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Abstract

Background. Epigenetic modifiers are being investigated for a number of CNS malignancies as tumor-associated
mutations such as isocitrate dehydrogenase mutations (IDH1/IDH2) and H3K27M mutations, which result in aber-
rant signaling, are identified. We evaluated the CNS exposure of the DNA methyltransferase inhibitor, 5-azacytidine
(5-AZA), in preclinical nonhuman primate (NHP) models to inform its clinical development for CNS tumors.
Methods. 5-AZA and 5-AZA+Inulin pharmacokinetics (PK) were evaluated in NHPs (n = 10) following systemic
(intravenous [IV]) and intrathecal (intraventricular [IT-V], intralumbar [IT-L], and cisternal [IT-C]) administration.
Plasma, cerebrospinal fluid (CSF), cortical extracellular fluid (ECF), and tissues were collected. 5-AZA levels were
quantified via ultra-high-performance liquid chromatography with tandem mass spectrometric detection assay
and inulin via ELISA. PK parameters were calculated using noncompartmental methods.

Results. After IV administration, minimal plasma exposure (area under the curve [AUC] range: 2.4-3.2 h*uM)
and negligible CSF exposure were noted. CSF exposure was notably higher after IT-V administration (AUC,.
1234.6-5368.4 h*uM) compared to IT-L administration (AUC,,. 7.5-19.3 h*uM). CSF clearance after IT administra-
tion exceeded the mean inulin CSF flow rate of 0.018 + 0.003 ml/min as determined by inulin IT-V administration.
5-AZA IT-V administration with inulin increased the 5-AZA CSF duration of exposure by 2.2-fold. IT-C administration
yielded no quantifiable 5-AZA ECF concentrations but resulted in quantifiable tissue levels.

Conclusions. IT administration of 5-AZA is necessary to achieve adequate CNS exposure. IT administration results
in pronounced and prolonged 5-AZA CSF exposure above the reported IC,, range for IDH-mutated glioma cell
lines. Inulin administered with 5-AZA increased the duration of exposure for 5-AZA.

Key Points
e In-depth pharmacokinetic study of 5-AZA in a preclinical nontumor bearing model.
e CSF exposure of 5-AZA was only accomplished via IT administration.

e |T delivery of 5-AZA was well tolerated in the animal model.
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Importance of the Study

A major obstacle to effective therapies for
CNS tumors is the delivery of the agent to
the tumor site. 5-AZA, a potent cytotoxic
and demethylation agent, has demonstrated
preclinical efficacy in a murine flank IDH1
anaplastic astrocytoma model. An epigenetic
cancer pathway associated with pediatric
high-grade gliomas (HGGs) and ependymoma
is promoter-associated hypermethylation re-
sulting in genetic transcription silencing that
is potentially reversible by 5-AZA. Critical to
the development of an efficacious treatment

A major obstacle to effective therapies for CNS tumors
is the delivery of an effective agent to the tumor site.
5-Azacytidine (5-AZA), a potent DNA methyltransferase in-
hibitor and cytotoxic agent approved for myelodysplastic
syndrome and acute myeloid leukemia,’ has demonstrated
activity in several preclinical murine CNS tumor models, in-
cluding a murine flank astrocytoma and glioblastoma model
following systemic administration? and a patient derived
xenograft (PDX) glioma IDH2 R132H mutation model in
combination with temozolomide (TMZ).3 Isocitrate dehydro-
genase mutations (IDH1/IDH2) result in promoter-associated
hypermethylation producing genetic transcription silen-
cing.*® This epigenetic pathway is associated with mul-
tiple tumor types®® including adult high-grade glioma
(HGG),” a subset of pediatric HGG®® and posterior fossa
ependymoma.'®" A pilot clinical trial in children with recur-
rent posterior fossa ependymomas has been performed.’?

However, the pharmacokinetics (PK) of 5-AZA has not
been fully studied to determine the optimal route of ad-
ministration to maintain effective drug exposure in the
CNS. It is known that following administration, 5-AZA
is rapidly incorporated into the cell via nucleoside trans-
porters where it is deaminated by cytidine deaminase and
phosphorylated by uridine-cytidine kinase becoming a
substrate for RNA and DNA." Its antitumor effects include
multiple mechanisms. A cytotoxic effect is produced via in-
corporation into RNA, resulting in RNA disruption and cell
death." De novo pyrimidine synthesis is decreased, limiting
cancer cell growth by the inhibition of orotidine 5 phos-
phate decarboxylase."'3-'® Additionally, 5-AZA is a DNA
methyltransferase inhibitor resulting in hypomethylation
and the elimination of transcription silencing.®'® To eval-
uate the potential of 5-AZA as a therapeutic option for
CNS tumors including HGG and ependymoma, the cere-
brospinal fluid (CSF) and CNS tissue penetration of the
agent was assessed in 3 nonhuman primate (NHP) models
including Ventricular CSF Reservoir,’”” Lumbar Port,'® and
Microdialysis (MD)" models, which have been previ-
ously described and are predictive of PK and tolerability in
human patients.?°

