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ABSTRACT

Numerous stem cell-based therapies are currently under clinical investigation, including the use of
neural stem cells (NSCs) as delivery vehicles to target therapeutic agents to invasive brain tumors.
The ability to monitor the time course, migration, and distribution of stem cells following transplan-
tation into patients would provide critical information for optimizing treatment regimens. No effec-
tive cell-tracking methodology has yet garnered clinical acceptance. A highly promising noninvasive
method for monitoring NSCs and potentially other cell types in vivo involves preloading them with
ultrasmall superparamagnetic iron oxide nanoparticles (USPIOs) to enable cell tracking using mag-
netic resonance imaging (MRI). We report here the preclinical studies that led to U.S. Food and Drug
Administration approval for first-in-human investigational use of ferumoxytol to label NSCs prior to
transplantation into brain tumor patients, followed by surveillance serial MRI. A combination of
heparin, protamine sulfate, and ferumoxytol (HPF) was used to label the NSCs. HPF labeling did not
affect cell viability, growth kinetics, or tumor tropism in vitro, and it enabled MRI visualization of NSC
distribution within orthotopic glioma xenografts. MRI revealed dynamic in vivo NSC distribution at
multiple time points following intracerebral or intravenous injection into glioma-bearing mice that
correlated with histological analysis. Preclinical safety/toxicity studies of intracerebrally adminis-
tered HPF-labeled NSCs in mice were also performed, and they showed no significant clinical or
behavioral changes, no neuronal or systemic toxicities, and no abnormal accumulation of iron in the
liver or spleen. These studies support the clinical use of ferumoxytol labeling of cells for post-
transplant MRI visualization and tracking. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:
000-000

INTRODUCTION

Stem cell-based therapies for numerous diseases
are currently under clinical investigation, includ-
ing stem cell-mediated therapy of invasive solid
tumors. A first-in-human study of neural stem
cell (NSC)-mediated enzyme/prodrug treatment
of recurrent glioma is currently in phase | clinical
trial (ClinicalTrials.gov identifier NCT01172964)
[1]. At present, there is a critical need for a non-
invasive technology that would enable monitor-
ing of stem cell migration and distribution over
time. Once injected, whether intracerebrally or
intravenously, NSCs migrate toward and distrib-
ute within distant tumor foci. Several studies
have investigated the labeling of stem cells with
reporter genes or various contrast agents for
noninvasive cell tracking in vivo [2, 3]. For exam-

ple, stem cells have been labeled with fluores-
cent or bioluminescent reporter genes to enable
their visualization in vivo in animal tumor models
[4—-8]. Although these approaches have been
successful in animal models, the limitations of
light propagation through human tissues se-
verely restrict the translation of these imaging
protocols to the clinical setting. In contrast, the
tracking of iron-labeled cells by magnetic reso-
nance imaging (MRI) could potentially be per-
formed clinically in humans to demonstrate stem
cell migration, tumor tropism, and tumor distri-
bution and to provide critical information for op-
timizing treatment regimens and strategies [9].
A particularly promising method for monitor-
ing NSCs, and potentially other cell types, in-
volves preloading the cells with superparamag-
netic iron oxide nanoparticles (SPIOs) prior to
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MRI Tracking of Ferumoxytol-Labeled NSCs

administration and subsequently tracking their migration and
tumor distribution over time with MRI [10-12]. MRI is the pri-
mary method of assessing therapeutic responses in brain tumor
patients, and it will facilitate the development of imaging and cell
labeling protocols designed in part to track NSCs over time. In
previous studies, we demonstrated the effectiveness of MRI to
track ferumoxide (Feridex; Berlex Laboratories, Inc., Wayne, NJ,
http://www.berlex.com)-labeled NSCs in orthotopic glioma-
bearing mice [13]. These ferumoxide-labeled NSCs retained their
properties of sustained high levels of viability, tumor tropism,
and transgene expression, as well as the lack of tumorigenicity
and toxicity. Other work has shown the utility of MRI for tracking
SPIO-labeled leukocytes and mesenchymal stem cells in preclin-
ical models [14, 15]. The safe use of SPIO MRI contrast agents in
patients has been demonstrated for central nervous system
(CNS) tumor visualization and for diagnostic MRI purposes fol-
lowing intravenous administration of contrast agents [16, 17].
On the basis of these reports, we hypothesized that SPIO (70—
140 nm) or ultrasmall SP10 (17-31 nm) cell labeling can be safely
and effectively used in the clinical setting for MRI tracking of
NSCs introduced into the brain at the time of tumor biopsy or
resection.

Previously, several laboratories showed the off-label utility
of Feridex, a U.S. Food and Drug Administration (FDA)-approved
dextran-coated SPIO nanoparticle (intravenous iron formula-
tion) used clinically as a contrast agent in patients for MRI detec-
tion of liver lesions, but the product was removed from the mar-
ket in 2009. Since then, the laboratory of Joseph Frank at the NIH
has led the way toward developing a labeling and imaging pro-
tocol using clinical-grade ferumoxytol (Feraheme; AMAG Phar-
maceuticals, Inc., Lexington, MA, http://www.amagpharma.
com) [18]. Ferumoxytol, a colloidal suspension of carbohydrate-
coated ultrasmall superparamagnetic iron oxide nanoparticles
(USPI10s) (intravenous iron formulation), is currently approved to
treat iron deficiency anemia in patients with chronic kidney dis-
ease [19]. The objectives of our current study were (a) to opti-
mize the ratios of heparin, protamine sulfate, and ferumoxytol
(HPF) for labeling of NSCs, while maintaining cell viability, growth
kinetics, and tumor tropism in vitro and in vivo; (b) to demon-
strate the tracking of HPF-labeled NSCs by MRI in vivo; and (c) to
demonstrate the acute, midterm, and long-term safety and lack
of toxicity of HPF-labeled NSCs administered intracranially in
mice for the purpose of advancing this technology to the clinic.
These data, in toto, support the safety, feasibility, and utility of
ferumoxytol labeling for magnetic resonance-based noninvasive
cell tracking in vivo, and they contributed to FDA approval of this
method for the current clinical trial.

