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Abstract

Background The emergence of induced pluripotent stem cells (iPSCs) offers a promising approach for replacing
damaged neurons and glial cells, particularly in spinal cord injuries (SCI). Despite its merits, iPSC differentiation

into spinal cord progenitor cells (SCPCs) is variable, necessitating reliable assessment of differentiation and validation
of cell quality and safety. Phenotyping is often performed via label-based methods including immunofluorescent
staining or flow cytometry analysis. These approaches are often expensive, laborious, time-consuming, destructive,
and severely limits their use in large scale cell therapy manufacturing settings. On the other hand, cellular biophysical
properties have demonstrated a strong correlation to cell state, quality and functionality and can be measured

with ingenious label-free technologies in a rapid and non-destructive manner.

Method In this study, we report the use of Magnetic Resonance Relaxometry (MRR), a rapid and label-free method
that indicates iron levels based on its readout (T,). Briefly, we differentiated human iPSCs into SCPCs and compared
key iPSC and SCPC cellular markers to their intracellular iron content (Fe**) at different stages of the differentiation
process.

Results With MRR, we found that intracellular iron of iPSCs and SCPCs were distinctively different allowing us
to accurately reflect varying levels of residual undifferentiated iPSCs (i.e, OCT4* cells) in any given population
of SCPCs. MRR was also able to predict Day 10 SCPC OCT4 levels from Day 1 undifferentiated iPSCT, values
and identified poorly differentiated SCPCs with lower T,, indicative of lower neural progenitor (SOX1) and stem
cell (Nestin) marker expression levels. Lastly, MRR was able to provide predictive indications for the extent

of differentiation to Day 28 spinal cord motor neurons (ISL-1/SMI-32) based on the T, values of Day 10 SCPCs.

Conclusion MRR measurements of iPSCs and SCPCs has clearly indicated its capabilities to identify and quantify
key phenotypes of iPSCs and SCPCs for end-point validation of safety and quality parameters. Thus, our technology
provides a rapid label-free method to determine critical quality attributes in iPSC-derived progenies and is ideally
suited as a quality control tool in cell therapy manufacturing.
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Introduction

Spinal cord injury (SCI) is an extremely debilitating
medical condition and is severely lacking in effective
clinical treatments [1]. In particular, the current thera-
pies of SCI mainly focus on surgeries for spinal realign-
ment and subsequent rehabilitation, which are unable
to reverse the damage to injured spinal cords. Con-
sequently, there is a severe need for more efficacious
treatments [2]. The use of iPSCs is a highly promising
alternative since iPSCs can differentiate into neural
stem/progenitor cells (NSC/NPC), which may facilitate
effective spinal cord regeneration as these cells can dif-
ferentiate in neurons and glial cells [3]. The NSC/NPCs
are usually implanted directly into the injury site of
the spinal cord or as part of a biomaterial scaffold [4].
In this regard, several research groups have success-
fully demonstrated the transplantation of iPSC-derived
NSC/NPCs into rodent and monkey models of SCI,
resulting in the restoration of their motor function [3,
5, 6].

Although the differentiation process of iPSCs into
NSC/NPCs is relatively efficient (typically >80% differ-
entiation efficiency) [7-9], there are major safety con-
cerns over the presence of residual undifferentiated
iPSCs, which presents a risk of tumorigenicity post-
transplantation [10, 11]. Specifically, the variations in
differentiation efficiency and tumor-like overgrowth
are still recurring problems in iPSC-derived NSC/NPCs
that were transplanted into injured spinal cords [11].
Only a small number of residual undifferentiated iPSC-
like cells are required to pose a significant safety risk
due to their potential neoplasticity in the implanted tis-
sue [12]. Hence, the detection of these residual undif-
ferentiated iPSC-like cells is of paramount importance
to the safety of iPSC-related cell therapies.

Current assays that are used to detect the
undifferentiated iPSCs are done by quantifying
phenotypes of iPSCs and NSC/NPCs via label-based
fluorescent markers. The labeled cells are then analyzed
via a flow cytometer or visualized via a fluorescent
microscope [13]. Unfortunately, these assays often
perturb or destroy the cells due to terminal fixation,
which renders the cells unusable for subsequent
applications. Furthermore, given that these assays are
expensive, laborious, and time-consuming, they are
ultimately inadequate for quality control of iPSCs and
iPSC-derived progenies in bioproduction processes. On

the other hand, label-free technologies can characterize
cellular biophysical attributes, which correlate well
to cell quality and safety. These assays allow rapid and
non-destructive assessment of cell batch quality and
are ideally suited for large-scale cell manufacturing.
Cellular biophysical attributes, including cell size
[14, 15], cell deformability [16], auto-fluorescing
endogenous metabolites [17], impedance properties
[18, 19], and intracellular iron levels [20], have been
investigated for their abilities to obtain critical and
reliable information of cells. In particular, the levels of
intracellular iron in biological samples have indicated
strong correlations with cell quality and patient health
[21, 22]. Furthermore, several studies pertaining to
the role of iron in iPSCs have strongly suggested that
iron homeostasis is critical to the maintenance of iPSC
pluripotency and downstream functionalities [23,
24]. However, there is no assay that can rapidly detect
intracellular iron levels reliably in the field of iron
biology.

