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Stem cell therapy represents the potential alternative effective strategy for some diseases that lack effective treatment currently.
Correspondingly, it is crucial to establish high-sensitive and reliable quantification assay for tracing exogenous cell migration. In the
present study, we first used both bioluminescence imaging (BLI) indirect labeling (human norepinephrine transporter-luciferase
reporter system) and %°zirconium (°Zr)-hNSCs direct labeling combined with positron emission tomography/computer
tomography (PET/CT) system for tracking human neural stem cells (hNSCs) migration into the brain via nasal administration in
preclinical study. But the above two methods failed to give the biodistribution profile due to their low sensitivity. Considering its
superior sensitivity and absolute quantitation capability, we developed and validated the droplet digital PCR (ddPCR) targeting
species-specific gene in frozen and paraffin sections, slices, and whole blood with the sensitivity of 100-200 hNSCs. Accurate and
high throughput quantification could be performed using ddPCR with the coefficient of variation (CVs) of lower quality control
(LQC) below 30%. In combination with immunohistochemistry and ddPCR, we confirmed the migration of hNSCs into the brain via
nasal administration, which supported the efficacy of hNSCs in MPTP-treated mice, an animal model of Parkinson’s disease. In
conclusion, the present study is the first to report the application of ddPCR in the pharmacokinetics profile description of tracking of

hNSCs in preclinical studies.
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INTRODUCTION

Stem cells, especially neural stem cells (NSCs), are a valuable
approach for regenerative medicine in Parkinson’s (PD) disease,
particularly for cell replacement therapy (CRT), both in the
preclinical and clinical experimental settings [1, 2]. It has now
been recognized that stem cells can be delivered to remote injury
sites to initiate damage, tissue repair, and tissue regeneration and
stimulation. However, gaining insights into exogenous cell
migration, tissue localization, and engrafting requires accurate
tracking.

A variety of in vivo and ex vivo methods have been developed
to identify transplanted cells [3, 4]. Noninvasive in vivo technol-
ogies that evaluate the efficiency of transplantation and the
migration of transplanted cells are commonly used for animal
model studies and human clinical trials. Direct labeling and indirect
labeling [3] are the two common strategies. For direct labeling,
Yfluorine [5] and #°zirconium (3°Zr) [6] combined with single-
photon emission computed tomography (SPECT) and positron
emission tomography (PET) imaging are the generally adopted
techniques for their sensitivity (~10°-10° cells). For the indirect
bioluminescence imaging (BLI) labeling method, a comparative
study of cell imaging with different nuclear reporter systems and

substrates is performed using the appropriate radiolabeled probes
for PET or SPECT imaging. Human T cells have been transfected
with retroviral plasmids containing vectors encoding the human
norepinephrine transporter (hNET), the human sodium iodide
symporter, a human deoxycytidine kinase double mutant, and
herpes simplex virus type 1 thymidine kinase reporter genes. The
hNET/meta-'8F-fluorobenzylguanidine  reporter system could
detect less than 1 x 10° T cells, which is much more sensitive than
the other BLI systems (3 x 10°—1 x 10° cells) [7].

Furthermore, magnetic resonance imaging (MRI), due to its
inherent high spatial resolution, provides an alternative noninvasive
method to study the fate of transplanted cells in vivo (allowing the
detection of even ~500 labeled cells) [8]. Magnetic particle imaging
(MPI)-based imaging systems represent a sensitive cell labeling and
in vivo tracking method with a detection threshold as low as 200
cells [9-11], which allows exogenously labeled human stem cell
tracking both in the murine brain and systemically [12]. The
capabilities to image quantitatively, sensitively, and longitudinally
makes MPI uniquely well suited for cell tracking applications to
monitor the long-term localization and persistence of low cell
populations, both for preclinical and clinic research [10]. In summary,
the detection threshold of SPECT/PET, MRI, near-infrared live
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imaging [13] and even the MPI-based imaging system is ~2 x 10 —
2% 10° cells, which might not be sufficient for some studies
involving traces of cell tracking. In addition to the lack of sensitivity,
considering the effects of labeled cells or transfected cells on cellular
function, extensive study is needed to optimize efficient cell labeling
or transfection without cell survival, proliferation, self-renewal, and
multipotency [14, 15]. Moreover, in vivo long-term images should be
interpreted with caution due to the possibility of host cell
internalization [16]. In contrast, ex vivo cell identification approaches,
including immunohistochemical (IHC) and genetic techniques, could
be complementary assays, which may be much more available and
sensitive.