MATERIALS AND IMIETHODS

Neural Stem Cell Culture and Iron Labeling

Human HB1.F3.CD NSCs (clone 21, passage 20 from the estab-
lished Master Cell Bank at City of Hope cGMP facility) were
thawed and cultured in T-175 tissue culture flasks in Dulbecco’s
modified Eagle’s media (DMEM) (10313-021; Invitrogen, Carls-
bad, CA, http://www.invitrogen.com) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (SH30070.03; Hy-
Clone, Logan, UT, http://www.hyclone.com) and 2 mM L-glu-
tamine (25030-081; Invitrogen). NSCs were incubated (37°C, 6%
CO,) for 72 hours prior to labeling with HPF complex [20, 21]. For

©AlphaMed Press 2013

unlabeled NSCs, cells were thawed and incubated for 72 hours
and then treated using the same protocol as HPF-labeled cells
without HPF complex in the media. After labeling, NSCs were
incubated (37°C, 6% CO,) for an additional 24 hours; the cells
were then washed with phosphate-buffered saline (PBS),
trypsinized, concentrated to 2.5 X 10° NSCs per 2 ul of PBS
containing heparin (10 U/ml), and injected intracerebrally in 2 ul
of PBS. For intravenous injections, NSCs were cultured and pre-
pared as described for intracerebral injections, except the NSC
doses were 5 X 10° or 2 X 10° cells per 200 ul of PBS containing
heparin (10 U/ml).

For iron labeling, the HPF complex was prepared by combin-
ing, in order, heparin (2 U/ml), protamine sulfate (40 ug/ml)
(both from American Pharmaceuticals Partners, LLC, Lake Zurich,
IL, http://www.apppharma.com), and ferumoxytol (100 pg/ml)
(Feraheme; AMAG Pharmaceuticals, Inc., Schaumburg, IL,
http://www.amagpharma.com). The HPF complex was added to
NSCs in 10 ml of serum-free culture media in one T-175 tissue
culture flask (72 hours after thawing of cells), and NSCs were
then incubated (2 hours, 37°C, 6% CO,). Culture medium (10 ml)
supplemented with 20% FBS was then added to the flask (with-
out removing the previous medium) and cells were incubated
overnight (37°C, 5% CO,). After 24 hours, NSCs were washed first
with PBS only, then with PBS containing heparin (10 U/ml), and
finally with PBS only. NSCs were then trypsinized, centrifuged,
and resuspended in PBS containing heparin (10 U/ml) for injec-
tions. HPF-labeled NSCs were resuspended to concentrations of
1.25 X 10° NSCs per 2 ul or 2.5 X 10° NSCs per 2 ul.

Boyden Chamber Cell Migration Assays

In vitro chemotaxis assays were conducted using 24-well cell
culture plates with polycarbonate inserts (8-um pore size) (Mil-
lipore, Billerica, MA, http://www.millipore.com) as described
previously [22]. Briefly, conditioned media were prepared by ad-
dition of serum-free media to cultured U87 human glioma cells at
75% confluence, followed by incubation (48 hours, 37°C, 6%
CO,). Conditioned media from glioma cells were collected and
added to the lower chambers of 24-well plates (600 wl). Inserts
were placed into wells, and a suspension of NSCs in serum-free
culture media containing 2% bovine serum albumin (BSA) was
added in the upper chamber (10° cells per 400 wl). After incuba-
tion of the plates for 4 hours at 37°C, migrated cells were de-
tached from the lower surface of the insert by trypsinization,
centrifuged for 5 minutes, and counted using the Guava Via-
Count assay (Guava Technologies, Hayward, CA). Only viable
cells were included in the data analysis. The Guava ViaCount
assay distinguishes between viable and nonviable cells on the
basis of the differential permeability of DNA-binding dyes in the
ViaCount reagent, and therefore, fluorescence of the dyes allows
quantitative assessment of both viable and nonviable cells in
suspension. Migration assay controls were as follows: (a) for the
negative chemokinesis control, stem cells resuspended in DMEM
with 2% BSA were added to the upper and lower chambers; and
(b) for the positive control, DMEM with 10% FBS was added to
the lower chamber as a chemoattractant. Guava ViaCount assay
was also used to assess NSC viability and growth kinetics.

Iron Quantification by Atomic Absorption Spectroscopy
and Inductively Coupled Plasma Mass Spectroscopy

HPF-labeled NSCs (2 X 10°) were centrifuged (486g) using an
Allegra 6R 5810R centrifuge (Beckman Coulter, Fullerton, CA,
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http://www.beckmancoulter.com), and the pellet was dissolved
in concentrated nitric acid (200 wl; BDH Aristar Plus; VWR Inter-
national, Visalia, CA, https://us.vwr.com) and 30% hydrogen per-
oxide (200 wl; BDH) in glass tubes. Tubes were heated to 80°C in
a water bath for 10—15 minutes. After digestion was completed,
the final volume of the reaction was brought to 2.5 ml with de-
ionized water. Prior to analysis, all samples were centrifuged to
remove insoluble materials. A PerkinElmer Analyst 800 atomic
absorption spectrometer (S/N 8190) (PerkinElmer Life and Ana-
lytical Sciences, Boston, MA, http://www.perkinelmer.com) was
used to measure the iron content of the specimens in triplicate
(n = 5 independent experiments). Atomic absorption spectros-
copy (AAS) was performed for cell samples. For iron detection in
tissue samples, concentrations of iron in brain, liver, and spleen
were measured by inductively coupled plasma mass spectros-
copy (ICP-MS) (American Environmental Testing Laboratory Inc.,
Burbank, CA, http://www.aetlab.com). The tissue samples
(0.01-0.2 g) were collected at necropsy. Samples were digested
in 4.0 ml of concentrated (69%—70%, D = 1.42 g/ml) nitric acid
for 2.50 hours, and the final volumes were brought to 500 ml. All
digested tissues were filtered with 5A Advantec filter paper
(Cole-Parmer, Inc., Vernon Hills, IL, http://www.coleparmer.
com) and analyzed for iron content.

