants treated on dose level 4, a temporary intracerebral microdialysis catheter (light
blue) was also placed during surgery to quantify CD-NSC-mediated conversion of 5-FC to
5-FU at the highest dose of CD-NSCs. Because NSCs cease dividing within 48 h (14), thus
avoiding NSC destruction due to 5-FU cytotoxicity, and in order to give time for the NSCs
to migrate to distant tumor foci, treatment with 5-FC did not begin until 3 d after surgery.
The 5-FC was taken orally every 6 h for 7 d (dose level 4 patients also took leucovorin
every 6 h for 7 d). For cycle 2 and subsequent cycles, CD-NSCs were slowly infused via the
Rickham catheter. Administration of 5-FC and leucovorin was as per cycle 1. Brain MRIs
were performed every 2 months to assess response.
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Figure 2. Intracerebral microdialysis data: CD-NSC-mediated conversion of 5-FC to 5-FU
(A) Average brain interstitial 5-FC and 5-FU concentrations from patients on dose level 4

who were treated with an intracerebral CD-NSC dose of 150 x 10° and took oral 5-FC (37.5
mg/kg) and oral leucovorin (25 mg) every 6 h. Error bars represent standard deviations.

(B) Representative example of intracerebral microdialysis and serum data from a patient,
demonstrating the ability of the CD-NSCs to convert 5-FC to 5-FU in the brain throughout
the 7-day course of oral 5-FC. In this patient, 5-FU was not detected in plasma until 24

h after the patient started taking oral 5-FC; nonetheless, 5-FU was present in the

brain

during the first 24 h, indicating that all of the initial 5-FU measured in the brain came from
intracerebral NSC-mediated conversion of 5-FC. Although some of the later time points
show that 5-FU concentrations in the brain were only slightly lower than plasma levels,
knowing that only a small fraction of 5-FU crosses into the brain from plasma, these results

indicate that most of the 5-FU measured in the brain was produced by the CD in
converting 5-FC to 5-FU.
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Figure 3. Assessment of antibody responses to multiple doses of NSCs
Patient serum samples were assessed by flow cytometry for the presence of anti-NSC

antibodies at the time of enrollment, every 2 weeks (prior to administering the first four
doses of CD-NSCs) for the first 2 months, and then monthly until the study treatment

was stopped. The positive and negative controls (N=5 each) represent the results of

5 independent experiments and consisted of serum from subjects determined to have
antibodies against the HLA-I antigens expressed on the CD-NSCs (positive control) and
normal donors who did not express HLA-I antigens on the NSCs (negative control). All
data points represent the mean of triplicate assays. The dashed lines indicate the range for a
“negative” mean fluorescence intensity (MFI) determined from 10 normal donors, resulting
in a range of 0.55 to 2.59 and representing a 95% confidence interval based on 2.3 SE
around the population mean. The three positive antibody responses are indicated in red
(Patients 4, 6, and 10). Patient 13 received only one dose of CD-NSCs and was not included
in this analysis. Patient 16 was not included in this analysis either because we were unable to
obtain a post second CD-NSC dose serum sample to analyze.
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Tumor progression prior to starting study treatment B. Post-operative Day 1

D. 1 month after stopping
study treatment

Figure 4. Serial brain MRIs from Patient 14 who had stable disease for 5 months
All images are T1 post-contrast except where indicated in the figure. (A) Prior to

participating in the study, the patient was being treated with bevacizumab and alternating
electric fields. The MRI on the right, which was performed 6 weeks later than the one

on the left, documents that he developed tumor progression on this combination therapy,
as evidenced by the increase in heterogeneous enhancement antero-medial to the surgical
cavity (red arrows). (B) He underwent gross total resection of the recurrent tumor and
started study therapy. No radiographic evidence of tumor growth was seen after 3 months
of treatment with the CD-NSCs and 5-FU/leucovorin. Blue arrows point to the Rickham
catheter seen within the surgical cavity. (C) His brain MRI performed approximately 5
months after the start of study treatment showed increase in the size of the surgical cavity
and rim enhancement on the T1 post-contrast image. However, the rim and contents of the
surgical cavity were bright on the diffusion weighted image (DWI) and dark on the apparent
diffusion coefficient (ADC) image, indicating restricted diffusion. These imaging findings
suggested that the changes in the surgical cavity and its contents on the T1 post-contrast
image were due to the presence of a brain abscess rather than tumor progression. Aspiration
of the Rickham reservoir revealed the presence of purulent fluid, and the patient then
underwent surgery to drain the abscess. Biopsies of the surgical cavity obtained during this
surgery showed no definite evidence of tumor regrowth. (D) MRI of his brain performed
approximately 1 month after the surgery showed new enhancement at the surgical site
consistent with tumor progression, which was then confirmed histopathologically by the
presence of sheets of neoplastic cells with nuclear anaplasia associated with prominent
microvasculature when another craniotomy was performed a week later.