Previously, we demonstrated that micro magnetic reso-
nance relaxometry (MRR) can rapidly measure intracel-
lular iron levels in a label-free manner, and its readouts
have been used to detect malaria infection [21], meas-
ure oxidated stress [22] in the blood, and very recently
to detect senescence in mesenchymal stem cells (MSCs)
[20]. The spin—spin relaxation time (T,) measurement
is sensitive to the paramagnetic content of the sample,
and in the context of cell biology, it is correlated with
the intracellular content of iron (Fe**) [25]. Here, we
hypothesize that the intracellular iron content of iPSCs
and spinal cord progenitor cells (SCPCs) can be distinc-
tively different, which allows our MRR system to provide
indications on the level of residual undifferentiated iPSCs
after differentiation to SCPCs with T, measurements.

In this study, we report a novel use of MRR to rapidly
analyze differentiation outcomes of iPSCs to SCPCs, a
subtype of NSC/NPCs with a spinal cord identity, and
sought to demonstrate that T, measurements are a good
surrogate for label-based quantification of iPSC and
SCPC phenotypes. Moreover, several different manu-
facturing scenarios for generating these SCPCs were
implemented in this study to mimic batch-to-batch varia-
tions that may arise in typical cell therapy manufacturing
pipelines. Lastly, we demonstrated that MRR can pro-
vide predictive indications at different stages of the dif-
ferentiation process of iPSC to SCPCs. We were able to
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predictively indicate Day 10 SCPC OCT4 levels from the
MRR readouts of undifferentiated iPSCs and the level of
Day 28 motor neuron marker expression from the MRR
readouts of Day 10 SCPCs. Altogether, our results dem-
onstrate that MRR heralds a considerable potential for
determining critical quality attributes (CQAs) in iPSC-
derived progenies and is ideally suited as a quality control
tool in cell therapy manufacturing.

Materials and methods

iPSC culture

Two human iPSC lines were routinely cultured and main-
tained on Matrigel (83.3 pg/mL, Corning, USA) coated
tissue culture plastic dishes in StemMACS™ iPS-Brew
XF (Miltenyi Biotech, Germany). (1) Healthy umbili-
cal cord-lining epithelial cell (CLEC23)-derived iPSCs
were kindly provided by Dr Kah-Leong Lim and Cell-
Research Corporation Pte Ltd [26]. CLEC-derived iPSCs
were hypothesized to exhibit immune-privileged proper-
ties similar to that of CLECs [27, 28]. (2) BJ-iPSCs were
derived from BJ-fibroblasts with the use of modified
mRNA [29]. Specifically, the BJ-iPSC line was meant to
represent fibroblast-derived iPSCs that were previously
used to generate spinal motor neurons [30, 31]. Tissue
culture plates were coated with 3 mL of Matrigel for a
minimum of 15 min at 37 °C before passaging. Briefly, the
cells had a daily change of medium and were passaged
via ReleSR™ (STEMCELL Technologies, Canada) upon
reaching 70—-80% confluency.

SCPC differentiation and culture

SCPCs are NPC/NSCs with a spinal cord identity. Spe-
cifically, SCPCs were shown to interconnect with host
neural circuits and achieve motor function recovery in
SCI mice models as compared to NPC/NSCs with other
regional identities [32]. CLEC23 iPSC and BJ-iPSC cell
lines were used to differentiate into SCPCs. The method
for generating SCPCs is derived from [33]. Briefly, SCPCs
were generated from iPSCs via the use of three small
molecules that mimic the native developmental path-
way of the spinal cord [32, 34]. Quantification of cellular
phenotypes upon differentiation was obtained via FACS
or immunocytochemistry staining. Hence, the differen-
tiation efficiency of SCPCs on Day 10 of differentiation
was quantified via the expression of pluripotent marker
(OCT4) and neural progenitor marker (SOX1).

The differentiation process began by lifting iPSCs off
tissue culture dishes at 70-80% confluency with Accutase
(Nacalai Tesque Inc., Japan) and plated onto Matrigel-
coated (1 mL of 83.3 pg/mL for a minimum of 15 min at
37 °C) tissue culture plastic 6-well plates at 800,000 cells/
well with neural induction media (NIM) supplemented
with ROCK inhibitor Y-27632 (ROCKi, 5 uM, Miltenyi
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Biotech). NIM consisted of DMEM/F12 (50%, Thermo
Fisher Scientific, Waltham, MA, USA), neural medium
(50%, Miltenyi Biotech), NeuroBrew-21 (1x, Miltenyi Bio-
tech), N2 (1x, Miltenyi Biotech), Non-Essential Amino
Acid (1x, Thermo Fisher Scientific), Glutamax (0.5x,
Thermo Fisher Scientific), LDN-193189 (0.5 uM, Milte-
nyi Biotech) and CHIR-99021 (CHIR, 4.25 pM, Miltenyi
Biotech). On Day 3 of differentiation, retinoic acid (RA,
1 uM, Sigma, USA) was added to the NIM to induce cau-
dalisation. On Day 4, Accutase was used to dissociate the
semi-differentiating cells and the cells were subsequently
transferred onto a Matrigel-coated tissue culture plastic
dish at 2.5x10° cells/dish with NIM+RA and ROCKi.
On Day 5, NIM+RA and ROCKi were aspirated and
replenished with NIM+RA. From Day 6 to Day 9, the
cells received a daily media change of NIM +RA. On Day
10, Accutase was used to dissociate and lift the differenti-
ated cells and the cells were subsequently characterized
with various assays.