In Vivo Localization of HB1.F3.CD NSCs to Orthotopic
U251T.eGFP.ffluc Glioma Xenografts

To initiate a xenograft model of human glioblastoma, adult £s1¢/
SCID immunodeficient mice [23] received stereotactic frontal
lobe injections of U251T.eGFP.ffluc human glioma cells (2 X 10°
cells per 2 ul of PBS). On day 3 following U251T.eGFP.ffluc en-
graftment, glioma-bearing mice were injected with HPF-labeled
NSCs either intracerebrally, just caudolateral to tumor site (1 X
10%, 5 X 10% 1 X 10> or 2 X 10° cells per 2 ul of PBS) or
intravenously (5 X 10 or 2 X 10° cells per 200 ul of PBS). All
mice were magnetic resonance imaged on days 1 and 4 after NSC
injection to track the distribution of NSCs in the brain. Mice were
euthanized on study day 7, and brain tissue was harvested and
postfixed in 4% paraformaldehyde (PFA) for 72-96 hours. Paraf-
fin-embedded histologic sections (10 um) were further pro-
cessed for Prussian blue staining and immunohistochemical
staining of enhanced Green Fluorescent Protein (eGFP) to visu-
alize HPF-labeled NSCs and glioma tumor cells, respectively.
U251T.eGFP.ffluc cells were modified to stably express eGFP and
firefly luciferase (ffluc). HB1.F3.CD NSCs were used for the final
safety/toxicity studies (in non-tumor brains). For the NSC migra-
tion/distribution glioma studies, they were adenovirally trans-
duced to express a modified human carboxylesterase, hCEIm6
(for conversion of irinotecan to SN-38, a potent topoisomerase
inhibitor and anticancer agent) [24].

All animal studies were performed under approved City of
Hope (no. 04011) and Children’s Hospital of Los Angeles (CHLA)
(no. 285) institutional animal care and use committee protocols.
Prussian blue staining was performed using the Accustain iron
stain kit (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.
com) according to the manufacturer’s protocol. Adjacent sec-
tions were processed forimmunoperoxidase-3,3’-diaminobenzi-
dine (DAB) staining with anti-eGFP antibody (ab290; 1:500
dilution; Abcam, Cambridge, MA, http://www.abcam.com). An-
tibody reactivity to eGFP was subsequently detected using a Vec-
tastain ABC Elite kit (Vector Laboratories, Burlingame, CA, http://
www.vectorlabs.com) and a Peroxidase Substrate Kit (Vector
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Laboratories) according to the manufacturer’s instructions.
Bright-field images of stained sections were obtained using an
Automated Cellular Imaging System Il (Dako, Carpinteria, CA,
http://www.dako.com).

Safety and Toxicity Studies of Iron-Labeled NSCs In Vivo

Es1¢/SCID mice were bred and housed at the City of Hope Asso-
ciation for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC)-approved animal facility. Using an
Omni drill (OMNI Energy Services Corp., Carencro, LA, http://
www.omnienergy.com) attached to a stereotactic device, one
burr hole was made on each side of the skull using the following
coordinates: 2 mm lateral (both right and left) and 0.5 mm ante-
rior to bregma. Cells were loaded into a 25-ul Hamilton syringe
with a 30-gauge needle and injected over 2 minutes into each
frontal lobe at a depth of 3.3 mm from the surface of the skull.
Both burr holes were occluded using bone wax. Adult mice (>8
weeks old) were randomly assigned to four experimental groups,
stratified for sex (40%—60% male and 60%—40% female) and
weights (females, 22-26 g; males, 24—-28 g). Non-tumor-bearing
Es1¢/SCID mice were injected with HPF-labeled NSCs (in 2 ul of
PBS) in the left and right hemispheres as follows: group 1, 1.25 X
10° NSCs per hemisphere, 2.5 X 10° NSCs total per brain (ap-
proximately 0.625 ug total iron); group 2, 2.5 X 10° NSCs per
hemisphere, 5 X 10° NSCs total per brain (approximately 1.25 ug
total iron). Unlabeled NSCs were injected similarly (group 3) but
at the high NSC dose only (2.5 X 10° NSCs per hemisphere, 5 X
10° NSCs total per brain) or PBS only (2 ul) control (group 4) into
the frontal lobe. Three time points were assessed: 1 week (10
mice per group), 4 weeks (10 mice per group), and 12 weeks (4
mice per group). Clinical observations of behavior and health
were documented twice daily. To histologically assess any poten-
tial acute or chronic effects of iron released in the brain, mice
were euthanized at week 1, 4, or 12 following isoflurane anes-
thesia and cardiac puncture for blood withdrawal. A gross nec-
ropsy evaluation was performed on the brain, liver, and spleen,
including weight, general appearance, and color and presence of
obvious tumors or lesions. Blood was taken at the time of tissue
harvest and analyzed for iron content and full blood chemis-
tries (RADIL Lab; IDEXX Radil, Sacramento, CA, http://www.
idexxbioresearch.com).

