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Abstract

This study focuses on different iron regulation mechanisms of glioblastoma (GBM) cancer stem-
like cells (CSCs) and non-stem tumor cells (NSTCs) using multiple approaches: cell viability,
density and magnetophoresis. GBM CSCs and NSTCs were exposed to elevated iron
concentration, and their magnetic susceptibility was measured using Single Cell Magnetophoresis
(SCM), which tracks the magnetic and settling velocities of thousands of individual cells passing
through the magnetic field with a constant energy gradient. Our results consistently demonstrate
that GBM NSTCs have higher magnetic susceptibility distribution at increased iron concentration
compared to CSCs, and we speculate that it is because CSCs have the ability to store a high
amount of iron in ferritin, whereas the free iron ions inside the NSTCs lead to higher magnetic
susceptibility and reduced cell viability and growth. Further, their difference in magnetic
susceptibility has led us to pursue a separation experiment using a Quadrupole magnetic separator
(QMS), a novel microfluidic device that uses a concentric channel and permanent magnets in
special configuration to separate samples based on their magnetic susceptibilities. GBM CSCs and
NSTCs were exposed to elevated iron concentration, stained with two different trackers, mixed
and introduced into QMS; subsequently, the separated fractions were analyzed by fluorescent
microscopy. The separation results portray a successful label-less magnetic separation of the two
populations.
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INTRODUCTION

Iron is an essential mineral and plays a major role in numerous cellular activities in all living
cells.(Abbaspour et al., 2014) To briefly summarize its functions, iron atoms are directly and
indirectly used in oxygen transport, electron transport, oxidation-reduction reactions,
respiratory functions, DNA synthesis, replication, and modification, cell cycle regulation,
proliferation and growth, and immune responses.(Abbaspour et al., 2014; Johnson and
Wessling-Resnick, 2012; Torti and Torti, 2013; Weiss, 2002; Zhang and Zhang, 2015) Iron is
most often observed within the cell in ferrous (Fe2*) or ferric (Fe3*) form. However, when
the cells convert free Fe2* to storable Fe3*, the Fenton reaction can occur, producing highly
reactive oxygen species (ROS). Because ROS can irreversibly damage DNA, lipids, and
proteins, iron levels are tightly regulated through a number of different mechanisms.(Kell
and Pretorius, 2014; Pham-Huy et al., 2008; Schieber and Chandel, 2014; Uttara et al.,
2009) Furthermore, accumulation of ROS can lead to ferroptosis, an iron-dependent cell
death, which again emphasizes the importance of tight control of intracellular iron levels.
(Dixon et al., 2012)

As vital as iron is to normal cells, tumorous cells reprogram iron metabolism and adapt
different pathways to utilize iron for cancer initiation, growth, metastasis, and survival.
Specifically, studies have shown upregulation of critical proteins in the regulation of iron
homeostasis, such as transferrin receptor 1 (TfR1) and ferritin, and downregulation of the
iron efflux transporter, ferroportin (FPN), in cancer cells.(Torti and Torti, 2013; Zhang and
Zhang, 2015) Breast cancer patients whose tumors had low levels of TfR1 and high
expression of FPN with decreased levels of hepcidin, a negative regulator of FPN, had a
favorable prognostic outcome.(Miller et al., 2011; Pinnix et al., 2010) In pancreatic cancer,
iron chelators were shown to inhibit epithelial-mesenchymal transition (EMT) and suppress
metastasis.(Richardson et al., 2013) On the other hand, increased ferritin levels in metastatic
melanoma promoted cell growth while gaining resistance to oxidative stress with higher
metastatic potential.(Torti and Torti, 2013) Taken together, the body of data demonstrates
that dysregulated iron metabolism is selected in cancer cells. However, there are a
considerable amount of studies with conflicting outcomes, emphasizing the complexity and
heterogeneity of cancer.(Crielaard et al., 2017) In fact, the product of the Fenton reaction,
ROS, can also contribute to both tumor promotion and inhibition as it can be toxic (oxidative
stress) and beneficial (redox signaling).(Basuli et al., 2017; Crielaard et al., 2017)