In this study, human neural stem cells (hNSCs) were adminis-
tered nasally to treat a PD model in a preclinical study. Tracking a
small number of cells in targeted sites (brain striatum) after nasal
administration poses a very high technical challenge due to the
sensitivity requirements. In the context of preclinical studies in
xenogeneic transplantation, it is possible to use species-specific
markers to distinguish donor cells from host cells. Here, under the
premise that neither BLI nor SPECT can meet the sensitivity
demand, a postmortem method based on species-specific markers
amplified by droplet digital PCR (ddPCR) was performed. The
ddPCR can be detected at the single molecule level to obtain an
initial copy number or concentration of the target molecule, which
has high sensitivity and accuracy. The distinctive feature of ddPCR
is the separation of the reaction mixture into thousands to millions
of partitions with the principle of Poisson distribution with the
ability of absolute quantification of target nucleic acids [17]. Here,
we determined the sensitivity using ddPCR to be ~100 cells and
complementary to IHC. The validated ddPCR methodology
provides a reference for the pharmacokinetic (PK) evaluation of
preclinical cell therapeutics. We demonstrate that the function of
CRT in PD relies on NSC regulation of the microenvironment
instead of the direct difference and replacement of damaged cells.

MATERIALS AND METHODS

Human NSCs

The hNSCs and hNSCs stably transfected with hNET and the
luciferase plasmid (hNET-Luc-NSCs) were provided by Shanghai
Angecon Biotechnology Co., Ltd. (Shanghai, China).

Animals
C57BL/6 mice were obtained from Shanghai Lingchang Biotech-
nology Co., Ltd. (Shanghai, China) (Certificate No. 2013001817602).

The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
C57BL/6 PD mice model were prepared as previously reported [18]
by Soochow University (Jiangsu, China). For BLI and 3°Zr imaging
experiments, SD rats and C57BL/6 mice were used. For ddPCR and
IHC experiments, MPTP C57BL/6 mice were used.

All animals were bred in a pathogen-free animal facility and
provided ad libitum access to a standard diet (PMI LabDiet’;
LabDiet, St Louis, MO, USA) and water. The illumination was 12 h,
alternating light and dark. At the beginning of the administration,
the animals were 8 weeks old (Experimental animal license: SYXK
(Su) 2015-0014).

The study was performed with the approval of the Ethical
Committee of Soochow University. The animal study was strictly
carried out in accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the Beijing Institute
of Lifeomics. Animal welfare and experimental procedures were
carried out in accordance with the National Research Council’s
Guide for the use of laboratory animals.

BLI experiments in vitro and in vivo

We explored the sensitivity of the BLI method in vitro and in vivo
(rats, mice) and the suitability for nasal administration of the study.
In vitro, hNET-Luc-NSCs were seeded in 24-well plates at 103, 10%,
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or 10° in 0.5 mL of saline in replicate. Fluorescence scanning was
performed after incubation with 5puL of fluorescein (15 mg/mL,
PerkinElmer, USA) per well for 10-20 min. For the in vivo
experiments, different amounts of hNET-Luc-NSCs, 10° (SD rats,
n=39); 10° (SD rats, n=1Q); 5x 10* (SD rats, n=19); or 5x 10°
(C57BL/6 mice, n=12, 238) hNET-Luc-NSCs were intrastriatally
administered.

Animals were anesthetized with a Matrx VIP 3000 anesthetic
machine (Midmark Corporation, Dayton, OH, USA) using 1%—1.5%
isoflurane (RWD Life Science Biotechnology Co., Ltd. Shenzhen,
China). Following anesthesia, 150 mg/kg luciferase substrate
fluorescein (PerkinElmer, Wellesley, MA, USA) was administered
via intraperitoneal injection and the animals were observed with
an IVIS® Spectrum in vivo Bioluminescence and Fluorescent
Imager (PerkinElmer). All animals were observed 20 min after
intraperitoneal injection of the luciferase substrate fluorescein.
Among them, two experimental animals, G1-F-02 and G2-F-02,
were sacrificed after fluorescence scanning, and the brains were
dissected. The brain tissue was then placed in a 12-well plate for
in vitro fluorescence scanning. Intensity data from the in vivo and
in vitro fluorescence scanning analyses were analyzed using
GraphPad Prism Version 6 (GraphPad Prism Software Inc. San
Diego, CA, USA).

897r-PET/CT in vitro and in vivo imaging experiments

897r-hNSCs were used in imaging experiments after the Radio-iTLC
quality control and stability assay. First, in vitro sensitivity was
studied by placing different amounts of 3°Zr-hNSCs (10% 103, 10%,
or 10°) into 96-well plates (0.1 mL/well with saline as a control) in
duplicate. The 96-well plate was then static scanned for 10 min
(scanning energy window: 350-650 keV) in a PET/CT SNPC-103
instrument (Pingsheng Medical Technology Co., Ltd.).

The in vivo detection sensitivity of 5°Zr-hNSCs with PET/CT
imaging was investigated via both striatal localization and nasal
administration. SD rats were anesthetized with a Matrix VIP 3000
anesthetic machine (Midmark) using 1%-1.5% isoflurane (RWD
Life Science Biotechnology Co., Ltd., Shenzhen, China). Animals
were divided into G1-G4 groups, in which the G1-G3 groups (n =
2 in each group) received striatal localization of different amounts
(10%, 10%, or 10° of 32Zr-hNSCs using the brain stereotactic
instrument 68001 (RWD Life Science) combined with a micro-
injector (5 pL) (Gaogee Industry & Trade Co., Ltd. Shanghai, China).
A PET/CT brain static scan (scan energy window: 350-650 keV) was
performed for 10 min at 4 h postadministration. In the G4 group
(n=3), rats were nasally administered 2 x 10° 8Zr-hNSCs. The
PET/CT brain static scan of the small animals was acquired for
10 min at different time points (10 min, 35 min, 60 min, 4 h, 24 h,
72 h, and 168 h). Upon the end of the 168-h observation period,
the animal was sacrificed, and the whole brain was obtained and
subjected to a PET/CT static scan for 10 min (scanning energy
window: 350-650 keV).