Immunohistochemistry

Harvested brains and organs (liver, spleen, and kidney) were
fixed in 4% PFA for 72-96 hours. After fixation, tissues were
placed in cassettes, washed three times in distilled water, and
kept in 80% ethanol prior to being embedded in paraffin. For
brains, 120 sections (10 wm thick) were cut. Every 10th section
was stained by hematoxylin and eosin (H&E). Adjacent sections
were processed for Prussian blue staining, according to the man-
ufacturer’s protocol (Accustain iron stain kit; Sigma-Aldrich) to
visualize iron-labeled cells and counterstained with pararosani-
line. To visualize tumor cells, adjacent sections were stained us-
ing anti-eGFP antibody (ab290; 1:500 dilution; Proteinase K an-
tigen retrieval; Abcam) and peroxidase-DAB. Bright-field images
of stained sections were obtained using an Automated Cellular
Imaging System Il (Dako). For safety and toxicity experiments,
representative brain sections were also examined for the pres-
ence of mouse microglia and macrophages using reactivity to
anti-ionized calcium-binding adaptor molecule 1 (IBA-1) anti-
body (019-1974; 1:100 dilution; Wako, Richmond, VA, http://
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MRI Tracking of Ferumoxytol-Labeled NSCs

Figure 1. Visualization of iron nanoparticles in NSCs ex post facto and in real-time. (A): Prussian blue staining of HPF-labeled NSCs (100 ug/ml
ferumoxytol). (B): Prussian blue staining of unlabeled NSCs, showing lack of blue staining. (C): Transmission electron microscopy image of
HPF-labeled NSCs. Red arrows indicate electron-dense particles (ferumoxytol nanoparticles) in endosomes within the cytoplasm. (D): Higher
magnification image of boxed area in (C). Red arrows indicate punctate appearance of iron particles within endosomes. (E, F): Cell viability (E)
and growth kinetics (F) of NSCs were labeled using 0, 50, and 100 ug/ml ferumoxytol in HPF complex and assayed over 72 hours. (G): In vitro
cell migration to U87 human glioma cell-conditioned media as determined by Boyden chamber assay. Scale bars = 100 um (A, B), 2 um (C),
and 200 nm (D). Abbreviations: HPF, heparin, protamine sulfate, and ferumoxytol; NSC, neural stem cell.

www.wakousa.com), and examined for the presence of anti-
human mitochondria antibody (MAB1273; 1:100 dilution; Milli-
pore) using the Vectastain ABC Elite kit (Vector Laboratories) and
the Peroxidase Substrate Kit (Vector Laboratories) according to
the manufacturers’ instructions; all sections were then counter-
stained with hematoxylin.

Magnetic Resonance Imaging

Mice were anesthetized with isoflurane throughout the imaging
procedure. Mice were inserted in the prone position into a small
animal MRI scanner (PharmaScan 300; Bruker BioSpin Division,
Billerica, MA, http://www.bruker.com) 7T magnet using the
19-mm inner diameter transmit receive coil. ParaVision 4.0 scan-
ner software (Bruker BioSpin, The Woodlands, TX, http://www.
bruker.com/paravision) was set to use the Rapid Acquisition with
Relaxation Enhancement (RARE) spin echo sequence for fast T2-
weighted imaging (TE 50, TR 3000, RARE Factor 8) with a 256 X
256 in-plane matrix and a 2.56-cm field of view. After being
scanned, mice were gently warmed on a thermostatically con-
trolled heating pad until they were awake enough to be returned
to their home cage. MR images were reconstructed at native
resolution. For each mouse, we acquired 22 axial images with
0.4-mm-thick slices and a 0.02-mm gap between slices on days 1
and 4 post-NSCinjection. This produced a 0.1 X 0.1 mm per pixel
in-plane resolution with an effective slice thickness of 0.42 mm.
DICOM data were stored in the small animal imaging PACS server
and processed using the Mayo ANALYZE (AnalyzeDirect, Inc.,
Overland Park, KS, http://www.analyzedirect.com) and OsiriX
(Open-Source Software for Navigating in Multidimensional
DICOM Images) image analysis software packages [25].

©AlphaMed Press 2013

Statistical Analysis

Statistical analyses of data originating from the safety and
toxicity studies for submission of an amendment to existing In-
vestigational New Drug (IND) application #14041 (ClinicalTrials.
gov identifier NCT01172964) to the FDA were performed using R
[26]. All other analyses were performed with GraphPad Prism
(v.6.0b for Mac OS X; GraphPad Software, Inc., San Diego, CA,
http://www.graphpad.com).