More recently, further diversity in the regulation of iron metabolism has been noted within
the same tumor (intratumoral heterogeneity). It has been demonstrated in glioblastoma
(GBM) that self-renewing stem-like cells scavenge iron more effectively than other tumor
cells via elevated levels of TfR and ferritin.(Schonberg et al., 2015) As a result, GBM cancer
stem-like cells (CSCs) had 2- to 3-fold higher iron uptake compared to the matched non-
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stem tumor cells (NSTCs), and knockdown of ferritin mRNA suppressed the growth and
tumor-initiating ability of CSCs.(Basuli et al., 2017) Increased intracellular iron has since
been validated for breast and lung CSCs.(Chanvorachote and Luanpitpong, 2016; Conti et
al., 2016) This presents the possibility to use these differences in the regulation of iron
metabolism between CSCs and NSTCs as an intrinsic, label-free method to separate these
two cell populations.

Single Cell Magnetophoresis (SCM) is an instrument, previously developed and reported as
Cell Tracking Velocimetry (CTV), that can measure magnetic susceptibility of individual
cells.(Chalmers et al., 1999; Chalmers et al., 2017; McCloskey et al., 2003; Zborowski et al.,
2003) Through a square glass channel, cell suspensions are flowed through a magnetic field
with nearly constant and well-characterized magnetic energy gradient (Sy,) of 365 T*A/
mm?2. The SCM software is then triggered to track the horizontal and vertical movements of
on the order of one hundred to one thousand cells within the region of interest (ROI). The
horizontal component (un,; magnetic velocity) of the cell movement is solely driven by the
magnetic field, while the vertical component describes the settling velocity (us) affected by
the gravitational force, g:

_ (Xcen = XFia)V cen s
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In the above equations, ., and ., are the magnetic susceptibilities of the cell and fluid
respectively, V ., is the volume of the cell, D ;; is the hydrodynamic diameter of the cell,
is the viscosity of the suspending fluid, and ., and p, .. are the mass densities of the cell
and fluid, respectively. When Equation 1 is divided by Equation 2, one obtains:
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Note this ratio is no longer a function of the size (volume and diameter) of the cell nor the
fluid viscosity; correspondingly the magnetic susceptibility of the cell is only a function of
the cell’s magnetic susceptibility and density. Further re-arranging leads to:
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As presented in Equation 4, the magnetic susceptibility of a cell is the sum of the magnetic
susceptibilities of its constituents where @20, Ppiomass: Prez+ Prez+ and Pserritin, are the
volume fraction of water, biomass, Fe2*, Fe3*, and ferritin within the cell.(Sun et al., 2011;
Zborowski et al., 2003) It is fundamentally understood, and experimentally demonstrated,
that the magnetic, volumetric susceptibility of biomass, not containing iron, is slightly less
than water (—0.905 x 1072, SI units).

In contrast, iron ions, Fe2* and Fe3*, have magnetic moments of 4 and 5 Bohr Magnetons
(ug) respectively.(Dietrich et al., 2017) The iron storage protein, ferritin, can store up to
4,500 Fe3* atoms, but the magnetic moment of “full” ferritin only corresponds to
approximately 100 to 400 ug.(Brem et al., 2006; Garcia-Prieto et al., 2016) This reduced
number of Bohr magnetons, on a per atom basis, is the results of the highly-ordered, pseudo-
crystalline mineral core contained within a ferritin complex.(Ueno and Watanabe,)

Magnetic susceptibility and magnetic moments are positively correlated using the following
relationship:

SI —NA#OM?ff P (5
Z( )_3k(T—TC)'M_W ()

where N is the Avogadro’s number, k is the Boltzmann constant, , is the magnetic
permeability of free space, Horf is the effective magnetic moment, T¢ is the Curie or

blocking temperature in kelvin, and Myy is the molecular weight. Assuming that free Fe
atoms have an average effective magnetic moment of 4.5 4, the volumetric magnetic

susceptibility, .. , becomes 0.015 at 25 °C. (Note, this is assuming that Horf is a simple

XFe
function of the number of Bohr magnetons).