The image reconstruction was performed followed by data
acquisition completion. The reconstruction algorithm was OSEM
3D + PSF (the number of iterations was 5). The radioactive uptake
values of the nasal cavity and brain regions of interest of each
animal were analyzed using PMOD software (PMOD Technologies
LTD, Zurich, Switzerland). The %ID/g of the region of interest was
calculated using the following formula:

%ID/g = [radioactive substance uptake per unit volume of

interest(uCi/g) /total injected dose(uCi)] x 100.

Data were analyzed using Excel 2007 (Microsoft Corporation,
Redmond, WA, USA) and Prism software 6.0.

Histology

MPTP mice nasally administered 2 x 10° hNSCs were sacrificed,
and blood samples were collected from the heart apex into an
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anticoagulation tube. The heart was then fully perfused with the
saline followed by ~30 mL of precooled 4% paraformaldehyde.
Dissections were performed immediately upon paraformaldehyde
fixation. The brain and the spinal cord were placed in a 50 mL
centrifuge tube containing 4% paraformaldehyde at 10 times the
volume of the tissue. Peripheral tissues [heart, liver, spleen, lung,
kidney, testis and epididymis (male), and ovary (female)] were
placed in 10% formalin for paraffin embedding and sliced
(thickness: 20 um) with a paraffin slicer (Leica Biosystems Inc.
Buffalo Grove, USA).

Immunofluorescence

After fixing for 4 h with 4% paraformaldehyde, the tissues were
dehydrated with a gradient of 15% and 30% sucrose solution,
respectively. According to the position coordinates of the various
parts (striatum, substantia nigra, cortex, hippocampus, cerebellum)
in the mouse brain map, a frozen slicer was used to serially slice
the brain tissues (thickness, 20 um) on a cryostat (Leica, Wetzlar,
Germany). Brain slices were washed three times with PBS for 5 min
each time. Then, the slices were blocked with PBS containing 0.1%
Triton X-100 and 2% BSA for 1h. Then, the mouse STEM121
antibody (1:500; Takara Bio Inc., Japan) and SOX2 (1:500, Merck
Millipore, Germany) were incubated with the slices at 4°C
overnight, followed by three washes with PBS for 5min each
time, followed by incubation with 488 anti-mouse secondary
antibody (1:1000, Invitrogen) and 555 anti-rabbit secondary
antibody (1:1000, Invitrogen) for 1h at room temperature. After
three washes with PBS for 5 min each time, the slices were dried
and sealed with VECTASHIELD” Mounting Medium with DAPI from
Vector Laboratories Inc. (CA, USA). The cells were photographed
under a Zeiss fluorescence microscope (Axio ScopeA1, Goettingen,
Germany).

ddPCR tested samples in vivo

The MPTP-induced mouse PD model group was used for the
in vivo efficacy study that accompanied the PK study. The
hNSCs (2 x 10° cells in 8 uL of NaCl per mouse) or control NaCl
(8 uL/mouse) were administered via a single intranasal adminis-
tration. The frozen and paraffin sectioned samples from this study
were harvested from three dose groups (Groups 1-3), and the
blood samples were from Group 1 and Group 3. Detailed
information about the time points of collection and the number
of slices is shown in Table 1.

Sample harvest and management

A total of 333 frozen mouse brain slices (striatum, olfactory bulb,
hippocampus, substantia nigra, cerebellum, spinal cord), 342
mouse paraffin slices (heart, liver, spleen, lung, kidney, genitals)
and 20 whole blood samples were employed in the ddPCR study.
All samples were produced by the Institute of Neuroscience,
Soochow University, and sample analysis was performed at
United-Power Pharma Tech Co. Ltd., Beijing. According to this
methodology, four slices (the thickness of each slice was 20 um) of
frozen brains or paraffin brains were used for genomic DNA
(gDNA) extraction.

Sample preparation and ddPCR

gDNA was extracted from frozen and paraffin tissues (four slices
per reaction) using a QlAamp DNA FFPE tissue kit (Qiagen,
Crawley, UK) according to the manufacturers’ protocols. Whole
blood gDNA was extracted using the DNeasy Blood & Tissue Kit
(QIAGEN). The gDNA concentration was determined using Thermo
Scientific™ NanoDrop™ One (Thermo Scientific Inc.,, Waltham, USA)
and kept at —60 to —90 °C for further ddPCR analysis.