Motor neuron differentiation and culture

A subset of Day 10 SCPCs that were harvested were sub-
jected to further differentiation into motor neurons. The
method for generating motor neurons was adapted from
[33]. Briefly, motor neurons are generated from iPSC-
derived SCPCs by firstly adding a sonic hedgehog agonist
to ventralise the SCPCs and secondly by adding growth
factors to support the differentiating motor neurons to
maturation. Quantification of motor neurons upon differ-
entiation was obtained via immunocytochemistry stain-
ing. The motor neurons on Day 28 of differentiation was
quantified via the expression of motor neuron marker
(ISL-1) and neurofilament protein marker (SMI-32).

The differentiation process began by seeding the Day
10 SCPCs onto Matrigel-coated (1 mL of 83.3 pg/mL
for a minimum of 15 min at 37 °C) tissue culture plastic
6-well plates at 2x 10° cells/well with neural differentia-
tion media (NDM) supplemented with ROCK inhibitor
Y-27632 (ROCKi, 5 uM, Miltenyi Biotech). NDM con-
sisted of DMEM/F12 (50%), neural medium (50%), Neu-
roBrew-21 (1x), N2 (1x), Non-Essential Amino Acid (1x),
Glutamax (0.5x), purmophamine (1 pM, Miltenyi Bio-
tech) and retinoic acid (1 pM). From Day 11 to Day 16,
the cells received a daily media change of NDM. On Day
17 of differentiation, Accutase was used to dissociate and
lift the differentiated cells.

The differentiated cells were reseeded onto Matrigel-
coated (1 mL of 83.3 pug/mL for a minimum of 15 min
at 37 oC) tissue culture plastic 6-well plates at 1.5x 10°
cells/well with neural maturation media (NMM) supple-
mented with ROCKi (5 uM). NMM consisted of DMEM/
F12 (50%), neural medium (50%), NeuroBrew-21 (1x),
N2 (1x), Non-Essential Amino Acid (1x), Glutamax
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(0.5x), brain-derived neurotrophic factor (BDNF, 10 ng/
mL, Miltenyi Biotech), glial-derived neurotrophic fac-
tor (GDNE, 10 ng/mL, Miltenyi Biotech), ascorbic acid
(AA, 200 pM, Sigma), and sodium pyruvate (1x, Thermo
Fisher Scientific). On Day 18 to Day 21, the cells received
a daily media change of NMM. On Day 22, Accutase was
used to dissociate the differentiated cells as the culture
is reaching full confluency. The differentiated cells were
reseeded onto Matrigel-coated (1 mL of 83.3 pug/mL for
a minimum of 15 min at 37 oC) tissue culture plastic
6-well plates at 1.5x10° cells/well with NMM supple-
mented with ROCKi (5 pM). On Day 23 to Day 27, the
cells received a daily media change of NMM. On Day 28,
Accutase was used to dissociate and lift the differentiated
motor neurons and the cells were seeded in a 96-well
plate for immunohistochemistry staining.

Fe3* staining and quantification of iPSCs and SCPCs

Quantification of intracellular iron (Fe**) in iPSCs and
SCPCs was performed via a reversible fluorescent Fe>*
sensor (RPE) [35]. For Fe*" staining, a stock solution of
RPE (1 mM in acetonitrile) was diluted to a concentration
of 20 uM in PBS. 3x 10° suspended cells were harvested
and centrifuged to remove the supernatant. The cells
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were then incubated with PBS containing RPE (20 uM) at
37 °C for 20 min. After incubation, the cells were washed
twice and suspended in PBS to measure their fluorescent
intensity via flow cytometry.

MRR measurement
The apparatus was established in our previous works
[20-22]. Briefly, the MRR system consists of a portable,
permanent magnet (Metrolab Instruments, Switzerland)
with By=0.5 T and a bench-top type nuclear magnetic
resonance (NMR) console (Kea Magritek, New Zealand).
MRR measurements of 1H were performed with a
resonance frequency of 21.015 MHz inside the magnet.
MRR samples are loaded into a microcapillary tube
(Fisherbrand, USA) fitted into a 900-um inner diameter
detection micro-coil within the single resonance proton
MRR probe. The electronic components and the coil
are all parts of a printed circuit board in the MRR probe
(Fig. 1A). Every MRR experiment was performed at a
temperature of 26.3 °C within the magnet, as maintained
by a temperature controller (RS component, UK).

For MRR experiments regarding operator and batch-
to-batch variations, the concentration of iPSCs and
SCPCs used were fixed at 120,000 cells in a 4 pL volume.

Q ‘} \;\\“: ————— + T_Zf_lcl‘g_mf__

Induced Pluripotent Stem Cell

(iPsc)

10-day differentiation

Spinal Cord Progenitor Cell

(SCPC)

Fig. 1 Using MRR system to measure changes in T, when iPSCs differentiate into SCPCs. A MRR system consists of a 0.5 T permanent

and portable magnet that has a radiofrequency (RF) detection probe hooked up to an RF spectrometer. iPSC and SCPC samples of 4 pL

consisting of about 180,000 cells are loaded into a microcapillary tube. The microcapillary tube is sealed with critoseal and fitted into the RF