Using the above relationships, and experimental studies of fresh and aged human red blood
cells (hRBCs), the sensitivity of the SCM instrument has been validated to detect the
difference in hemoglobin (Hb) concentration to a resolution of 107 Hb molecules per cell,
which is equivalent to about 3.7 femtograms of iron per cell.(Chalmers et al., 2017) With
respect to cancer cells, we have previously reported on the effect of elevated Fe in the
growth media of eight cancer cell lines using the CTV system.(Jin et al., 2012) Out of the
eight cell lines tested, two, HelLa and K-562, showed significant magnetophoretic mobility,
approaching that of deoxygenated RBCs, in normal growth media. (Chalmers et al., 2017,
Jin et al., 2012) Upon medium supplementation with addition of iron, a variety of responses
was obtained, from inhibition of growth to normal growth and an approximate 10-fold
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increase in magnetophoretic mobility (HeLa).(Jin et al., 2012) Responses in the expression
of transferrin receptor and ferritin to changes in media iron concentrations were also
reported.(Jin et al., 2012)

In this study, we investigated the difference in iron metabolism in GBM CSCs and NSTCs.
After exposing the two populations to an elevated iron environment, cells were harvested,
and the magnetic susceptibility and viability of the cells were determined on a per cell basis.
The observed differences in magnetophoretic mobility between CSCs and NSTCs suggested
that this difference can be exploited as a tool to separate CSCs from NSTCs without any
further cell markers. A proof of concept separation is presented to demonstrate this concept.

EXPERIMENTAL SECTION

Cell Culture

GBM tissues were originally obtained from primary human brain tumor patient specimens
under approved Institutional Review Board protocols. These specimens were maintained
through subcutaneous xenografts in the flanks of immunocompromised mice under approved
institutional protocols and conducted in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. Xenograft tumors were dissociated to a single cell suspension
(Worthington Biochemical) and CSCs were isolated using magnetic-activated cell sorting
based on the CD133 epitope (CD133/2-APC, Miltenyi Biotec). NSTCs were passed through
two rounds of negative sorting for CD133. All CSCs used in these studies have been
previously validated for tumor initiation.(Eyler et al., 2011; Guryanova et al., 2011; Lathia et
al., 2010; Li et al., 2009) CSCs and NSTCs were transiently cultured in vitro to achieve the
cell numbers needed for the experiments. CSCs were cultured in Neurobasal medium
(NBM, Invitrogen) with B27 (without Vitamin A, Invitrogen), 10 ng/ml basic fibroblast
growth factor (bFGF), 10 ng/ml epidermal growth factor (EGF), L-glutamine (2 mM;
Invitrogen), and sodium pyruvate (1 mM; Invitrogen). To grow CSCs as an adherent
monolayer, they were seeded onto GelTrex-coated plates or flasks (Gibco, Invitrogen).
NSTCs were cultured in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal
bovine serum (FBS). Prior to plating for each experiment, the percentage of viable cells was
calculated by the Trypan Blue exclusion method. Cells were then split into 6 well plates or
25 cm? flasks for subsequent experiments. The next day, the media was replaced with CSC
or NSTC media containing 0, 0.5, or 1.5 mg/ml of Fe(NOs3)3 and 4.5 or 45 mg/ml of glucose
to analyze the iron uptake of the cells for various culture times of 1, 6, 20, 48, 72, or 96
hours at 37 °C in 5% CO, atmosphere.

Single Cell Magnetophoresis

After cultivation, SCM samples were prepared as reported in previous studies.(Chalmers et
al., 1999; Chanvorachote and Luanpitpong, 2016; McCloskey et al., 2003; Zborowski et al.,
2003) Cells were detached by TrypLE Express (12604-013, Gibco) and collected in 15 ml
centrifuge tubes. After centrifuging at 350 x g for 5 min, supernatants were discarded and
200 ul to 4 ml of new media was added depending on the pellet size. Using the Trypan Blue
exclusion method, the numbers of viable and dead cells were counted. Subsequently,
Calcein-AM (80011-3, Biotium) in 1:200 was added to the solution and incubated at room
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temperature for 30 minutes in dark. After washing, the volume of each sample was adjusted
to make the final concentrations to be 10° cells/ml in PBS containing 0.1% Pluronic F-68
Non-ionic Surfactant (24040-032, Gibco).