The endogenous reference B2-microglobulin (2M) gene was
used as a species-specific marker because of its excellent primer
and probe performance in the ddPCR system. The primers and
probes were synthesized by Sangon Biotech Co., Ltd. (Shanghai,
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China). Forward primer (5'-3'): GCAAGGACTGGTCTTTCTATC;
reverse primer (5'-3’): ATACACAACTTTCAGCAGCT; probe (5'-3):
FAM-CCCCCACTGAAAAAGATGAGTATGCC-BHQ!1.

Each ddPCR analysis batch contained a set of quality control
samples (LQC, n = 2), negative control (NTC, n=2) samples, and
blank (Blank, n = 2) samples. NTC sample: ddPCR™ Supermix for
Probes (No dUTP) (Bio-Rad), probes, primers, and gDNA extracted
from blank tissues as a template. Blank sample: dyes, probes,
primers, and diethyl pyrocarbonate (DEPC)-treated water as a
template.

ddPCR was performed in a QX200™ AutoDG™ Droplet Digital™
PCR System (Bio-Rad, Hercules, CA, USA). First, QPCR mix was
prepared (20 pL/reaction) with 10 uL of ddPCR™ Supermix for
Probes, 1.6 uL of forward primer (10 uM), 1.6 uL of reverse primer
(10 uM), 0.5 L of TagMan Probe (10 uM), and gDNA template
(6.3 uL, 100-500 ng). The microplates were transferred to the
Automated Droplet Generator (Bio-Rad) to generate droplets.
Further, PCR was performed according to the amplification
conditions: 5min at 95°C; 40 cycles of 30s at 95°C, 40s at
60 °C; and finally 10 min at 98 °C and storage at 12 °C. Finally, the
amplified products were transferred to the QX200™ Droplet
Reader for analysis.

ddPCR methodology validation

Quality control samples were prepared in three types of tissues,
including frozen slices, paraffin slices and whole blood, for the
method validation study. Blank tissue matrix was used as a
negative control (NTC). The 500 hNSCs were spiked into four
frozen mouse cerebellum (2 batches)/striatum (1 batch) tissue
slices (or four mouse peripheral (liver) tissue paraffin slices, or
200 pL whole blood) and genomic DNAs were extracted as the
lower quality control (LQC) and lower limit of quantitation (LLOQ).
The above gDNA samples were kept at —60 to —90°C. Two
analysts completed three analysis batches in two days. The
interbatch and intra-assay precision of the method is expressed as
a percent of the coefficient of variation (%CV = [(standard
deviation/mean) x 100]).

Long-term and freeze-thaw stabilities were investigated. In the
long-term stability study, the samples above the LQC (500 cells/4
tissue slices, or 200 pL whole blood) were stored at —60 to —90 °C
for 1, 2, and 3 months. Four LQC replicates were used for
evaluation at each time point. In the freeze-thaw stability study,
the above LQCs were stored at —60 to —90 °C for one freeze-thaw
cycle and two cycles with four LQC replicates at each time point.
The acceptable standards for stability samples are as follows:
duplicate well CV%: <30%, and 2/3 of the QCs met the acceptance
criteria; the AR% was based on a baseline lower than 20%.

ddPCR data analysis and acceptance criteria

Each sample was run in duplicate during the ddPCR detection
process. The ddPCR data are shown as copies/20 uyL and were
reported by the QX200™ Droplet Reader control software
QuantaSoft™ 1.7.4 (Bio-Rad Inc), and the data were analyzed
using Excel 2013 (Microsoft Inc., Office 2013).

The samples with more than 10 000 droplets could be defined
as effective data; otherwise, the sample could be reanalyzed. Each
analysis batch contained one LQC (n=4), and at least 2/3 of the
QC samples must satisfy the acceptance criteria; the %CV was
lower than 30%.

The threshold line was defined according to the positive and
negative droplet response values of the NTC and blank per
analytical batch.

The cutoff value of the positive droplet per analysis batch was
calculated using the Excel determination of the LOD (Fig. 1a). The
cutoff value of each analytical batch must be lower than 12. A
calculated cutoff value of 12 indicates the potential presence of
sample contamination, which indicates unacceptance of the
analytical batch.
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Table 1. ddPCR samples information

Groups Frozen section sample collection

time point

Paraffin section sample collection
time point

Whole blood sample collection
time point

MPTP + hNSC (Group1) 4h (n=6),24h (n=6), 3 days (n=6),
7 days (n = 6), 14 days (n = 6), 28 days
(n=5), 56 days (n = 3), 90 days (n = 3)
24h (n=6), 7 days (n=16)

4h (n=3), 7 days (n=3)

Normal + hNSC (Group 2)
MPTP + NacCl (Group 3)

4h (n=6),24h (n=6), 3 days (n=6),
7 days (n = 6), 14 days (n = 6), 28 days
(n =5), 56 days (n = 3), 90 days (n = 3)

4h (n=6), 7 days (n=06) /
4h (n=3), 7 days (n=3)

4h (n=5),24h (n=5), 3 days (h=15)

4h (n=5),24h (n=5),3 days (n=5)

Input number of
positive droplets:

3 R

Input number of in analytical batch

The sum of positive droplets
of negative control and blank

negative control
reactions:

4

The sum of holes of

False positive ratio
0.75

analytical batch

negative control and blank in

Calculate

Note: This tool can be used to define
The minimal number of positive droplets
corresponding to LoD. Real copy number of LoD can
be automatically calculated by QuantSoft.
The minimal number of

positive droplet correcting
toLoDis

Cutoff value of positive
droplets in analytical batch

&

Fig. 1

Data interpretation process

To compare the results of immunofluorescence/IHC, we defined
the results of ddPCR by —/+/++, and the standard of definition
can be found in the following data interpretation process
(Fig. 1b).