rational for these tumors utilizing 5-AZA is the
evaluation of the agent’s CNS penetration fol-
lowing administration. Preclinical NHP phar-
macokinetic and microdialysis models were
utilized to detail the plasma, CSF, cortical ECF
exposure and duration, as well as tissue con-
centrations, of 5-AZA following systemic and
IT administration. These translational find-
ings are fundamental in the development of
a meaningful treatment rationale and clinical
trial design for HGG and ependymoma with
5-AZA.

Materials and Methods
Regulatory

The National Cancer Institute Animal Care and Use
Committee approved this study. The NHPs were socially
housed, when possible, and cared for in accordance with
the National Research Council Guide for the Care and Use
of Laboratory Animals, eighth edition.?'

Animals

In total, 10 male rhesus macaques (Macaca mulatta),
weighting 8.0-14.1 kg, were utilized for this study; 7 were
used for pharmacokinetic studies only and 3 were used for
MD/PK with concurrent tissue studies. Where possible, the
NHP served as their own control in serial studies.

Models

Pharmacokinetic. Seven animals that had been previously
developed as NHP Ventricular CSF Reservoir and Lumbar
Port models were utilized."”'® All animals had jugular
and femoral ports for intravenous (IV) access with CSF
access as the following: a lumbar port (n=1) or CSF res-
ervoir (lateral n = 2) or a combination of CSF reservoir
(lateral n = 3, fourth n = 1) and lumbar port as depicted
in Figure 1.

Microdialysis. Three animals that had previously been
developed as the NHP MD model were utilized.The model
is shown in Figure 1. In this study sampling occurred from
cortical cannula alone.

Study clearance and monitoring.—Prior to drug adminis-
tration, all NHPs were assessed to be physiologically and
neurologically within normal limits, as determined by vet-
erinary physical examination, neurological assessment,
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and blood chemistries with complete blood counts.
Following 5-AZA administration, the animals were ob-
served for clinical and neurological complications daily.
Clinical chemistries and complete blood counts were col-
lected twice weekly for 2 weeks. A minimum of 2 weeks
was required before proceeding to the next study for ani-
mals acting as their own control.

Agents.—b-AZA as the FDA-approved formulation,
Vidaza (Celgene Corp.) and Inulin, USP grade for injection
(Biophysics Assay Laboratory, Inc.).

Pharmacokinetic studies

General:The animals were sedated with ketamine (10 mg/
kg, Zetamine; VetOne). The CSF reservoir, lumbar port,

NHP ventricular CSF reservoir, lumbar port, and microdialysis models. NHP, nonhuman primate; CSF, cerebrospinal fluid.

and jugular and femoral IV ports were aseptically pre-
pared and utilized for drug administration and sampling.
Preadministration plasma and CSF samples were col-
lected. The NHP was recovered to a perched position for
restraint via the pole and collar system,?? for drug ad-
ministration when required, and for sample collection.
Environmental enrichment in the form of human interac-
tion, food treats, and television was provided during the
restraint period.

Dosage, routes of administration, and sampling.—
Dosages, administration and sampling sites, and collec-
tion times are outlined inTable 1. Unless otherwise stated,
paired serial plasma and CSF samples were collected.

The intrathecal (IT) dosage was 25% of the total mean IV
dose rounded to the nearest milligram.
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Table 1. Study Design—Routes of Administration and Sample Times
Study Administration Evaluable Subjects Dose (total mg)
Type Route
PK IV (n=4) 1,2,3 3.75 mg/kg
(HED =75 mg/m?)
(36.99-46.5 mg)
PK 5-AZA IT-V 2,4,5,6 10 mg
(n=5)
PK 5-AZA IT-L 2,4,5 10 mg
(n=5)
PK 5-AZA +inulin 4,5,6 10 mg 5-AZA, 2 mg
ITV (n=3) inulin
MD/PK IT-C (n=3) 8,9,10 10 mg