The samples were loaded into the channel as shown in Figure S2. The magnetically induced
velocity of cells or particles were measured three times each using fluorescent (only
metabolically active Calcein-AM-dyed cells) and dark field (whole sample) filter attached to
a CCD camera (Retiga 200R, QImgaing, Canada). Captured images were processed to
calculate magnetic susceptibility using an in-house program, and the acquired data were
analyzed afterwards.(Moore et al., 2004)

Separation using Quadrupole Magnetic Sorter

Pure populations of GBM CSCs and NSTCs were cultured in iron-enriched media (1.5
mg/ml Fe(NO3)3), harvested after 20 hrs, and stained separately at room temperature for 30
minutes in dark: CSCs with 10 uM CellTracker Blue CMAC (C2110, Invitrogen) and
NSTCs with 10 uM Cell Tracker Red CMTPX (C34552, Invitrogen). Samples were then
washed three times by centrifugation at 350 x g for 5 min, followed by decanting the
supernatants. The concentration of the cell suspensions was adjusted to 10° cells/ml in null
media, NBM without any supplements, containing 0.1% Pluronic F-68 solution.

In order to optimize the separation, the magnetic susceptibility calculated from SCM was
fed to an in-house program written in Maple to determine the optimal flow rate and ratio for
the binary inlet. Sample, buffer, collection and deposit collection tubes were connected as
shown in Figure 4A. The samples were run with PBS at specified inlet flow ratio and rate,
and the flow rates were controlled by syringe pumps. Subsequently, both the collection and
deposit fractions were collected, loaded onto slides, and observed under fluorescent
microscope (Nikon Eclipse 80i Advance Research Microscope) for analysis.

Density Measurement

To make a 100% Percoll solution, 9 parts (v/v) of Percoll (GE Healthcare, Piscataway, NJ,
USA) was mixed with 1 part (v/v) of 10x concentrated PBS. The 100% Percoll solution was
diluted into 5 ml of 40%, 30%, 20%, and 10% Percoll solutions in 1x PBS. Pure 1x PBS was
used as 0% Percoll solution. 2 mL of the 40% Percoll gradient solution was layered at the
bottom of the 15 ml Falcon tube, and the rest of the 30%, 20%, 10% and 0% percoll
solutions (2 ml each) were added at a 45-degree angle with care not to disturb the layers.
The density markers beads (GE Healthcare, Piscataway, NJ, USA) and CSCs and NSTCs
incubated at 24 hours at normal media and 1.5 mg/ml Fe(NO3)3 were each suspended in
cold 20% Percoll solution, added to the top of the Percoll gradient tubes, and centrifuged for
15 minutes at 800 x g. After centrifugation, the visible heights of the cells and the density
marker beads were compared for calculation of the density of the cells.

RESULTS AND DISCUSSION

To facilitate iron uptake in cells, screening studies were conducted on GBM CSCs and
NSTCs with elevated iron.(Jin et al., 2012) We varied glucose concentration in the culture
media because higher glucose uptake was identified as one of the key distinctions between
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GBM CSCs and NSTCs as well as many other cancer cells.(Antoch et al., 2003;
DeBerardinis et al., 2008; Flavahan et al., 2013; Fong et al., 2015; Vander Heiden et al.,
2009; Jin et al., 2012) As summarized in Table 1, two different concentrations of ferric
nitrate, Fe(NO3)3, 2.1 and 6.2 mM (0.5 and 1.5 mg/mL) and two concentrations of glucose,
1x and 10x (glucose level relative to the amount that is already in the media) were screened.