Assuming that the cutoff value of the software calculation
analysis batch is n, the number of positive droplets of the sample
to be tested is N, and the number of positive droplets of the
LLOQ is n1.

If N=n1, the sample is defined as ++ (strongly positive);

if N1 >N = n, the sample is defined as + (positive); and

if n> N, the sample is defined as — (negative).

Statistical analysis

Differences between the grafted cells at different dosing groups
after transplantation were evaluated using GraphPad Prism
Version 6 (GraphPad Prism Software Inc. San Diego, CA, USA).
Data are expressed as the means+SEM, and differences are
considered significant at P < 0.05.

RESULTS

BLI in vitro sensitivity

hNSCs at different cell numbers were added to a 24-well plate for
fluorescence imaging. The mean fluorescence intensity (MFI)
derived from the blank control well, 1x10° cells/well, 1x 10*
cells/well was 9.90 x 10% p/s, 9.72 x 10* p/s (P=0.928 vs control),
and 1.35x 10° p/s (P=0.212 vs control), respectively. The MFI at
1x10° cells per well (mean=6.59x 10> p/s) was significantly
higher than that of the blank control well (P =0.001). For the BLI,
the in vitro sensitivity is 1 x 10° cells (Fig. 2a).
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b Detemnination of cutoff value per
analytical batch

Effective data
reception standard

Analytical batch
acceptance criteria

Data interpretation

Report
Spiked cells 500 200 0 0
Copies n1 n

N M Ne A Ne A

Data explanation of ddPCR. a Cutoff value of the positive droplet per analytical batch. b ddPCR data report process

BLI in vivo experiments

The animals (SD rats and C57BL/6 mice) were subjected to BLI
after striatum and nasal administration of hNSCs, and the
interested areas (brain nearby nose) were scanned for fluores-
cence intensity, and the fluorescence intensity of the animal back
was the control (the area was the same as the target area)
(Supplementary Fig. 1).

Different amounts of hNSCs were injected into the striatum of
SD rats at doses of 1x10% 1x10°, and 5x 10* Fluorescence
signals were captured 20 min after administration. At the site of
administration, 10° cell injections incurred an average fluores-
cence intensity of 1.27 x 10° p/s compared with the control of
2.80x 10° p/s (P=0.021) (Fig. 2b). After 2 h, the signals were not
significantly different between the site of administration and the
control site. Moreover, injection of 5x10% and 1x10°> hNSCs
yielded no detectable signals compared to controls. In addition,
nasal administration of 10° hNSCs yielded a fluorescent intensity
of 547 x10° p/s at 24 h, which was indistinguishable from the
control (3.44 x 10° p/s).

The in vivo BLI sensitivity of C57BL/6 mice was found to be
similar to that in rats for the mice administered 5x 10° hNSCs
20 min after intracerebral striatum injection. The total fluorescence
was observed at the site of administration (i.e., brain) (1.69 x
10° p/s) and the back control (1.10x10° p/s) (P<0.01). No
significant signals were detected in the other groups or at the
other time points.

To verify whether the BLI in vivo sensitivity was hindered by the
depth of the targeted location, we dissected the brain tissue in G1-
F-02 (1x 10° cells into the striatum) and G2-F-02 (1 x 10° cells in
nasal cavity). The fluorescent intensities were 2.36 X 10° p/s and
9.41 x 10* p/s, respectively, in comparison to the control (1.01 x
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Fig. 2 Typical imaging of in vitro and in vivo intrastriatal administration. a Different cell numbers (1 x 10> — 1 x 10°) of hNET-Luc-hNSCs were
added to a 24-well plate for fluorescence imaging. The in vitro detection threshold was ~10° cells. b Typical imaging of in vivo intrastriatal
administration (10° hNET-Luc-hNSCs). The in vivo detection threshold was ~10° cells

10° p/s). Taken together, although the cells were successfully
administered into the brain areas of interest, the tracing of these
cells was not successful due to insufficient sensitivity of the
fluorescent imaging.

897y in vitro PET/CT imaging experiments

The results of an in vitro PET/CT scan of 96-well plates showed that
with an increase in ®Zr-hNSCs, the total radioactivity per well
increased. Among them, the dose of 3°Zr-hNSCs of 10% cells was
relatively low, the interwell CVs was 108%, and the CVs of doses of
10%,10%, 10° cells/well were <10%, indicating accurate quantifica-
tion. The sensitivity of the ®Zr in vitro PET/CT imaging was 10°
cells (Fig. 3a).