Collection Site
CSF

SamplingTimes (Plasma
and CSF)

Plasma

IV port— IV port Lumbar portor CSF 0,5, 30, 35, and 45 min
jugular reservoir and1,2,3,4,6,8, 24,
and 48 h
CSFres- |V port Lumbar port 0,5,and 30 minand 1, 2,
ervoir 3,4,6,8,10,and 24 h
Lumbar IV port CSF reservoir 0,5,and 30 minand 1, 2,
port 3,4,6,8,10,and 24 h
CSFres- 1V port Lumbar port Plasma: 0, 2, 4, 6, 8, and
ervoir 10h
CSF: 0, 5, and 30 min and
1,2,3,4,6,8,10,and 48 h
Cisterna Catheter Subarachnoid 0,5,and 30 minand 1,
magna catheter 2,3,4h
Cortical ECF0-4 h
Tissue

(Brain, liver, and kidney)

CSF, cerebrospinal fluid; PK, pharmacokinetics; 1V, intravenous; HED, human equivalent dose; 5-AZA, 5-azacytidine; MD, microdialysis; IT-V,

intraventricular; IT-L, intralumbar; IT-C, intracisternal.

Routes of Administration

Intravenous.—5-AZA was delivered as a 30-min infusion
via the IV jugular port. The administration was accom-
plished while the animals were un-sedated but restrained.
Plasma sampling occurred via the IV femoral port. CSF
samples were collected from the lumbar port (n=1) or the
CSF ventricular reservoir (lateral n=3).

Intraventricular (IT-V).—5-AZA was infused over 1 min in
a volume of 1.0 ml via the CSF ventricular reservoir (lateral
n=4 and fourth n= 1) during ketamine sedation, following
equivalent volume removal of CSF (1.0 ml). The combina-
tion of 5-AZA and inulin was delivered in a 1.2 ml volume.
Plasma sampling occurred via an IV port. Lumbar CSF
samples were collected from the lumbar port.

Intralumbar (IT-L).—Administration was accomplished via
the lumbar port during ketamine (10 mg/kg intramuscular
[IM]) and Dexdomitor/dexmedetomidine hydrochloride (7.5~
15 mg/kg IM; Zoetis) sedation, over 1 min following equiva-
lent volume removal of CSE. Post-administration, the animals
were placed in the Trendelenburg position for 45-60 min
and recovered from sedation with Anti-Sedan/atipamezole
hydrochloride (15 mcg/kg IM; Zoetis). Plasma sampling oc-
curred via an IV port. Ventricular CSF samples were collected
from the CSF reservoir (lateral n=3, fourth n=1).

Sample preservation and handling.—Whole blood (3 ml)
and CSF (300 pl) were collected. All blood samples were
collected into sodium heparin tubes, immediately spun at
3000 rpm for 5 min, and the resulting plasma volume was
decanted into the collection vial.

Collection vials were preloaded with 100 pM
tetrahydrouridine (THU), a 5-AZA stabilization agent. THU
collection tubes were protected from light and chilled until
utilized at each sample collection. Sodium heparin tubes
were preloaded with 30 pl and the CSF collection vials with
3 pl THU. Plasma and CSF samples were stored at —80°C
until analysis.

MD/pharmacokinetic Studies—intrathecal-
cisternal (IT-C) administration

MD cortical probe access: The animals were anesthe-
tized (ketamine [10 mg/kg IM], glycopyrolate [0.01 mg/
kg IM; American Regent, Inc.], and propofol [4 mg/kg IV;
Fresenius Kabi LLC]) and intubated for surgical access to
the MD cannula.The animals were placed in ventral recum-
bency and the head centered in a stereotactic unit (David
Kopf Instruments). Utilizing sterile procedures the cortical
cannula was accessed via a skin incision and a sterile CMA
11, 8 mm probe consisting of a cuprophane membrane
(Harvard Apparatus) was inserted into the cortical tissue
for tissue acclimation, retrodialysis, and MD sample col-
lection.’ For plasma sample collection an IV catheter was
placed in the saphenous vein. A catheter was placed con-
tralateral to the MD cannula for the collection of subarach-
noid CSE23

Tissue acclimation.—The cortical tissue was acclimated
to the CMA 11 probe by perfusing blank CMA CNS perfu-
sion fluid (M Dialysis) via a Model 106 syringe pump (M
Dialysis) at 3 pl/min for 1 h.The resulting extracellular fluid
(ECF) dialysate was collected as a presample.