RESULTS

Labeling of NSCs With Ferumoxytol

In this study, we used the v-myc-immortalized human clonal
HB1.F3.CD NSC line, which is genetically and functionally stable,
nontumorigenic, and minimally immunogenic [20, 21]. To deter-
mine whether the characteristics of these NSCs are affected by
labeling with ferumoxytol, we performed comparative tests be-
tween unlabeled and ferumoxytol (HPF)-labeled HB1.F3.CD
NSCs. Ferumoxytol (F), when combined with protamine sulfate
(P) and heparin (H) at a ratio of 2 units/ml H to 40 ug/ml P to 100
ug/ml F (HPF complex) and used for the labeling of NSCs, had
greater than 95% labeling efficiency (Fig. 1A). In vitro Prussian
blue staining demonstrated that iron was present within the cy-
toplasm of HPF-labeled NSCs, whereas no staining was detected
in unlabeled control cells (Fig. 1B). Electron microscopy showed
that iron oxide nanoparticles were localized in subcellular struc-
tures, likely endosomes, and were not diffusely distributed
throughout the cytoplasm or on the surface of the NSCs (Fig. 1C,
1D). The concentration of iron per cell for NSCs, as determined by
AAS, was 2.46 = 1.60 pg per cell (mean £ SD, n = 5), similar to
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Figure 2. Intracerebrally injected HPF-labeled NSCs migrate and distribute to orthotopic U251T.eGFP.ffluc gliomas. Intracerebral xenografts
in mice were established by stereotactic implantation of 2 X 10° U251T.eGFP.ffluc human glioma cells into the right frontal hemisphere. Three
days later, HPF-labeled NSCs (1 X 10%, 5 X 10% 1 X 10°, or 2 X 10°) were injected caudolateral to the tumor. (A-D): T2-weighted magnetic
resonance images of mouse brains obtained 4 days after NSC administration. Red arrows indicate hypointense (black) signals associated with
HPF-labeled NSCs. Boxed areas are magnified in the image insets. (E-H): Prussian blue stained and pararosaniline-counterstained brain tumor
sections with NSCs (black arrows). HPF-labeled NSCs that migrated to tumor are stained blue. (I-L): Adjacent brain tumor sections immuno-
histochemically stained for eGFP to identify tumor cells (brown), counterstained with hematoxylin. Scale bars = 200 wm. Abbreviations: DAB,
3,3’-diaminobenzidine; eGFP, enhanced Green Fluorescent Protein; HPF, heparin, protamine sulfate, and ferumoxytol; MRI, magnetic reso-

nance imaging; NSC, neural stem cell.

values recently reported [18]. Important for future clinical use,
no significant biologically relevant differences were detected in
cell viability, growth kinetics, or tumor tropism of HPF-labeled
NSCs (concentrations of ferumoxytol in the HPF complex were 50
or 100 ug/ml) when compared with unlabeled NSCs over 4 days
in culture (Fig. 1E-1G). Statistical analysis of the growth curves of
the cells unlabeled or labeled with 50 or 100 wg/ml HPF revealed
no significant differences using a two-tailed t test with p values
ranging from .11 to .15 for all groups (Fig. 1F).

Intracerebrally Administered HPF-Labeled NSCs Localize
to Orthotopic Glioma Xenografts

Orthotopic glioma xenografts were generated by injecting
U251T.eGFP.ffluc human glioma cells (2 X 10°) into the right
frontal hemisphere of adult Es1/SCID mice. Three days later,
HPF-labeled NSCs were administered just caudolateral to the tu-
mor site in escalating doses (1 X 10%,5 X 10%, 1 X 10°,2 X 10°
NSCs; n = 8 mice per dose). NSC migration and distribution
around and within glioma xenografts was monitored by MRI on
days 1 and 4 post-NSC injection (Fig. 2A-2D; day 4 MRI). Mice
received preinterventional MR images before NSC injection (day
0) (data not shown). Mice were euthanized 7 days after tumor
implantation, and brain tissues were processed for histological
examination. H&E staining of brain sections revealed compact
tumor nodules, predominantly located in the deep cortex and
caudate-putamen, ranging in size between 0.6 and 1 mm. Prus-
sian blue staining showed HPF-labeled NSCs at the tumor site
and dispersed within the tumor nodules (Fig. 2E-2H). NSCs were
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also present in peripheral areas of the tumor, including infiltrat-
ing tumor cell bundles (Fig. 2E-2H, Prussian blue-stained NSCs).
The injection site for HPF-labeled NSCs could often be identified
as adistinct and compact cellular focus located next to the tumor
site. Tumor sites were confirmed by immunostaining for en-
hanced green fluorescent protein (eGFP) (Fig. 21-2L). Alterna-
tively, HPF-NSCs were injected intracranially, contralateral to the
tumors. Four days after HPF-NSC injection (study day 7), brains
were harvested, sectioned, and stained with Prussian blue to
detect HPF-labeled NSCs at infiltrating glioma sites (supplemen-
tal online Fig. 3).

Intravenously Administered HPF-Labeled NSCs Localize
to Orthotopic Glioma Xenografts

Glioma xenografts were generated by implanting 2 X 10°
U251T.eGFP.ffluc human glioma cells into the right frontal hemi-
sphere of Es1¢/SCID mice. HPF-labeled NSCs (5 X 10° or 2 X 10°)
were injected into the tail vein of mice 3 days after tumor en-
graftment. Hypointense (dark) voxels on T2-weighted MR im-
ages were detected in the brain on day 4 after intravenous injec-
tion of HPF-labeled NSCs (Fig. 3A, 3D). Tumor localization of NSCs
was confirmed by Prussian blue staining of tissue sections from
brain harvested 4 days after NSC injection (Fig. 3B, 3E). Glioma
cells were detected by eGFP immunohistochemistry on adjacent
sections, which identified the main tumor (size range, 0.6-1
mm), as well as infiltrating tumor cells (Fig. 3C, 3F). Prussian
blue-stained NSCs were primarily detected in the peripheral ar-
eas of tumors and in association with invasive glioma cells (Fig.
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Figure 3. Intravenously injected HPF-labeled NSCs migrate and dis-
tribute to orthotopic glioma xenografts. Intracerebral xenografts in
mice were established by stereotactic implantation of 2 X 10°
U251.eGFP.ffluc human glioma cells into the right frontal hemi-
sphere. Three days later, specified numbers of HPF-labeled NSCs
(5 X 10°, 2 X 10°) were injected intravenously via the tail vein. (A,
D): T2-weighted MRIs of mouse brains obtained 4 days after 0.5 X
10° (A) or 2 X 10° (D) HPF-labeled NSCs were administered intrave-
nously. Boxed areas are magnified in the image insets. (B, E): Prus-
sian blue staining of brain sections of mice euthanized immediately
after MRI. Arrows indicate HPF-labeled NSCs that migrated to
U251.eGFP.ffluc glioma xenografts. Boxed areas are magnified in the
image insets. (C, F): Brain sections adjacent to the sections in (B) and
(E) stained with anti-enhanced green fluorescence protein (eGFP)
antibodies to identify tumor nodules and invasive cells (brown). Sec-
tions were counterstained with hematoxylin. Scale bars = 200 um.
Abbreviations: HPF, heparin, protamine sulfate, and ferumoxytol;
NSC, neural stem cell.