In the G1-G3 groups, different amounts of #Zr-hNSCs were
stereotactically localized into the normal SD rats, and a PET/CT
brain scan was performed 4 h after the striatum injection. The
results showed that radioactive signals were detected in the right
brains of the G1-G3 groups. In addition, with the increase in %°Zr-
hNSC administration, the signals were enhanced in the whole
brain. The distribution profile of #Zr-hNSCs was different between
the G1 and G2 groups. 3°Zr-hNSCs were mainly distributed in the
striatum of the G1 group (10% cells). Radioactive materials were
mainly distributed in the striatum and cortex in the G2 group (10*
cells). #Zr-hNSCs were mainly distributed in the striatum, cortex,
and hippocampus in the G3 group (10° cells) (Fig. 3b, c).

In the G4 group, 8°Zr-hNSCs were intranasally administered 2 x
10° cells per rat. The PET/CT brain scans were performed at
different time points. The results showed that the radioactive
material was mainly distributed in two locations: in the nasal
olfactory area and the ethmoid position (Fig. 4). Some of the cells
may enter the esophagus through the respiratory area. The
radioactive uptake values of the nasal cavity and the olfactory
bulb gradually decreased over time, and the radioactive uptake
values of the pituitary and pons first increased and then
decreased. The radioactive uptake values of the other brain
regions, such as the frontal lobe, parietal lobe, striatum,
hippocampus, and VTM, were relatively low, and no signals were
observed after 4 h. In summary, when #¥Zr-hNSCs were adminis-
tered via the nasal cavity to SD rats, 5°Zr-hNSCs were
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predominantly distributed in the nasal cavity, and a limited
amount of signal was captured in the brain (below the detection
limit). In addition, when we performed nasal administration, the
897r-hNSCs may be excreted and metabolized after entering the
esophagus through the respiratory tract (occurrence rate was 1/3).
Taken together, no radioactive signals were detected 4 h after
nasal administration in vivo. The rats were sacrificed, and the
brains were harvested and scanned with PEC/CT at 168 h. No
signals were detected ex vivo, confirming that the radioactive
substance did not enter the brain (or the level was below the
detection limit).

The ddPCR method validation

A total of eight pairs of primers and TagMan probe candidates
involving two kinds of species-specific genes were compared and
optimized according to ddPCR performance [19 20]. Different
amounts (0, 10%, 10, 10% 10° 10° of hNSCs were spiked into
25mg of brain or four tissue slices, and the total gDNA was
extracted. The optimized set of primers and probe were used to
establish standard curves (Supplementary Fig. 2). The mean values
(copies/20 yL) of triplicate measurements of the experimental
samples were 6.7 (%CV=59.7%), 247 (%CV=29.8%), 52.7
(%CV =13.3%), 752.7 (%CV =4.8%), and 4860.0 (%CV = 3.8%),
respectively. The sensitivity (lower limit of quantification, LLOQ)
was 100-200 cells/4 slice tissues. The LQC was prepared using 500
cells spiked in four slice tissues. Method validation was run as the
LQC indicated in three types of biological matrices: frozen slices,
paraffin slices, and whole blood.

The precision, selectivity, and stability (including two cycles of
freeze-thaw stability, 3-month long-term stability) samples met
the method validation requirements of biological samples [21-24].
The method sensitivity values (n1) were 5.3, 13, and 4.8 for the
frozen section, paraffin section, and whole blood, respectively.
Sample bioanalysis involved a total of 33 ddPCR analyses. For the
intra-assay precision, the CVs of the LQC ranged from 2.8% to
26.2%, 6.1% to 24.5%, and 23.4% to 28.4% in the frozen section,
paraffin section, and whole blood, respectively. For the interassay
precision, the CVs of the LQC were 23.7%, 21.3%, and 25.4% in the
three matrices. Taken together, the intra- and interassay precision
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the paraffin slices must be analyzed after no more than one
freeze-thaw cycle.

%CV values were lower than 30% throughout the bioanalytical
process.

The long-term stability within 3 months of the three matrices
met acceptable standards. The freeze-thaw stability results
showed that in frozen slices and the whole blood matrix, the

Double-blind detection of hNSCs in animal models using
immunofluorescence detection and ddPCR

%CV results of one and two freeze-thaw cycles of the LQC met the
acceptable standard. In the paraffin section, one and two freeze-
thaw cycles of the %CV were 14.1% and 41.8%, respectively. The
baseline value of one freeze-thaw sample was 65.6% compared
with the baseline %AR for two freeze-thaw samples, which failed
to meet the acceptance criteria. Hence, the results indicated that
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Based on the biodistribution profile using ddPCR, we found that
although ddPCR can accurately quantify the distribution of hNSCs
with a sensitivity of 100-200 cells/4 brain frozen slices, the Poisson
distribution has a greater influence on the positive detection rate
because of the trace distribution of hNSCs in animal models. To
compare the advantages and disadvantages of the
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Fig. 5 Typical immunofluorescence images of hNSCs postnasal administration. The rats were nasally administered 2x10° hNSCs, and the brain
(striatum, cortex, and hippocampus regions) immunofluorescence was determined at 24 h, 3 days, 4 days, and 7 days (STEM121, 1:500). Only