Retrodialysis.—The MD probe was calibrated via
retrodialysis. This is an agent-dependent method that
determines the in vivo recovery of the probe in the spe-
cific tissue for each study. Therefore, the perfusate, at a
predetermined 5-AZA concentration of 15 ng/ml, was



Lester McCully et al. Plasma and CSF pharmacokinetics of 5-azacytidine

perfused via the 106 syringe pump at 3 pl/min for 2 h and
the resulting ECF dialysate was collected at the end of
retrodialysis and frozen at —80°C. The 5-AZA perfusate was
also collected. The cortical probe was then flushed at 15 pl/
min for 5 min with blank CMA CNS perfusion fluid and the
resulting dialysate discarded.

5-AZA administration.—Following the cortical probe
flush, the NHP received the agent as a 1.0 ml bolus via
cisternal injection following an equivalent volume removal
of CSE

Microdialysis.—Following 5-AZA administration the per-
fusate was changed to blank CMA CNS perfusion fluid and
a collection of a single continuous ECF dialysate sample
began from cortex with concurrent plasma and CSF
sampling.

Concurrent PK sample collection.—Following 5-AZA
administration, plasma and subarachnoid CSF% were col-
lected concurrently with cortical ECF dialysate.

Tissue collection.— After sampling, the animals were ex-
sanguinated, CSF volume removed via cisternal tap, and
the animals euthanized (Euthanasia Solution, 1.0 ml/4.5 kg
IV; VetOne). The brain, cortex (sectioned in 12 slices), cere-
bellum, pons and medulla, liver, and kidney were collected.

MD sample preservation and handling.—The 5-AZA
pharmacokinetic samples were collected, preserved, and
handled as previously described.

To eliminate volume interference with the smaller
Retrodialysis and MD sample size, the collection vials were
prepared with 100 uM of dried THU.

Plasma, CSF, and ECF samples were stored at —80°C until
analysis. Tissue samples were flash frozen upon collection.

Sample Analysis

Quantification.—5-AZA was quantified via ultra-high-
performance liquid chromatography with tandem mass
spectrometric detection (UHPLC-MS/MS) assay and val-
idated in plasma and CSF, with a dynamic range of 0.02-
4.09 pM and dilution capabilities to 20.47 uM.The range for
MD cortical ECF assay was 0.041-40.95 yM with dilution
capabilities to 204.74 uM. The range for the tissue sample
assay was 100-25 000 pg/mg. Plasma and CSF samples
were extracted using a 2-step extraction. Step 1 involved
liquid extraction with acetonitrile (ACN) and re-suspension
in 0.1 N HCL. Step 2 utilized a cation-exchange solid-phase
extraction from the acidified extract of step 1 to further pu-
rify the sample prior to measurement by uHPLC-MS/MS.
MD samples were extracted using a 1-step protein precip-
itation extraction with ACN. Tissue samples were weighed
then homogenized in ACN and then extracted using a sim-
ilar 2-step extraction as plasma and CSF. All samples were
run alongside a calibration curve, in duplicate, and quality
control standards at a low, mid, and high level, each level
is done in quintuplet.

Pharmacokinetic analysis.—A noncompartmental anal-
ysis was performed to obtain pharmacokinetic parameters
for 5-AZA in plasma and CSF using Phoenix WinNonlin

6.4® (Certara). The maximum concentration (C

max) @nd
timeto C__ (T__ ) were recorded as observed values. The

area undgerlxthe;naSIasma concentration versus time curve
was calculated using the linear-up/log-down trapezoidal
rule to time infinity (AUC,). The elimination rate (K) was
calculated as the slope of the best-fit line drawn through
a minimum of 3 terminal concentration points. Half-life
(HL) was calculated as the natural log of 2 (In2) divided
by K,. Plasma and CSF clearance (CL) was calculated as
dose/AUC,,,. Plasma CL (I/m?/h) was normalized to body
surface area (BSA). The BSA was calculated as NHP body
weight/K_. A K of 20 was used to calculate BSA (K is the
mean body weight/estimated surface area;12 kg/0.06 m?).24
As the volume of CSF is not physiologically dependent on
body weight, the CSF CL was not normalized to weight.?®

Results

The pharmacokinetic value ranges for 5-AZA across
studies are given inTable 2.