probe with the sample directly within the RF detection coil. The actual RF probe is shown on the right of the schematic for illustration purposes. B
lllustration of CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence for obtaining T, measurements. C lllustration of spin-spin relaxation time of iPSCs
changing as they differentiate into SCPCs. iPSC and SCPC cell figures are adapted from the icon library of “Cell Types” by BioRender.com
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For all other MRR experiments, the concentration of
iPSCs and SCPCs used were fixed at 180,000 cells in a
4 uL volume. iPSC or SCPC samples were spun down
at 300 g for 5 min and 1000 rpm at 3 min, respectively,
with the supernatant being aspirated subsequently.
PBS was then added, and the tube was spun down at
1500 rpm for 3 min. The supernatant was aspirated, and
the cell pellet was transferred to an Eppendorf tube. The
number of cells was counted (INCYTO, South Korea),
and a sample of 30,000 or 45,000 cells/pL in 50 pL of cell
solution was prepared. 4 uL of cell solution was pipetted
into a micro-capillary tube, sealed with critoseal (Leica
Microsystems) and mounted into the MRR system to
obtain a readout. The measurement of proton transverse
relaxation times (T,) was performed by a standard Carr-
Purcell-Meiboom-Gill (CPMQG) pulse program (Fig. 1B).
For all experiments, an inter-echo time of 500 ps with
4000 echoes was applied in the CPMG train of pulses.
To allow sufficient time for all spins to return to thermal
equilibrium, a recycle delay of 3 s was applied. Signal
averaging was performed with a total of 24 scans for all
MRR experiments.

Immunocytochemistry staining

SCPCs and motor neurons were seeded onto Matrigel-
coated (100 pL of 83.3 pug/mL for a minimum of 15 min
at 37 oC) 96-well plates at 80,000 cells/well. SCPCs
were stained with SOX1, HOXB4 and OCT4 antibodies
whilst motor neurons were stained with ISL-1 and SMI-
32 antibodies. Briefly, SCPCs and motor neurons were
fixed with 4% Paraformaldehyde (PFA, Biotium, USA)
for 15 min. The fixative was removed and washed twice
with PBS. The fixed wells were then permeabilized with
0.1% Triton-X in PBS for 15 min. After permeabilization,
blocking buffer (2% Bovine Serum Albumin (BSA), 5%
Fetal Bovine Serum) was added and incubated at room
temperature for 1 h. Thereafter, blocking buffer was aspi-
rated and primary antibodies were added to the samples
and subjected to 4 °C overnight incubation. The primary
antibodies that were used includes SOX1 (1:250, Cell
Signalling Technology, #4194), HOXB4 (1:250, Abcam,
ab133521), OCT4 (1:500, Santa Cruz Biotechnology,
SC-5279), ISL-1 (1:1500, Abcam, ab109517) and SMI-
32 (1:1000, Biolegend, 801701) and were all diluted in
blocking buffer at their specific ratios. PBS was used to
wash the wells twice after the removal of primary anti-
bodies. Secondary antibodies with the corresponding
host species and DAPI were then added to the wells and
incubated at room temperature without light exposure
for 1 h. The secondary antibodies and DAPI used were:
donkey AlexaFluor488-conjugated anti-rabbit IgGs
(1:500, Thermo Fisher Scientific, A21206), donkey Alex-
aFluor555-conjugated anti-Mouse IgGs (1:500, Thermo
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Fisher Scientific, A31570) and DAPI (1:1000, Thermo
Fisher Scientific). PBS was used to wash the wells twice
after removing primary antibodies. A Leica DMi8 Micro-
scope was used to image the stained SCPCs and the
staining images were quantified using CellProfiler. An
Opera Phenix Plus High-Content Screening System was
used to image the stained motor neurons and the staining
images were quantified with the Columbus Image Data
Storage and Analysis System.

Flow cytometry analysis

SCPCs were collected into 15 mL centrifuge tubes and
adjusted to a density of 5x10° cells/mL. The cells were
then fixed in 4% PFA for 15 min at room tempera-
ture. Once the cells were fixed, they were centrifuged at
3000 rpm for 5 min and washed once with PBS. There-
after, the cells were stained by incubation at room tem-
perature for a minimum of 2 h with primary antibodies
reconstituted in permeabilization/blocking buffer (0.5%
saponin, 1% BSA). The primary antibodies used were:
SOX1 (1:250, Cell Signalling Technology, #4194), Nes-
tin (1:200, Abcam, ab22035), HOXB4 (1:250, Abcam,
ab133521) and OCT4 (1:500, Santa Cruz Biotechnol-
ogy, SC-5279). After staining, the cells were centrifuged
at 3000 rpm for 5 min and washed twice with PBS. They
were then stained by secondary antibodies reconstituted
in permeabilization/blocking buffer in the absence of
light and at room temperature for 45 min. The second-
ary antibodies used were: donkey AlexaFluor488-conju-
gated anti-rabbit IgGs (1:500, Thermo Fisher Scientific,
A21206) and donkey AlexaFluor555-conjugated anti-
Mouse IgGs (1:500, Thermo Fisher Scientific, A31570).
Lastly, the cells were centrifuged at 3000 rpm for 5 min,
washed once with PBS and resuspended in 300 pL PBS.
Cytoflex flow cytometer (Beckman Coulter, USA) was
used to analyze the cells.

iPSC spiking and colony culture assay

SCPCs that were harvested were spiked with iPSCs at dif-
ferent percentages, including 1%, 5% and 10%. Thereaf-
ter, the SCPCs were counted, and a fixed number of cells
was removed to account for the addition of iPSCs. The
cells were seeded in a 6-well plate at an initial density of
1x 107 cells/well. They were cultured in 2 mL of hiPSC
medium for six days with a daily change of the medium.
Cells were fixed and stained with DAPI and OCT4 anti-
bodies before imaging with a Leica DMi8 microscope.
Colony sizes were analyzed with an Image] particle size
analyzer.