SCM Analysis of CSCs and NSTCs

Initial screening studies of CSCs and NSTCs indicated that elevated glucose did not have
any effect, by itself, in increasing the magnetic susceptibility of GBM cells (Figure S1).
However, elevated iron did. Figures 1A and 1B present representative scatter plots of the
experimentally measured, magnetic velocity versus the settling velocity for the CSCs and
NSTCs cultured in the highest concentration of Fe-supplemented media (each dot
corresponds to a single tracked cell). The current construction/operation of the SCM
instrument requires that one chooses the filter set/optical setting for a given experiment.
Consequently, two sets of experiments were conducted on each cell suspension: a) the use of
dark field optics, DF, which allows all cells to be tracked, and b) a fluorescent filter set, FL,
compatible with the viability stain, Calcein-AM. Therefore, DF corresponds to all cells
present while FL corresponds to fluorescent, and presumably viable, cells. A number of
striking observation can be made in Figures 1A and 1B; the CSCs are significantly less
magnetic than the NSTCs, and the distribution of the magnetic NSTCs is significantly
greater. A closer examination indicates that most of these magnetic, NSTCs only appear as
DF images and not FL images; implying they are non-viable.

To allow a more quantitative and statistical comparison, the experimentally measured
magnetic velocity was divided by settling velocity for each tracked cell, as mathematically
presented in Equation 3 above (Figures 1C and 1D). This ratio of the experimental data for
each tracked cell allows a mean and 95% confidence interval to be calculated for each
experimental condition that is only a function of the cell’s magnetic susceptibility and
density.

In normal media (condition #1 in Figures 1C and 1D), both CSCs and NSTCs exhibit
diamagnetic behavior suggested by the small negative ratios. This is expected as discussed
above in Equation 5 and observed in previous studies of a variety of cell types.(Chalmers et
al., 2010; Chalmers et al., 2017; Chosy et al., 2003; Sun et al., 2011) In contrast, as the iron
concentration in the culture media increased (media conditions #2 and #3), the average up/us
ratios increased for both CSCs and NSTCs, with the largest changes, relative to the normal
media, for the NSTCs. While the differences in the mean values of the up,/us ratio between
the cells tracked with the fluorescence optics (the viable cells) compared to all tracked cells
(dark field optics) with the CSCs are within the 95% confidence interval, thereby implying
no change (Figure 1C), a large difference outside the confidence intervals is observed in the
highest iron concentration at 40 hours between the CSCs and the NSTCs (Figure 1D).
Further, the error bars (95% confidence level) are larger in the NSTCs, which is consistent
with the large scatter in the dot plots (Figure 1B compared to 1A).
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Viability measurements

Prior to each harvest for SCM measurements, the cells were washed and resuspended in
buffer with a fraction of the cells removed for viability measurements with trypan blue.
These viability measurements are presented in Figures 1E and 1F. While both types of cells
exhibited a slow decrease in viability, there was a slightly lower percent viability in the
NSTCs. It is not clear at this time why there appears to be an oscillation in viability. With
respect to growth, only the CSCs cultured in conditions #1 and #2 exhibited significant
growth after 48 hours (165% and 120% change in number of viable cells respectively) while
NSTCs had 10% to 25% reduction in total number of viable cells (data not shown).

Density and Coulter Counter measurements

Given the implication of the data presented in Figure 1 that the uptake of iron results in the
increased ratio of up,/us, one might presume that the increased iron content of the cells
would also increase the density, and correspondingly affect the ratio of up,/ug (Equation 3
indicated that this ratio is proportional to the difference in density of the cell with respect to
the suspending buffer). Using percoll density measurement methodology, the densities of
four different cell suspensions, in normal medium and high Fe concentrations, for both the
CSCs and NSTCs were determined. No trends in the mean density was observed with
increasing Fe concentration. The overall mean of all four measurements was 1.03 g/ml, with
a standard deviation of 0.015. Since the accuracy of this measurements, at best, is to 3
significant figures, and no significant trends were observed between normal and elevated Fe
media, it can be concluded that a change in density cannot account for the observed increase
in the ratio of u,/ug from 0.3 to over 10 fold (CSCs, media condition #3, to NSTCs, media
condition #3). Consistent with no significant change in cell density, the experimentally-
determined average settling velocities for all samples was 3.05 um/s and did not show a
particular trend with increasing iron concentration.