PK Studies—All Routes of Administration

Intravenous.—Three of the 4 NHPs who received 5-AZA
as a 30-min |V infusion were evaluable. One NHP was
unevaluable due to THU degradation in the sample tubes
resulting in negligible 5-AZA levels in the plasma. The
agent was quantifiable in the plasma of the 3 evaluable
studies. The study sample collection time was 0-24 h with
a mean duration of quantifiable samples in plasma of 1.5 +
0.0 h. CSF exposure was indeterminable as concentra-
tions in CSF were below the limit of quantitation in most
samples precluding the determination of pharmacokinetic
parameters. A total of 3 samples in 2 studies in the 24-h
collection period: Subject 2: 30-min end of infusion (EOI)—
0.022 uyM and 5 min post-EOI—0.025 yM and Subject 3:
30-min EOI—0.024 pM. 5-AZA was not detectable in
lumbar CSF for Subject 1. Individual plasma and CSF con-
centrations are depicted in Figure 2A. The CSF exposure
range of 5-AZA following IV administration, at a clinically
relevant dose, was negligible and insufficient to allow de-
termination of pharmacokinetic values. To evaluate the
CSF exposure and tolerability of 5-AZA with IT administra-
tion the agent was studied in the NHP CSF Reservoir with
the Lumbar Port model permitting simultaneous access to
both ventricular and lumbar CSE

Intraventricular—5-AZA was administered as a single
agent (n =5 infused; n = 4 evaluable) as an IT-V bolus into
the CSF reservoir and CSF was collected via the lumbar
port. One NHP was unevaluable due to a clinical compli-
cation unrelated to the study. The study sample collection
time was 0-24 h with a mean duration of quantifiable sam-
ples of 4 h + 1.41 in plasma and 9 = 1.15 h in CSE Mean
plasma and CSF concentrations for the evaluable animals
are depicted in Figure 2B and C. As expected the CSF ex-
posure range of 5-AZA increased with IT-V administration
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Table 2. PK Concentration Ranges

Sample Collected

AUC (h*pM)

HL (h) C e (M)

5-AZA PK \Y, Plasma 2.4-3.2 0.25-0.29 4.6-7.6 0.5 95.4-130.0 I/h/
m2
Ventricular CSF 3 samples quantifiable (n = 2)
Not detectable (n= 1)
IT-V Plasma 0.17-0.44 0.52-1.4 0.15-0.33 0.08-1.0
Lumbar CSF 1234.6-5368.4 0.49-0.91 1035.3-3015.7 0.45-1.1 0.13-0.55 ml/
min
IT-L Plasma 0.24-0.74 0.28-1.8 0.16-1.54 0.08-0.5
Ventricular CSF 75-19.3 0.52-0.84 6.1-9.8 0.5-1.1 35.3-91.0 ml/
min
5-AZA MD/PK IT-C Plasma 0.14-0.18 1.1-1.3 0.06-0.10 0.50
Subarachnoid CSF 187.6-1313.6 0.7-1.3 57.5-753.9 0.5-2.0 0.52-3.6 ml/
min
5-AZA and inulin IT-V Plasma 2 samples quantifiable (n=2) at2 h
PK Not detectable (n=1)
Lumbar CSF 1108.91-2747.94 0.75-2.2 434.0-1820.64 0.32-1.0 0.25-0.62 ml/
min

CSF, cerebrospinal fluid; PK, pharmacokinetics; 1V, intravenous; AUC, area under the curve; HL, half-life; CL, clearance; 5-AZA, 5-azacytidine; MD,

microdialysis; IT-V, intraventricular; IT-L, intralumbar; IT-C, intracisternal.

A mean CSF flow rate of 0.018 + 0.003 ml/min was determined by IT-V administration of inulin.

resulting in an AUC range of 1234.6 to 5368.4 h*uM and
HL of 0.52-1.4 h. Plasma concentrations of 5-AZA were
quantifiable with a markedly lower exposure than IV
administration.

To evaluate the CL of 5-AZA from the ventricular CSF
space, 3 NHPs received 5-AZA in combination with inulin,
as inulin CL has previously been shown to correlate with
CSF flow.?8 All animals were evaluable. The mean CSF
flow rate as determined by IT-V administration of inulin is
0.018 + 0.003 ml/min.?’ The 5-AZA ranges of CL rates are
given in Table 2. Plasma exposure was indeterminable as
the majority of plasma concentrations were below the limit
of quantitation precluding the determination of pharma-
cokinetic parameters. Two NHPs had a single quantifiable
plasma level at 2 h: Subject 4: 0.038 uM and Subject 6:
0.031 yuM.The study CSF sample collection time was 0-48 h
with a mean duration of quantifiable CSF samples of 19.3 +
8.0 h (Figure 3). All pre- and post-neurological assessments
were within normal limits for IT-V and IT-L administration.
The CSF CL range was minimally changed between 5-AZA
administered alone (range 0.13-0.55 ml/min) and 5-AZA
in combination with inulin (range 0.25-0.62 ml/min), but
notably exceeded the CSF mean flow rate of 0.018 ml/
min. The CSF exposure range of 5-AZA was effected by
co-administration with inulin. The CSF AUC range was de-
creased to 1108.91-2747.94 h*uM and the CSF HL was ex-
tended to 0.75-2.2 h increasing the duration of a single
dose. Additionally, the plasma exposure of 5-AZA became
indeterminable with only 2 quantifiable plasma samples in
2 animals.