3B, 3E, black arrows). Foamy macrophages (identified morpho-
logically) were rarely seen in close association with tumor cells
and were not stained by Prussian blue.

Biodistribution and Safety of HPF-Labeled NSCs in the
CNS

To demonstrate the safety of the HPF-labeled NSCs, non-tumor-
bearing male and female Es1°/SCID mice were injected with HPF-
labeled or unlabeled NSCs in the left and right frontal hemi-
spheres (1.25 X 10® NSCs per hemisphere, 2.5 X 10> NSCs total
per brain, or 2.5 X 10° NSCs per hemisphere, 5 X 10> NSCs total
per brain). Es1¢/SCID mice are compatible hosts for human NSCs.
The purpose of labeling with ferumoxytol is to allow for MRI
tracking of NSC migration and distribution following injection
into the patients. At present, the lower level of detection is
10-30 iron-labeled NSCs in a typical 7-Tesla mouse imaging
voxel. Extrapolating from this data to a typical 3-Tesla patient
imaging voxel, the lower limit of visualization is predicted to be
as few as 500—-1,000 iron-labeled NSCs. We estimated a loading
dose of 2.5 pg of iron per NSC. Therefore, the amounts of iron
used in this study were approximately 0.625 ug of total iron for
2.5 X 10® NSCs, and 1.25 g of total iron for 5 X 10° NSCs. Based
on an average brain mass of 0.5 g for mice and 1,500 g for hu-
mans, the human dose equivalents would be 1.875 mg and 3.75
mg of total iron injected for the lower and higher doses, respec-
tively. The proposed amounts of iron delivered via HPF-labeled
NSCs in human clinical trials will be approximately 125 and 250
g of iron, for doses of 5 X 107 and 1 X 10® HPF-labeled NSCs,
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respectively. Therefore the doses tested in mice were 7.5-30-
fold higher than the proposed doses in humans. Control groups
received similar injections of unlabeled NSCs (at the highest dose
of 2.5 X 10° NSCs per hemisphere) or PBS only. Mice were sep-
arated into three groups euthanized at week 1 (n = 10 per
group), week 4 (n = 10 per group), or week 12 (n = 5 per group)
after NSC injections, constituting acute, mid, and late effects
groups, respectively. Mouse behavior and heath were moni-
tored and recorded twice daily. Brain tissue was histologically
examined for evidence of any acute or long-term effects of iron
release at 1,4, and 12 weeks after NSC injection (Fig. 4). H&E and
Prussian blue staining of 10-um paraffin-embedded brain sec-
tions revealed 1.2-1.8 mm foci of architectural distortion that
were associated with mild hypercellularity and involved the cor-
tex and caudate-putamen (Fig. 4A—4D). Such foci were com-
posed predominantly of foamy macrophages and cells that had a
moderate amount of amphophilic cytoplasm, consistent with the
presence of NSCs. There was no evidence of local neurotoxicity,
such as cystic disruption, associated with the injection of HPF-
labeled or unlabeled NSCs, and no dilation of ventricles or anox-
ic/ischemic changes (Fig. 4A—4D). The presence of HPF-labeled
NSCs in the brain was confirmed by Prussian blue staining (Fig.
4A-4D) and anti-human mitochondria immunohistochemistry
(Fig. 4E—4G). NSCs were not seen distant from the injection site
in the brain or in other organs (liver and spleen) as assessed by
anti-human mitochondria immunohistochemistry [1]. To detect
mouse microglia and macrophages that reacted to the injection
of HPF-labeled or unlabeled NSCs, adjacent slides were stained
with IBA-1 antibodies. IBA-1 is a 17-kDa calcium binding protein
thatis not normally expressed in brain but is highly induced upon
inflammatory signals in macrophages and microglia. IBA-1 reac-
tivity was present near the injection tracts and diminished with
distance from these sites in mice that received labeled or unla-
beled NSCs (Fig. 41-4L). H&E and Prussian blue staining of liver
and spleen showed no evidence of abnormal iron deposition or
other histologically identifiable diagnostic abnormalities associ-
ated with injection of HPF-labeled, unlabeled NSCs or PBS vehicle
control 7 days after NSC injections (supplemental online Fig. 1;
n = 10 mice per group).

Mid-term (4 weeks) and long-term (12 weeks) safety studies
using a similar study protocol revealed no iron-associated toxic-
ities in the brain (supplemental online Fig. 2). Iron deposits de-
tected by Prussian blue staining were localized to injection sites,
decreased over time, and appeared to have resulted from scav-
enging by macrophages. Because some of these Prussian blue-
positive nodes were present near injection sites of mice that did
not receive NSCs or iron, we attribute these areas of positive
staining to macrophage/microglia scavenging of iron from heme
and the degradation products released from red blood cells at
the site of injury incurred as a result of the injection. No mid- or
long-term effects of HPF-NSC administration were detected in
the brain or other organs (supplemental online Figs. 1, 2). Use of
anti-human mitochondria antibodies to identify NSCs 4 weeks
post-NSCinjection revealed only a few viable cells (supplemental
online Fig. 2), and no NSCs were detected at week 12 (Fig. 4H).
Mouse microglia reactions were evaluated at weeks 4 and 12
after NSC injections (Fig. 4K, 4L). After 4 weeks, IBA-1 staining
(Fig. 4K) appeared to decrease compared with week 1 (Fig. 4J),
and a further decrease was seen at 12 weeks (Fig. 4L) that ap-
proached background levels. No significant differences were
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Figure 4. Histological analysis of brain sections from mice euthanized at 1 week (A, B, E, F, 1,J), 4 weeks (C, G, K), and 12 weeks (D, H, L) after
receiving unlabeled (A, E, 1) or HPF-labeled (B-D, F-H, J-L) HB1.F3.CD NSCs injected intracerebrally. (A-D): Prussian blue staining revealed
iron-positive cells in the vicinity of the injections sites (boxed) in the brain. (E-H): Immunohistochemical detection of human mitochondria-
positive NSCs (boxed) in the brain sections of mice (boxed regions are magnified in the image insets). (I-L): Immunohistochemistry detection
of the activated microglia and macrophages in areas of local gliosis in the vicinity of the injection sites using IBA-1 antibodies. Scale bars = 200
mum (main panels) and 100 um (insets). Abbreviations: HPF, heparin, protamine sulfate, and ferumoxytol; IBA-1, ionized calcium-binding