Statistical analysis
Statistical analyses were performed using GraphPad
Prism 9. All data were presented as the mean + standard
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Fig. 2 Difference in iPSCs and SCPCs intracellular iron levels allows MRR to pick up varying levels of iPSCs in SCPCs via T, measurements A Fe3*
fluorescent intensity of iPSCs and SCPCs analyzed via FACS showed a significant difference in Fe? between the 2 cell types. BT, values of SCPCs were
significantly higher than iPSCs. C Schematic of artificial spiking of iPSCs in SCPCs at 1%, 5% and 10% concentrations to alter SCPC T, measurements.
D Decrement of T, values with increasing spiked iPSC concentration at 1%, 5% and 10% (n=4). Statistical significance was determined by a Mann-
Whitney u-test

deviation (SD). p value <0.05 was considered statistically = Kruskal-Wallis test followed by a Dunn post-hoc test.
significant, *: p<0.05; **: p<0.01; ***: p<0.001; ****.  Statistical significance for Fig. 4A, B, 5A, B, 6C, D, and 7C
p<0.0001. Statistical significance for Fig. 2A, B  was determined by a Pearson’s correlation test.

and D was determined by a Mann—Whitney u-test.

Statistical significance for Fig. 3C was determined by a
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measurement of T, values to compare with immunofluorescent staining as iPSCs differentiate to SCPCs across 3 different time points (Day 1, Day 4
and Day 10). B Immunofluorescent staining to illustrate changes in SOX1 and OCT4 phenotypes during the differentiation of iPSCs into SCPCs. DAPI
(blue, nuclear), SOX1 (green, neural progenitor marker) and OCT4 (red, pluripotent marker) (Scale bar: 50 pm). B Increase in T, with decreasing level
of OCT4* cells across a 10-day differentiation period. At least 10 ROIs (more than 60,000 cells) were quantified for each experimental repeat (n=4).
Statistical significance was determined by a Kruskal-Wallis test followed by a Dunn post-hoc test
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staining. 3 different operators generated SCPCs, and each data point refers to a different batch of SCPCs that was generated. At least 10 ROIs

(more than 100,000 cells) were quantified for each experimental repeat (n=12). B Day 10 BJ-SCPCs had lower OCT4 levels and higher T, values

as compared to day 10 CLEC23 SCPCs. At least 25 ROIs (more than 60,000 cells) were quantified for each experimental repeat (n=9)
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Fig.5 T, valuesin Day 1iPSCs could predictively indicate Day 10T, and OCT4 levels. A Differentiating Day 1 iPSC with lower T, values resulted
in Day 10 SCPCs with lower T,. B Differentiating Day 1 iPSC with lower T, values resulted in Day 10 SCPCs with higher levels of OCT4" cells
as quantified by immunofluorescent staining. At least 10 ROIs (more than 60,000 cells) were quantified for each experimental repeat (n=11)

Results

MRR can detect varying iPSC levels in SCPCs

To utilize intracellular iron as a biomarker to deter-
mine the levels of residual iPSCs in SCPCs, the levels of
intracellular iron content within these cell types were
analyzed. Specifically, a Fe®* stain was utilized to quan-
tify the intracellular iron levels of iPSCs and SCPCs via
FACS. The results clearly indicated that iPSCs had a
higher amount of Fe** than SCPCs (Fig. 2A).

To demonstrate that MRR can serve as a quality control
method, the MRR readings from iPSCs and SCPCs were
also evaluated. Correspondingly, the initial T, measure-
ments indicated that the values of iPSCs were 20-40%
lower than SCPCs (p<0.0001) (Fig. 2B), which corrobo-
rated with the results in Fig. 2A. Next, to demonstrate
that T, measurements are a good surrogate for label-free
based quantification of residual iPSCs in SCPCs, an arti-
ficial spiking study was performed (Fig. 2C), by spiking
the SCPCs with different known amounts of iPSCs.

The spiking of iPSCs resulted in a significant decrease
in SCPC T, (p<0.0001) as the spiking ratio increased to
5% and beyond (Fig. 2D). Furthermore, T, values corre-
lated with increasing spiked iPSCs percentages (Pearson’s
r=0.958, p<0.05). The results indicated that T,, measure-
ments can reflect the varying levels of iPSCs in a SCPC
culture.

T, value increased as iPSCs differentiated into SCPCs

Since iPSCs and SCPCs have different MRR readings,
we sought to better understand how T, value changed
as iPSCs differentiated into SCPCs (Fig. 3A). Changes
in OCT4 and SOX1 expression were observed as iPSCs
differentiated into SCPCs across three different time
points, including Day 1 (undifferentiated iPSCs), Day 4
(mid-point differentiated iPSCs), and Day 10 (SCPCs).
Figure 3B illustrates the immunostaining results of OCT4

and SOX1 on Day 1, Day 4, and Day 10. As iPSCs began
to differentiate into SCPCs, high expression of SOX1
was observed on Day 4, while the expression of OCT4
decreased. On the final day of differentiation, SOX1 was
still highly expressed with a relatively low expression of
OCT4. This small cell population that expressed OCT4
was typically noted to be residual undifferentiated iPSCs
(marked by white circles in the Day 10 merged image,
Fig. 3B).

Figure 3C illustrates the relationship between the per-
centage of OCT4* cells within a cell population and the
corresponding T, values. As iPSCs differentiated into
SCPCs, a significant decrease (p <0.0001) in OCT4* lev-
els was observed (Day 1 vs. Day 10, p<0.0001, Fig. 3C).
Correspondingly, a significant increase (p<0.0001) in
T, was seen across the 10-day differentiation period
(Fig. 3C).