The PK of 5-AZA during IT-V administration was char-
acterized by increased CSF exposure and tolerability. Of
import for this translational study was the evaluation of
5-AZA PK following IT-L administration as this route of

administration is frequently utilized for IT drug delivery in
patients.

Intralumbar.—Five NHPs received the agent as an IT-L
bolus injection via the lumbar port with ventricular CSF
sampling via the reservoir; 3 were evaluable. Two NHPs
were unevaluable due to a clinical complication unre-
lated to the study (n = 1) and a malfunction of the lumbar
port during administration of the agent (n = 1). The study
sample collection time was 0-24 h with a mean duration of
quantifiable samples for plasma of 2.33 = 1.563 h and CSF
of 6 = 2.0 h. Mean plasma and CSF concentration of the
evaluable animals are depicted in Figure 2B and C.The CSF
exposure range of 5-AZA is higher following IT-L (range
75-19.3 h*uM) versus IV administration, but notably lower
than ITV administration. The CSF CL range (35.19-91.0 ml/
min), following IT-L administration, is the highest of the 3
IT routes of administration. The plasma exposure range of
5-AZA was similar between IT-L and IT-V administration.

In an effort to correlate the CSF exposure with CNS
tissue levels of 5-AZA following IT administration the NHP
MD model was utilized to collect and quantify ECF, brain,
kidney, and liver tissue levels as well as plasma and CSF in
a concurrent PK study.

MD/pharmacokinetic study with IT-C administration.—
Three NHPs received 5-AZA via cisternal bolus injection
(IT-C) with subarachnoid CSF sampling via a catheter.
All animals were evaluable for MD and concurrent PK.
For the MD analysis, the cortical pre-perfusate and di-
alysate ECF concentrations collected during tissue accli-
mation of the probe were undetectable for the agent. The
mean retrodialysis perfusate analyzed concentration was
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Figure 2. (A) Individual subject plasma and CSF 5-AZA con-

centrations following IV administration. (B and C) Mean plasma
and CSF 5-AZA concentrations for all routes of IT administration.
5-AZA, 5-azacytidine; CSF, cerebrospinal fluid.

15.36 ng/ml; a 97.7% accuracy of the targeted retrodialysis
perfusate concentration of 15 ng/ml. There were no de-
tectable concentrations of the agent in the cortex for the

retrodialysis (2-h collection period) or MD dialysate ECF
(4-h collection period). For the pharmacokinetic analysis,
the study sample collection was 0-4 h with a mean dura-
tion of quantifiable samples for plasma of 2.33 + 0.58 h
and CSF of 4 + 0.0 h. The mean plasma and CSF concen-
tration are shown in Figure 2B and C. Brain, cortex (mean
weight 6.46 + 0.26 g/section), cerebellum (mean weight
16.9 + 0.59 g), medulla (mean weight 2.8 + 0. 31 g) and
pons (mean weight 5.31 + 0.46 g), kidney (180 + 3.6 g), and
liver were collected for 2 NHPs and were evaluable for
5-AZA concentrations. Four hours post-administration, a
mean percentage of 1.69% =+ 0.87% of total 5-AZA dose of
10 mg was recovered in the brain. 5-AZA concentrations
in the liver and kidney were not detectable. The individual
tissue concentration percentages for the 2 NHPs are de-
picted in Figure 4A and B.The plasma and CSF pharmaco-
kinetic value ranges for 5-AZA for IT-C administration are
given inTable 2. The plasma exposure range was indeter-
minable being without sufficient quantifiable concentra-
tions to determine a pharmacokinetic value. Two plasma
samples were quantifiable at 2 h in 2 of the 3 animals.
The CSF exposure range continued to be higher with IT-C
(187.6-1313.6 h*uM) versus IV administration and resulted
in a middle range between IT-V and IT-L administration.