24h immunofluorescence images were shown

immunofluorescence and ddPCR methods for cell distribution, a
double-blind method was prepared. The results indicated a high
coincidence rate between the two methods, although differences
did exist between duplicate wells due to the Poisson distribution
of the positive droplets (Fig. 5 and Table 2).

hNSC biodistribution using ddPCR in MPTP model mice

After MPTP model mice were administered 10° hNSCs nasally,
ddPCR analysis of the frozen brain slices demonstrated that +/4++
signals were detected, representing that hNSCs could be detected
in the striatum at 24 h, 3 days, 7 days, 14 days, and 90 days
(positive individuals =1-2). In addition, +/+-+ signals were
detected in the hippocampus at 3, 7, 14, and 28 days (positive
individuals = 1-2), and +/++ signals were detected in the
cerebellum at 4 h, 24 h, 3 days, 14 days, and 56 days (positive
individuals = 1-2). In the spinal cord, + signals were detected in
one individual at 4 h, and no positive signals were detected in the
olfactory bulb or the substantia nigra. In contrast, +/4+ signals
were detected in the striatum (positive individual = 1), substantia
nigra (positive individual =1), and cerebellar stroma (positive
individuals = 1-3) at 24 h and 3 days after intranasal administra-
tion in the normal group (Fig. 6).

After MPTP model mice were administered hNSCs nasally,
ddPCR analysis of peripheral paraffin tissues showed that ++
signals were detected in the heart at 24 h and 14 days (positive
individual = 1), and +/++ signals were detected in the liver at 3,
14, 28, and 56 days (positive individuals = 1, 1, 2, 1, respectively).
Moreover, +/++ signals were detected in the spleen at 14, 28,
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Table 2. Double-blind detection of hNSCs in animal models using
Immunofluorescence and ddPCR

Sample Immunofluorescence ddPCR Copies/20 uL?® Copies/20 pr
2-20 + +/—- 8 2

2-4@ — — 0 0

2-50 + +/— 0 8

3-4@ - — 0 0

3-6@ + + 4.6 17.8
5-4@ + + 16 12.6
5-50 + + 0 32

5-6@ + + 0 50

#Cutoff value is 5 for the batch

bCutoff value is 9 for the batch

and 56 days (positive individuals = 1, 4, 3, respectively), + signals
were detected in the lungs at 14 and 28 days (positive
individuals = 3, 3, respectively), and +/++ signals were detected
in the kidneys at 14, 28, 56, and 90 days (positive individuals = 2,
3, 2, 1, respectively). After nasal administration of hNSCs in the
normal group, only ++ signals were detected in the liver at 24 h
(positive individuals =2). In the NaCl control group, positive
signals were detected in one individual. Since the number of
positive microdroplets was close to the cutoff value, it could not

Acta Pharmacologica Sinica (2020) 41:572 - 580



Striatum Hippocampus

® (++)

Cut-off =§

40 $)

Application of ddPCR in a stem cell biodistribution study
F Wang et al.

Cerebellum Heart
200 @® Grp1
150 | T Cut-off=§ A Grp2
n1=13 O Grp3
100
50
(§)
0o Caspts atiiid @ o ¢

-50.

c
S
B ————————— 20
e 4h 24h 3d 7d 14d 28d 56d 90d 4h 24h 3d 7d 14d 28d 56d 90d
2
8
3 Liver Spleen
O 120 80
100 Cut-off =7 s
+(++) n1=13 eo Cut-off =7 o (++)
£0 0 n1=13
60 GO T
(++) . E++3
40 20 +) g
20 L (+4) & g ) ol g
AT 0 fu i %win®® -
0 @
-20 -20

4h 24h 3d 7d 14d 28d 56d 90d 4h 24h 3d 7d 14d 28d 56d 90d

Lung Kidney

80 - 80 - ; @® Grp1
Coros 3 Cut-off =10 (,,,1 A Grp2
60 4 ut-off = (++) 60 4 n1=13
n1=13 . © grp3
40| ) 20
)
(+1) ) (44
204 4 ] 4+ )
(H}. o) 20 ¥ 6

0 fo e tain® e o

-20

= otac Mo o * o

4h 24h 3d 7d 14d 28d 56d 90d

4h 24h 3d 7d 14d 28d 56d 90d

4h 24h 3d 7d 14d 28d 56d 90d 4h 24h 3d 7d 14d 28d 56d 90d

Time postadministration

Fig. 6 Biodistribution profile of hNSCs using ddPCR. The hNSC concentration (copies per 20 uL PCR)-time curves of mice after intranasal
administration of 10° cells. Data are shown as the mean + SD from two independently analyzed reactions. The copies were derived from the
~20 pL (300 ng gDNA) of frozen section tissues (striatum, hippocampus, cerebellum) and 20 pL (80 ng gDNA) of FFPE section tissues (heart,
liver, spleen, lung, kidney). Grp1: MPTP model + hNSC intranasal administration; Grp2: Normal model + hNSC intranasal administration; Grp3:

MPTP model + NaCl intranasal administration

be excluded that this result was statistically a 5% false positive
result (Fig. 6).