Cancer Gene Ther. Author manuscript; available in PMC 2022 February 14.

After 3 months of study treatment




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Portnow et al.

. . a
Dose escalation design

Table 1.

Page 22

Oral 5-FC (mg/kg)

Number of CD-NSCs Oral leucovorin (m Number of
Dose intracerebrally administered on taken every 6 hours ke h (mg) luabl c
Level N on days 4-10 of each taken every 6 hours on evaluable DLTs
day 1 of each cycle cycle days 4-10 of each cycle participants
1 50 x 106 375 - 3 0
2 100 x 10° 375 - 3 0
3 150 x 10° 375 - 3 0
4 150 o d
x 10 375 25 6 1

a . . . . . . .
This study implemented a standard 3+3 design for the treatment regimen of CD-NSCs with 5-FC (and concomitant leucovorin for dose level 4

participants).
bThe length of each cycle was 14 days.

bLT- dose limiting toxicity.

d, - . )
Seven participants started treatment on dose level 4, but one was unevaluable and had to be replaced after receiving the first dose of CD-NSCs due
to the tip of the Rickham catheter migrating into the lateral ventricle.
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Table 2.
Patient demographics

Dose Level Patient number Age Gender Diagnosis Type of surgery Nuﬁs%';jgfse%D' Best response
1 1 59 M Glioblastoma Resection 9 Progression?
1 2 59 F Glioblastoma Resection 8 Stable disease
1 3 48 F Glioblastoma Biopsy 9 Stable disease
2 4 26 M Glioblastoma Resection 4 Progression
2 5 40 M An)?;)r!?ﬁg;?rlggyr?gr;p;ic Resection 4 Progression
2 6 64 M Glioblastoma Biopsy 3 Progression
3 7 65 F Glioblastoma Resection 2 Progression
3 8 57 M Glioblastoma Resection 2 Progression
3 9 54 M Glioblastoma Resection 4 Progression
4 10 51 M Glioblastoma Resection 3 Progression
4 11 71 M Glioblastoma Resection 3 Progression
4 12 58 M Glioblastoma Biopsy 4 Progression
4 13 58 M Glioblastoma Resection lb Not assessed
4 14 56 M High grade glioma Resection 10 Stable disease
4 15 45 M Glioblastoma Biopsy 3 Progression
4 16 69 M Gliosarcoma Resection 2 Not assessed®

a . ] . . . . .

The changes on Patient 1’s first brain MRI after 8 weeks of study treatment were inconclusive, and since he was neurologically stable, he
continued with study treatment. When the second brain MRI approximately 8 weeks later showed definite tumor progression, re-review of the first
brain MRI determined that those initial changes were from tumor growing, and so best response for him was changed to progression.

Patient 13 received only one dose of CD-NSCs due to migration of the Rickham catheter tip into the lateral ventricle; therefore, the patient was

taken off the study.

Patient 16 experienced a dose-limiting toxicity (grade 3 wound infection) 3 weeks after start of study treatment, requiring removal of the Rickham
catheter. Since he did not continue study treatment and chose to enroll in a hospice program, no further imaging of his brain was performed.
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Table 3.

Summary of toxicities related to study treatment’

Grade 2 Grade 3

Maximum Grade Toxicity Number (%) Number (%)

Anemia 2 (13) 0 (0)
Lymphocyte count decreased 0 (0) 1(6)
Fatigue 4 (25) 0 (0)

Wound infection 0 (0) 1(6)
Brain abscess 0(0) 1(6)
Hypophosphatemia 4 (25) 0 (0)
Thromboembolic event 0(0) 1(6)

a. . . — . - L i
This table includes grade 2 toxicities that occurred in more than one participant and all grade 3 toxicities. There were no grade 4 or 5 toxicities
related to study treatment.
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