Observed clinical events

Where possible, all adverse events were graded in accord-
ance with the Common Terminology Criteria for Adverse
Events (CTCAE v4.03).%8

5-AZA Single Agent Administration

IV and IT-L.—No adverse clinical events occurred.

Intraventricular.—Three NHPs experienced emesis
25 min to 48 h post-5-AZA administration and a moderate
transient CSF pleocytosis was noted at 24-48 h.Two NHPs
had Grade 1 somnolence; 1 NHP had accompanying Grade
2 perioral cyanosis which resolved in 2.5 h. All animals
responded to clinical treatment and toxicities resolved to
normal. No neurological complications were observed.

5-AZA + Inulin Combination Administration

Intraventricular.—Three NHPs experienced emesis
25 min to 24 h post-administration. Two NHPs had a mod-
erate transient CSF pleocytosis at 48 h. One NHP had a
Grade 1 somnolence. All animals responded to clinical
treatment and resolved to normal. No neurological com-
plications occurred.

All animals tolerated IT-V and IT-L administration of
5-AZA moderately well.

Discussion

This translational study provides information critical in
optimizing clinical trial design for 5-AZA administration
to patients with CNS tumors. An in-depth analysis of the
PK of 5-AZA, administered systemically and intrathecally,
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Figure 3. Mean plasma and CSF 5-AZA concentrations alone and
in combination with inulin following intraventricular administra-
tion. 5-AZA, 5-azacytidine; CSF, cerebrospinal fluid.

was done in a preclinical NHP model proven, in previous
studies, to be predictive of PK in humans.?’ We demon-
strated that IT delivery is required to achieve pronounced
and prolonged, yet tolerable, exposure of 5-AZA in the
CNS where CSF drug concentrations were utilized as a sur-
rogate of CNS tissue penetration and validated by cortical
ECF and tissue sampling.

Plasma pharmacokinetic values following a 30-min IV
infusion of 5-AZA in this animal model are similar to the
human plasma pharmacokinetic values following a 10-min
IV infusion in patients with myelodysplastic syndrome.?® In
this human pharmacokinetic study, the IV administration
of 5-AZA also resulted in plasma exposure of short dura-
tion (2 h), and similarly, the duration of the agent’s expo-
sure in NHP plasma was 1.5 h following IV administration.
The corresponding NHP CSF concentrations, available via
this model, demonstrated that IV administration of 5-AZA
results in no detectable CSF penetration.

Although prior studies in an IDH1 R132H mutant glioma
PDX mouse model demonstrated a response after a sys-
temic intraperitoneal injection of non-pharmacy grade
5-AZA alone and in combination with TMZ,3 this nontumor
bearing NHP model, with plasma PK similar to humans,
indicates a lack of CSF exposure following IV administra-
tion of pharmacy grade 5-AZA. A potential explanation for
the dichotomy of results between the 2 preclinical models
is the PDX mouse model is tumor bearing whereas the
NHP CSF penetration model is nontumor bearing. While
the presence of tumor may increase the permeability of
the blood-brain barrier (BBB) in the PDX mouse model
permitting higher agent concentrations at the tumor site,

A
Subject 8
Total 5-AZA Recovered 230.85 ug
1%
39 5%
| uCortex
« Cerebellum
“ Medulla
“ Pons
B
Subject 9
Total 5-AZA Recovered 107.78 ug
« Cortex
4 Cerebellum
= Medulla
“ Pons

Figure 4. Percentage of recovered 5-AZA in brain tissue concen-
trations per subject at 4 h post-intracisternal administration: (A)
Subject 8 and (B) Subject 9. 5-AZA, 5-azacytidine.

CSF penetration data generated with a BBB unaffected by
tumor in the NHP model are critical to optimal clinical trial
design as it is clear that not all gliomas have BBB disrup-
tion.3031 Additionally, patients with glioblastoma and other
diffusely infiltrating gliomas®? demonstrate an extended
tumor burden beyond the enhancing component.3°