MRR can detect residual OCT4* iPSCs that arose

from batch-to-batch; operator; and cell-line variations

To show that MRR can robustly detect varying levels of
residual OCT4" iPSCs in Day 10 SCPCs (the product),
several manufacturing variations were evaluated, includ-
ing batch-to-batch, operator and cell-line variations. Fig-
ure 4A illustrates the correlation between the T, values
and OCT4 expression levels that were assessed in Day
10 SCPCs. Specifically, a linear negative correlation was
observed, where T, values decreased with an increased
number of OCT4* cells in Day 10 SCPCs, regardless of
operator variations (Fig. 4A).

The robustness of MRR in responding to cell line vari-
ations was also evaluated by characterizing the T, val-
ues of another iPSC line (BJ-iPSC) and its differentiation
outcomes. In Fig. 4A, OCT4" cell percentages ranged
from 5 to 20%, aligning well with MRR’s effective detec-
tion range of 1000-2000 ms. However, the BJ-iPSC line
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Fig. 7 Day 10 SCPCs with T, higher than 1700 ms has better extent of differentiation to Day 28 spinal cord motor neurons. A Day 10

SCPCs were differentiated into Day 28 spinal cord motor neurons and compared both T, and Day 28 motor neuron marker expression. Cell
figures were adapted from the icon library of “Cell Types” by BioRender.com. B Immunofluorescent staining of ISL-1 and SMI-32 markers

for identification and quantification of motor neurons. A motor neuron is stained positive for both ISL-1 and SMI-32 (Scale bar: 50 um). C
Increasing level of expression in Day 28 motor neurons found in batches of day 10 SCPCs that had T, values higher than 1700 ms as quantified
by immunofluorescent staining. Red line separates the high and low motor neuron expressing groups. At least 25 ROls (more than 80,000 cells)

were quantified for each experimental repeat (n=7)

exhibited significantly fewer OCT4" cells after differen-
tiation to SCPCs, causing MRR readings to fall outside
the detection range. In Fig. 4B, by increasing the cell con-
centration to 180,000 cells per measurement, MRR was
able to detect OCT4 levels below 1% with correspond-
ing T, values that were within the MRR detection range.
Importantly, even though Day 10 BJ-SCPCs showed
lower OCT4 levels than CLEC23-SCPCs, a negative lin-
ear correlation between OCT4 levels and T, values was
still observed (Fig. 4B).

Day 1T, values predicted OCT4 expression levels of Day 10
SCPCs

To extend the use of MRR as a tool to predict the final
cellular differentiation outcomes based on measurements
at an early time point, the T, values of iPSCs after one
day of SCPC differentiation were measured and com-
pared against Day 10 SCPC differentiation extent.

Specifically, Day 1 undifferentiated iPSC T, values were
correlated to the corresponding Day 10 SCPC T, values.
The correlation was found to be significant and clearly
indicated that Day 1 undifferentiated iPSCs with lower
T, values resulted in Day 10 SCPCs with lower T, values
(Fig. 5A). This predictive analysis was further extended
to the OCT4 levels of Day 10 SCPCs. Hence, the results
clearly indicated that Day 1 undifferentiated iPSCs with
lower T, values resulted in Day 10 SCPCs with higher
OCT4" cells (Fig. 5B). This suggests that MRR can pro-
vide a predictive indication of Day 10 outcomes via its
Day 1 T, values.

Low Day 10 SCPCT, values indicates poor SCPC
differentiation

In addition to detecting residual iPSCs, it is also cru-
cial to ensure that iPSCs differentiate specifically into
SOX1* SCPCs and not other cell types. To evaluate the
efficacy of MRR in identifying suboptimal differentiation
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outcomes, the extent of SCPC differentiation was modu-
lated by reducing CHIR-99021 concentration in the neu-
ral differentiation media. CHIR-99021 is a potent GSK3
inhibitor that is responsible for the level of activation of
the Wnt signaling pathway, which controls the differen-
tiation efficiency of iPSCs to various progenitor cell types
8, 17].

The experimental groups included the absence of
CHIR-99021 (CHIR 0, 0 pM), 1/10 the amount of CHIR-
99021 that is used in a typical SCPC differentiation pro-
cess (CHIR 1/10, 0.425 uM) and the control group (CHIR
Normal, 4.25 uM) (Fig. 6A). Correspondingly, a decrease
in CHIR concentration affected the levels of SOX1%,
Nestin®™ (neural stem cell marker) and OCT4* cells in
Day 10 SCPCs (Supplementary Figure S5A, S5B & S5C).

When the SCPCs were evaluated with MRR, T, val-
ues were significantly lower in CHIR 0 (p<0.01) and
CHIR 1/10 (p<0.0001) as compared to CHIR Normal
(Supplementary Figure S5D). Importantly, the decrease
in T, values corresponded to the phenotypic changes
(decrease in SOX1 and Nestin expressions and increase
in OCT4 expression) in both CHIR 0 and CHIR 1/10 as
compared to CHIR Normal (Fig. 6B—D). Notably, CHIR
0 led to a significant reduction of SOX1* cells (<10%),
but the residual OCT4" cells were only 5%. This suggests
that MRR is also able to identify the poor differentiation
outcomes in which the cells differentiate into non-SOX1*
SCPCs.

Day 10T, values of SCPCs predicts level of ISL-1/SMI-32
expression in Day 28 motor neurons

In addition to detecting poorly differentiated SCPCs, it
is also crucial to ensure that the SCPCs can differenti-
ate into spinal cord motor neurons which are essential to
successful spinal cord repair and regeneration. To extend
the use of MRR in providing an indication on SCPC qual-
ity, different batches of Day 10 SCPCs had their T, values
measured and compared against the level of motor neu-
ron marker expression in Day 28 spinal cord motor neu-
rons (Fig. 7A).