adaptor molecule 1; NSC, neural stem cell.

seen in mouse microglia reactions to HPF-labeled NSCs com-
pared with unlabeled NSCs. H&E and Prussian blue staining of
sections prepared from PFA-fixed and paraffin-embedded liver
and spleen showed no evidence of excess iron deposition com-
pared with control mice that received unlabeled NSCs or PBS
only (supplemental online Fig. 3).

There were no diagnostic abnormalities associated with in-
jection of HPF-labeled or unlabeled NSCs or PBS vehicle control
at 4 or 12 weeks post-NSC injection (supplemental online Fig.
2A-2H; n = 10 mice per group). Only the spleen showed iron
staining, as assessed by Prussian blue, and this staining was phys-
iological because the endogenous levels of iron are high in this
organ [27]. Iron content of liver, spleen, and brain were mea-
sured by ICP-MS at the contract laboratory. The iron content
values for organs were transformed using a natural log distribu-
tion and compared using a Student’s t test allowing for unequal
variances (Table 1). At 1 week, there was anincrease in brain iron
content consistent with the amount given; that is, the iron levels
in mice receiving 2.5 X 10° HPF-labeled NSCs and 5.0 X 10°
HPF-labeled NSCs were significantly higher than in mice from the
group that received NSCs with no iron. However, only the iron
content of brains from mice receiving the high dose of NSCs had
95% confidence limits entirely outside of the 0.2 range. Further-
more, these differences disappeared at 12 weeks. Mice that re-
ceived HPF-labeled NSCs did not exhibit greater Prussian blue
staining. Finally, intracerebral administration of HPF-labeled
NSCs did not cause clinical or behavioral changes in mice at any
time, and no physiologically significant hematological or blood
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Table 1. Iron content of organs

Group Sample Mean Standard

(sample) size Missing (mg/g of tissue) deviation
G1 (brain) 10 0 17.22 3.39
G2 (brain) 10 0 20.48 3.00
G3 (brain) 10 0 14.16 2.01
G4 (brain) 10 0 14.34 3.18
G1 (liver) 10 0 108.72 36.35
G2 (liver) 10 0 137.09 33.66
G3 (liver) 10 0 127.91 25.24
G4 (liver) 10 0 142.58 33.07
G1 (spleen) 10 0 701.54 267.96
G2 (spleen) 10 0 602.16 208.96
G3 (spleen) 10 0 957.41 383.63
G4 (spleen) 10 0 854.96 440.26

chemistry abnormalities were found (data not shown). The be-
havior and health of the mice were monitored and recorded
Monday through Saturday. The rate of clinical observations re-
quiring euthanasia was 0, with 95% exact upper and lower Clop-
per-Pearson confidence limits of 0 and 0.31 for each treatment
group based on a sample size of 10. The results for all four groups
were the same for the 1-week study, and similar results were
obtained for the 4- and 12-week studies. A gross necropsy eval-
uation was performed and recorded on brain, liver, and spleen,
including weight, general appearance, color, and obvious tumors
or lesions. Gross necropsy data showed no abnormalities. Blood,
taken at the time of euthanasia, was analyzed for full blood
chemistry and hematology (data not shown). No deaths or
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adverse effects attributable to the administration of HPF-labeled
or unlabeled NSCs were observed.

DiscussION

As with any cell-based therapy, the efficacy of an NSC-mediated
cancer treatment approach depends on the safety and ability of
NSCs to adequately target and distribute throughout tumor sites
[28-30]. To advance the use of NSCs as therapeutic agents, we
used noninvasive MRI to monitor spatiotemporal migration of
NSCs to tumor sites. Recent studies have shown thatiron-labeled
cells can be tracked by susceptibility-sensitive T2 and T2:x-
weighted MRI [11, 31, 32]. We have previously demonstrated
that the combination of ferumoxides with protamine sulfate can
be used to label NSCs for this purpose [13]. Thu et al. reported
protocols foriron labeling of different types of cells with HPF, the
components of which are all approved for clinical use by the FDA
[18]. In the current study, we optimized this HPF cell-labeling
protocol for use in the HB1.F3.CD NSC line to enable MRl tracking
of HPF-labeled NSCs. NSCs labeled using the HPF protocol are
viable and proliferative, and they retain their tumor tropism in
vitro. In vivo, we demonstrated NSC localization to orthotopic
human glioma via both intracerebral and intravenous routes of
administration. Furthermore, we visualized the distribution of
HPF-labeled NSCs in vivo by MRI and confirmed these observa-
tions by histological methods.