5-AZA, in vitro, has reduced proliferation of IDH1-
mutated and IDH1 wt glioma cell lines. An IC,, range of
4.4-15.7 uM has been reported for IDH-mutated and 2.7-
10.5 uM for IDH1 wt,2 but in vivo studies with 5-AZA in
mouse IDH1 and IDH1 wt PDX models, activity was dem-
onstrated against the PDX IDH-mutated tumor alone. Since
activity was demonstrated for the IDH1 wt glioma cells
in vitro, with a higher inhibitory effect than in the IDH1-
mutated glioma cells, this implies a failure of efficacy for
5-AZA in the IDH1 wt model was due to insufficient drug
exposure at the tumor site. While other factors may have
affected the response of 5-AZA, in the IDH1 wt tumor
model versus the PDX IDH1-mutated, a non-disrupted BBB
must be considered.
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Additionally, BBB function differs between species.3*While
murine tumor-bearing models demonstrate efficacy in their
species-specific capacity, data comparison with an NHP
model, a more predictive higher species, provides a greater
understanding of the necessary treatment regimen and po-
tential clinical trial outcome. 5-AZA may have higher CSF
penetration with systemic administration in the presence of
a disrupted BBB, but systemic administration alone will not
result in sufficient exposure of 5-AZA. IT administration of
5-AZA at 25% of the total IV dose yielded concentrations in
the IC,, range (IT-L) or well above (IT-V) in this NHP model.

This study investigated the IT administration of 5-AZA
in differing CSF spaces or locations as the direction of CSF
flow may affect drug concentrations at different levels. Of
the IT routes of administration studied, IT-V delivery via
the CSF ventricular reservoir achieved the highest CSF ex-
posure, which was greater than IT-L administration via the
lumbar port, and greater than IT-C administration.

In addition to CSF flow, CSF turnover may also differ by
location. This study demonstrates that the CL of 5-AZA de-
livered intrathecally is greater than the inulin-determined
CSF flow and is not equivalent across the CSF space (ven-
tricular, lumbar, and subarachnoid). The CL of 5-AZA from
ventricular CSF during IT-L administration was the highest
of the 3 IT routes. The CL of the agent from subarachnoid
CSF during cisternal administration was markedly less than
CL from the IT-L route of administration. The lowest CSF CL
rate from IT delivery resulted from lumbar CSF during IT-V
administration. The increased CSF CL of 5-AZA above the
CSF flow rate during IT administration may be attributed
to cytidine deamination and rapid cellular uptake mediated
by human nucleoside transporters: concentrative nucleo-
side transporter (hCNT) and equilibrative nucleoside trans-
porter (hENT). 5-AZA is transported into the cell by hENT1,
2, 3, and 4 and hCNT2 and 3, with emphasis on hCNT3.3435
The nucleoside transporter hENT3 is found predominately
in the cortex and lateral ventricles.3® The human choroid
plexus had been found to express hENT1, 2, and 3 as well
as hCNT3.%” Additionally, nucleoside transporters have been
identified in the choroid plexus of rhesus animals.3¥The MD
study with IT-C administration of the agent supports this
conclusion, as 5-AZA was not quantifiable in the ECF of the
cortex during the retrodialysis calibration of the agent or MD
following cisternal administration of the agent. Concurrently
sampled subarachnoid CSF and plasma, as well as neural
tissue, had quantifiable 5-AZA. The NHP models utilized for
these studies confirm that CSF drug penetration is a surro-
gate for CNS drug tissue penetration for 5-AZA.

The 5-AZA tissue levels are representative of the con-
centrations at 4 h after cisternal administration. There is
intra-animal variability that is attributed to differing times
of tissue collection and preservation following euthanasia
and necropsy. Concentrations varied markedly in the cer-
ebellum yet independent of the intra-animal variability,
the greatest % concentration of 5-AZA was detected in the
cortex.

IT administration of inulin with 5-AZA had the unantici-
pated effect of a marginal decrease in the maximum con-
centration and total exposure while notably increasing the
HL and duration of exposure of 5-AZA by 2-fold. Inulin was
administered with 5-AZA as an inert tracer to track the flow
of CSF from the ventricles to the lumbar space determining

the rate of CSF flow and the mechanism by which this phar-
macokinetic effect occurred is unclear and will continue to
be studied.

Treatment with 5-AZA has been associated with
neurodegeneration in mice® in this study, we observed
only minor acute clinical complications that responded to
treatment, resolving to normal with no neurological com-
plications. A recent clinical trial of 5-AZA IT treatment in
children with posterior fossa ependymoma concluded that
5-AZA could be delivered via the fourth ventricle without
causing neurological toxicity."?

In conclusion, IT delivery, preferably via the IT-V route
for tumors involving the cortex, is necessary to yield suffi-
cient CNS exposure and is safe and tolerable in this animal
model. Optimizing clinical trial design requires the use of
both pharmacokinetic and pharmacodynamic preclinical
animal models.
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