Interestingly, immunostaining images showed that
Day 10 SCPCs with T, values above 1700 ms had higher
expression of motor neuron markers, ISL-1/SMI-32,
as compared to those with T, values below 1700 ms
(Fig. 7B). We further confirmed this difference by identi-
fying that the T, values and motor neuron marker expres-
sion between the high and low motor neuron groups
were significantly different (Supplementary Figure S6A
and S6B). A red dashed line was drawn on Fig. 7C to indi-
cate a point where both the T, values and motor neuron
marker expression significantly differs.
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Moreover, there was also a significant correlation
between the number of Day 28 motor neurons and their
Day 10 SCPC T, values clearly indicating that Day 10
SCPCs with higher T, values resulted in Day 28 cells
having a higher expression of motor neuron markers
(Fig. 7C). This suggests that MRR can provide a predic-
tive indication of Day 28 motor neuron marker expres-
sion outcomes via its Day 10 SCPC T, values.

Discussion

In the context of cell manufacturing for clinical
applications, the purity of cell therapy products is an
important release criterion that is used to determine
if the product is well-manufactured and ready for
use [36]. For iPSC-based regenerative cell therapy
products, technologies must be robust and consistent
in detecting residual iPSCs or cells with the potential
for tumorigenicity (safety), as well as quantifying
the purity of the target cells as compared to other
unwanted differentiated cells (quality). This is especially
important as recent work has shown that iPSC-derived
progenies can result in the development of tumors post-
transplantation, which presents a significant roadblock
to iPSC-based regenerative cell therapy applications
[37, 38]. More importantly, these tumors were found
to express pluripotency markers, including OCT4 and
SOX2 [11, 39, 40]. Hence, the detection of OCT4" cells
in SCPCs is vital for ensuring and validating the safety
of the SCPCs for use in SCI cell therapy applications.
In this study, we hypothesized that cellular properties,
such as intracellular iron content of iPSCs and SCPCs,
can be distinctively different, which allows our MRR
system to provide indications on the level of residual
undifferentiated iPSCs after differentiation to SCPCs
with T, measurements.

Using our MRR system, we confirmed our hypothesis
by observing a noticeable difference in T, values of iPSCs
and SCPCs (Fig. 2B). Spiking of iPSCs in SCPCs demon-
strated that various percentages of iPSCs can be detected
using the MRR system (Fig. 2C). We also demonstrated
the safety risks in SCPCs that were associated with
lower T, values (due to an increasing presence of resid-
ual undifferentiated iPSCs) with a colony culture assay
(Supplementary Figure S2). These results confirmed that
MRR was able to evaluate safety levels via the T, values
of SCPCs.

To better test MRR in more practical scenarios, we
further applied it to detect variations in residual OCT4*
iPSCs that arose from batch-to-batch, operator and
cell line differences (Fig. 4). The correlations indicate
that MRR is a robust, consistent, and reproducible
endpoint analytical technique that can determine
the level of residual undifferentiated iPSCs in Day 10



Tan et al. Stem Cell Research & Therapy (2024) 15:465

SCPCs. Moreover, we demonstrated that T, values of a
batch of undifferentiated iPSCs can provide predictive
indications of its Day 10 SCPC OCT4 levels (Fig. 5).
This further indicates that T, measurements of iPSCs,
as early as day 1 in the differentiation process, may be
used to predict the differentiation efficiency outcome of
iPSCs to SCPCs. Such a predictive correlation is highly
beneficial in determining if a batch of iPSCs would
result in a high-quality batch of SCPCs. Such an early-
stage quality assessment tool would be highly desirable
in iPSC manufacturing workflows, which may suffer
from significant line-to-line and batch-to-batch quality
variations.

Even though the lack of undifferentiated iPSCs within
SCPC populations, as measured by MRR, could serve
as a safety CQA, it does not automatically translate into
detecting batches of SCPCs with high levels of purity.
To test if MRR can detect the presence of non-SOX1*
cells (i.e., differentiated cells that are non-SCPCs), we
extended the use of MRR to detect poor manufactur-
ing outcomes by negatively disrupting iPSC differentia-
tion towards SCPCs. Our findings indicate that poorly
differentiated SCPCs had a significant decrement of T,.
Our previous observations in Fig. 4A, B suggest that the
increased presence of OCT4" cells possibly contributed
to the decrease in T, of poorly differentiated SCPCs.
However, SOX1* cells in poorly differentiated SCPCs
were reduced to less than 10%, whilst the residual OCT4*
cells only increased to 5%. Hence, this huge decrement
of T, (~400 ms) should have been largely contributed by
the presence of non-SOX1* cells. These findings indicate
that MRR was also able to identify the poor differentia-
tion outcomes in which the cells differentiate into non-
SOX1* SCPCs, and its T, values can indicate if the batch
was of poor quality.

As the MRR system measures the T, of live cells, it
provides a unique window to the iron biology of cells.
T, measurements of iPSCs and SCPCs in this study were
well correlated to markers that require terminal fixa-
tion for analysis (e.g, OCT4, SOX1, Nestin). Moreover,
this method requires a relatively small number of cells
(<2x10°) and does not require any chemical or biologi-
cal processing, allowing the same cells to be subjected to
subsequent biological or functional measurements that
can be compared or correlated to their T, values. This
was demonstrated in previous works where MRR was
used to indicate MSC quality by quantifying their senes-
cence levels, which had a direct effect on its chondro-
genic differentiation efficiency [20].