In the current studies, we also established the safety of iron-
loaded NSCs when given to normal non-tumor-bearing Es1¢/
SCID mice. Three independent lines of evidence suggest that the
additional iron load of HPF-labeled NSCs was nontoxic in the
host, both acutely and long-term. First, based on quantitative
assessment, the amount of iron delivered to the host was mini-
mal compared with many naturally occurring (i.e., by ingestion)
or exongenous sources of iron (e.g., blood transfusions or iron
therapy in chronic kidney disease), suggesting that no organ
should show any appreciable increased uptake or deposition of
iron. Second, the NSCs themselves were not measurably affected
by the intracellular HPF labeling and are therefore unlikely to
harm tissues in which they reside. Third, hosts that received iron-
labeled NSCs did not exhibit signs or symptoms of toxicity or
illness consistent with other published studies [33—-36]. There-
fore, effects on the host are minimal or undetectable and of no
negative clinical impact. Regarding the fate of transplanted
NSCs, our previous data showed that the HB1.F3.CD NSCs stop
dividing within 48—72 hours after transplantation as indicated by
lack of staining with the cell proliferation markers Ki67 and pro-
liferating cell nuclear antigen. Thus, a likely explanation for the
decreased Prussian blue staining in the current study (Fig. 4) may
be that the NSCs die (which is consistent with the observed de-
crease in immunohistochemical staining for human mitochon-
dria), resulting in loss of intracellular iron. The dead NSCs and the
ferumoxytol nanoparticles may be phagocytosed by microglia
and macrophages that are present at the NSC injection site (Fig.
4) over time. Of note, when ferumoxytol was injected intracere-
brally into rats in another study, the half-life of the ferumoxytol
signal was 3—-10 weeks (depending on the dose injected) as de-
tected by T2-weighted MRI [37]. This is consistent with our cur-
rent data on the observed decrease in intensity of the Prussian
blue iron staining over the course of 1-12 weeks (Fig. 4). It should
be noted that a very small percentage of the transplanted NSCs
may differentiate into neurons or glial cells, which may retain the
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ferumoxytol nanoparticles for a longer time, prior to being me-
tabolized [20].

As noted above, after iron-labeled NSCs die, the remaining
ironis likely metabolized by normal processes associated with
physiologically normal iron clearance mechanisms. Macro-
phages can store excess iron in endosomes or may export it
across the cell membrane to tissues where it is needed or to
the liver for further metabolism. The lack of acute toxicity
reported in cases where iron labeling has already been used
clinically supports our observation that it is being metabolized
by normal processes and is well within physiologically toler-
ated levels [38—40]. Pawelczyk et al. reported on the effect of
labeling cells with ferumoxides on cellular iron metabolism
[40]. Ferumoxytol has the same chemical structure as iron
oxide crystal and would be metabolized identically to feru-
moxides by cells. In response to ferumoxide loading into en-
dosomes, the cells downregulate transferrin gene expression
and protein and upregulate ferritin gene expression and pro-
tein levels [40]. Iron from the nanoparticles can be released
into the intracellular compartment and participate in cellular
iron metabolism [41]. Intravenously injected ferumoxytol
shows uptake in spleen and bone marrow, whereas intracra-
nial injection of ferumoxytol shows slow clearance from the
brain based on MRI [17]. Iron metabolism is a fundamental
physiological process in humans, both for the clearance of
dead cells and during hematopoiesis. Iron-loading methods
described in the literature indicate that labeling cells with iron
increases their iron content by 1-15 pg per cell [5]. Our cell
labeling procedure resulted in approximately 2.5 pg of iron
per NSC and an average total iron load to the brain of 0.625
and 1.25 ug for the lower and higher NSC doses, respectively.
A similar concentration of iron per cell was reported in a pre-
vious study in which NSCs were labeled with HPF complexes
[18]. Thus, the amount of iron contained in the proposed
doses of NSCs (10 million or 50 million NSCs; clinical trial
NCT01172964) for a human patient is substantially less than
the amount of iron contained in 0.1 ml of blood. Therefore, we
conclude that HPF-loaded NSCs will not add a significant iron
load to the patient. Importantly, we observed the normal re-
covery of mouse brain tissue in the vicinity of the injection
sites over a 12-week period. Specifically, areas of gliosis as
evidenced by the increased presence of activated macro-
phages and microglia subsided to levels found in untreated
regions farther away from the injection sites in mice that re-
ceived either both ferumoxytol-loaded or unlabeled NSCs.
There was no observable difference in the level of gliosis or
recovery between any of the treatment groups. Histochemi-
cal detection of iron revealed the expected differences be-
tween mice that did or did not receive iron at the early time
points, whereas over time, there was no observable differ-
ence in iron deposition between groups, suggesting that nor-
mal physiological processes acted to scavenge any added iron.
We interpret these observations to mean that the physiolog-
ical reaction to ferumoxytol-containing cells is no worse than
the reaction to the wound injury sustained from the surgical
procedures. Furthermore, since ferumoxytol-labeled NSCs re-
tain their migratory capabilities when administered by either
the intracerebral or the intravenous (i.v.) route of administra-
tion, further development and optimization of the i.v. route is
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warranted since it may provide an option for nonsurgical pa-
tients and make multiple rounds of NSC treatment more fea-
sible and cost-effective.

CONCLUSION

In conclusion, we propose that ferumoxytol labeling is an effec-
tive cell-tracking method that is safe for clinical use, contributing
little to the risk side of a given risk/benefit analysis. Our ongoing
FDA-approved clinical trial focuses on the use of NSCs as delivery
vehicles for enzyme/prodrug treatment of recurrent glioma pa-
tients [1]. The broader objective of the current study was to
develop a safe and effective strategy to monitor the transplanted
NSCs over time by MRI. The results reported herein formed the
basis of an amendment submitted to the FDA that was approved
for human use in April 2012. To date, three patients have been
treated with HPF-labeled NSCs, and the ensuing analyses will be
published upon completion of the study.
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