In whole blood tissue, + signals were detected only in MPTP
mice (positive individuals = 2) at 4 h, and no signals were detected
for the other groups.

DISCUSSION

Tracing stem cell distribution and survival over a long period of
time after transplantation would support the in vivo efficacy
evaluation. Until now, behavioral tests, noninvasive imaging, and
subsequent histological analysis have been the preferred methods
to evaluate the viability, differentiation, and effects of transplanted
cells. However, sensitivity is still a very large hurdle for tracing
NSCs. The present study is the first to comprehensively evaluate
the biodistribution of hNSCs in preclinical trials using imaging, IHC,
and ddPCR quantitative tools. The superior sensitivity and higher
throughput obtained from ddPCR in comparison to BLI, 8Zr-PET/
CT, and I[HC warrant its advantage for evaluating NSC
biodistribution.

Unlike the hNSC transplantation, in the present study, hNSCs
were nasally administered, which led to the traced biodistribu-
tion of hNSCs in the brain, which required the high sensitivity of
the hNSC detection assay. It was demonstrated that high
sensitivity and accurate quantification could be applied to the
PK profiling of hNSCs in animal models, such as ddPCR.
Although ddPCR does not allow for real-time monitoring
in vivo, this disadvantage can be compensated for by the
advantages of high throughput and accurate quantification. In
contrast to real-time quantitative PCR, the quantitative method
of ddPCR does not depend on the cycle threshold of the
amplification curve, so ddPCR is not affected by the amplifica-
tion efficiency, and it is not necessary to adopt a housekeeping
gene and a standard curve [17]. In addition, the dependence on
lab technique and experience of ddPCR is relatively low in
comparison to IHC and MRI labeling and imaging. According to
the guidelines of stem cell therapy PK evaluation [21-24],
tracing NSCs, and differentiation is very important for both early
and late stages. Correspondingly, another advantage of ddPCR is
that for the positive samples in the late stage, different primers
targeting different stem biomarker genes can be designed to
detect the differentiation status.
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This analytical study involves three processes: (a) Sections
acquisition: for the current study, four frozen sections or four FFPE
sections were used for nucleic acid extraction; limited by the size
of the tissue, the sizes of the sections may vary. Selecting four
slices is based on the minimum number of tissue sections
available in the range that the extraction kit can handle. (b)
Nucleic acid measurement and quality control: we selected the
purity of the nucleic acid to be not lower than 1.6 as the standard
of quality control. The total DNA yielded from FFPE samples varies
greatly, depending on the tissue type, as well as the fixation and
embedding conditions. (c) Normalization of sample input of
ddPCR: in the current study, there are several methods of
normalization: (1) quality concentration normalization (for exam-
ple, copies/ng), or (2) copies/section (for example, copies/
4 sections) normalization. We used quality concentration normal-
ization in the current study. For the 20 uL ddPCR reaction, the
maximal template amount is limited, so we normalized the
template to the minimal lower threshold, which is ~300ng of
gDNA of frozen section tissues and 80 ng of gDNA of FFPE section
tissues. For normalization between frozen sections and FFPE
sections, because the quality of the tissues was very different, the
content of stem cells and extraction efficiency also varied, so we
performed the normalization of the frozen sections and FFPE
sections separately.

To date, there have not been any preclinical studies reporting
stem cell biodistribution in complicated matrices; therefore, in
terms of normalization, more scientific and accurate methods
need to be explored.

In the current study, we not only performed a PK study for the
nasal administration of hNSCs but, more importantly, attempted
to understand the mechanism of hNSC therapy. Transplanted
NSCs exert their beneficial effects not only through the replace-
ment of damaged cells but also via bystander immunomodulatory
and neurotrophic actions [25-27]. Here, although the actual
number of brains is very small and no live hNSCs were detected in
the brain using immunofluorescence imaging (cell segments,
Supplementary Fig. 3) after 14 days, the obvious efficacy in disease
animal models in the late stage (3 months later) indicated that
hNSCs may exert their function through paracrine action instead
of directly replacing the damaged neurons. The results were
consistent with previous literature [28]. In addition, our data
indicate that compared with the normal group, MPTP model mice
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seem to have longer retention of hNSCs in vivo. There are two
possible causes: (1) for the mouse MPTP model, striatum
dopaminergic neurons are severely compromised, and the
dopamine neurotransmitters are significantly diminished. These
damaged regions release various chemokines, which may attract
stem cells into the brain, which can migrate to the damaged
regions to fulfill their regenerative function. (2) The integrity of the
blood-brain barrier is jeopardized in MPTP mice, and the impaired
BBB may also allow for the better penetration of stem cells into
the brain, thus yielding better biodistribution.

In conclusion, the present study is the first to report the
application of ddPCR in the pharmacokinetic profile description of
hNSC tracking in preclinical studies. For a comparative strategy,
we recommend combining high sensitivity ddPCR with other
methods to trace hNSCs.
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