In this study, we used MRR to assess SCPC quality
by determining if a batch could efficiently differentiate
into spinal cord motor neurons, a key cell type required
for effective spinal cord regeneration and functional
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recovery [32, 41, 42]. Notably, we demonstrated that
the use of MRR as a quality metric was more definitive
than the use of gene expression markers (requires
destructive measurements) as an indicator of cell fate
commitment. We noted that there was no correlation
between any of the cellular markers that were quantified
for Day 10 SCPCs with the level of Day 28 motor neuron
marker expression (Supplementary Figure S6C-S6F).
On the other hand, MRR was able to provide predictive
indications of its Day 28 motor neuron marker expression
via its Day 10 SCPC T, values (Fig. 7C). Hence,
predictive correlations as such will be highly beneficial in
determining if any given batch of SCPCs will have a high
differentiation efficiency towards Day 28 motor neurons.

Iron homeostasis has been shown to play a role in regu-
lating pluripotency in iPSCs [23, 24] previously, and this
could potentially provide a connection between changes
in iron levels and the differentiation efficiency of iPSCs
to SCPCs. Although the exact mechanistic relationship
between intracellular iron level and cellular phenotype
(such as stem cells, progenitors, and fully differentiated
cells) is poorly understood, several recent studies have
suggested the importance of intracellular iron content
on cell fate commitment. For example, the differen-
tiation of iPSCs into neural and cardiac progenitors has
been enhanced with iron-treated media or the addition
of iron-binding proteins [43, 44]. The degradation of fer-
ritin was also shown to significantly affect the differentia-
tion efficiency of MSCs to neural cells [45]. Since ferritin
stores up to 4500 atoms of Fe>*, such observation sug-
gests the involvement of iron in MSC neural lineage com-
mitment. Hematopoietic stem cells (HSCs) also utilise
readily accessible iron in the cytoplasm as a key cellular
rheostat enabling them to regulate their cell fate whilst in
quiescent and active states [46]. Hence, this suggests that
the use of MRR to provide indications of subsequent cell
fate commitment via iron-related measurements heralds
significant potential.

Cellular iron content has been shown to have numer-
ous potential implications in many physiological and
pathophysiological processes such as aging [46-48],
immune cell activation [49, 50], cellular senescence [51,
52], cancer [53-55], and inflammation [56-58]. Yet,
there is no systematic understanding regarding the exact
roles of Fe>*/Fe®* in these critical biological contexts.
This knowledge gap is further exacerbated by difficulties
in obtaining accurate measurements of Fe** and Fe®*.
The conventional assays and methods for detecting Fe*
[59-61], Fe3* [62, 63] and even total iron concentration
[64—66], are largely inaccurate due to the unstable nature
of iron ions, inaccurate correlations and the limitation of
current technologies. Using MRR, we confirmed that T,
measurements of iPSCs, Day 4 semi-differentiated cells
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and SCPCs corroborate with their intracellular Fe** lev-
els via a Fe®" stain analyzed with FACS (Supplementary
Figure S7). These findings clearly indicated that T, meas-
urements from MRR are a good surrogate for the current
methods of measuring intracellular Fe** content.

Even though MRR can provide cell quality and safety
information whilst being label-free and non-destructive,
it is not without its limitations. Although we report that
T, measurements can be an indicator of cell quality, cell
differentiation changes were evaluated only by pheno-
typic marker expressions. Hence, future works should
focus on applying MRR to provide predictive indications
for actual in vivo tissue repair and regeneration from
the use of iPSC-based cell therapy products. In addition
to assessing cell batches, there is potential for MRR to
be adapted into a safety monitoring method for in vivo
applications. Magnetic resonance imaging, which relies
on MRR as one of its core mechanisms, has been exten-
sively used to diagnose tissue and cellular changes, espe-
cially for the detection of neoplastic lesions [67-69]. This
suggests that our MRR platform could be engineered to
monitor tumorigenicity in an in vivo model by scanning
tissues from the surface. Alternatively, standard MRI
scanners with high spatial resolution (~100 pm) could
be used, although this approach would be relatively more
costly.

It is also essential to note that variations in differen-
tiation efficiency likely stem from the initial quality of
iPSCs. Specifically, iron overload or underload condi-
tions in iPSCs can severely impact the maintenance of
their pluripotency [23, 24]. Therefore, future studies
may explore the use of MRR to elucidate the roles of iron
homeostasis in iPSCs for quality control purposes. Also,
given that mechanical stresses, such as external physical
vibration of cell cultures, have significant downstream
impacts on the maintenance of iPSCs [70], future works
may also explore the applicability of MRR in monitor-
ing the corresponding iPSC quality variations. The MRR
technology may significantly impact the manufactur-
ing processes of iPSC-based cell products and will be of
considerable benefit to the cell therapy manufacturing
industry.

Conclusion

Using intracellular Fe** content to quantify iPSC and
SCPC phenotypes, we demonstrated the capabilities
of our label-free MRR technology to perform rapid and
non-destructive endpoint assessment of the safety and
quality of SCPCs. T, measurements were shown to cor-
relate well with conventional biochemical assays of iPSC
and SCPC phenotyping. Furthermore, T, measurements
were also able to provide predictive indications of its day
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10 SCPC OCT4 levels based on day 1 iPSC T, values and
the differentiation extent towards day 28 motor neurons
based on day 10 SCPC T, values. This indicates that T,
measurements via the MRR system is ideally suited to
monitor and assess the safety and quality of iPSC-derived
SCPCs that are produced for spinal cord injury cell ther-
apy applications.
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