While it might be expected that CSCs would exhibit a higher magnetic susceptibility than
NSTCs, since it was previously reported that CSCs more readily uptake Fe over
NSTCs(Schonberg et al., 2015) (discussed above), iron stored in ferritin has a significantly
lower magnetic susceptibility, on a per iron atom basis, than free iron atoms. Consequently,
two cells can contain the same, absolute number of iron atoms, but if a significant number of
these iron atoms are containing within ferritin in one of the cells, then that cell will have a
lower magnetic susceptibility than the cell without the ferritin.

To determine the reproducibility of these observations, two different patient samples of
CSCs and NSTCs were each tested at least twice. Figure 2 presents these studies. While
some variability exists, a clear difference between CSCs and NSTCs is seen in all four
studies.

Separation based on Magnetophoretic Mobility

Currently, CSCs are prospectively isolated using cell surface markers (including the CSCs
and NSTCs used in this study).(Bao et al., 2006; Venere et al., 2014; Venere et al., 2015)
This approach has allowed for the functional validation of tumor initiation for CSCs over the
NSTC population from the same tumor in an orthotopic xenograft models.(Bao et al., 2006)
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However, surface epitopes have also created great controversy in the CSC field as some
groups have demonstrated tumor initiation for both marker positive and negative populations
as well as heterogeneity of marker expression based on micro-environmental factors.(Beier
et al., 2007; Shmelkov et al., 2008) Another issue with cell surface markers is that for every
marker identified to date, their expression can also be seen in normal adult stem cells,
embryonic stem cells, or normal tissue.(Kim and Ryu, 2017) The presence of surface
epitopes can also be inconsistent due to cell cycle dependent expression as well as receptor
recycling.(Jaksch et al., 2008) Relevant to the latter point, the fluorescent or tagged
antibodies that are currently used for prospective isolation can drive internalization of
surface receptors.(Liao-Chan et al., 2015)

The data presented above support that CSCs can be separated from NSTCs based solely on
the magnetic susceptibility differences between the two cell types; i.e. a label-less separation
methodology. Figure 3 presents overlapping histograms showing the distributions of CSCs
and NSTCs cultured in media supplemented with 1.5 mg/ml Fe (condition #3) for 20 and 48
hours. The x-axis corresponds to the experimentally measured velocity (mm/s), and the
second x-axis corresponds to the cell’s magnetophoretic mobility, (mm3*s/kg), calculated by
dividing uy by Sp.

We have previously reported on a flow through, magnetic cell separation system, referred to
as the Quadrupole Magnetic Separator, QMS.(Jing et al., 2007; Lara et al., 2004; Moore et
al., 2018; Williams et al., 1999) This system is typically operated with two flows in (the cell
suspension to be separated, and a buffer, sheath fluid), and either one or two exit flows out.
(Lara et al., 2006) Most recently and relevant to this study, the QMS has been used to
separate human blood cells, hRBCs, based on their intrinsic magnetic susceptibility.(Moore
et al., 2018) Figure 4A presents this QMS system operated with the two flow in and one
flow out mode of operation.

Using this QMS system, four proof of concept separations were conducted on mixtures of
GBM CSCs and NSTCs, cultured separately in 1.5 mg/ml (6.20 mM) Fe(NO3)3 for 20
hours. Each harvested cell suspension was then stained with Cell Tracker dyes; CSCs were
stained with Cell Tracker Blue, and NSTCs were stained with Cell Tracker Red. Table 2
presents the summary of these four experiments, including initial number of cells, ratio of
CSCs to NSTCs, total flow rate through the system, and the final enrichment rate.

Figure 4B presents representative images of slides made of the flow-through collection and
the magnetically deposited cells that were washed out of the system after the separation. It
was expected to observe some red cells (NSTCs) included in the flow through fraction since
there is some overlapping regions between CSCs and NSTCs, as observed in the histograms
of Figure 3.

A concern can be raised that the flow through the QMS system can damage cells. We briefly
discussed this concern in one of our prior publications, Moore et al. (2018), never the less,
an additional analysis will be given here. All the dimensions of the apparatus, from the
syringe pump to the final collections tubes are known; from these dimensions, and the
known flow rates used, the Reynolds number for all flows is clearly in the laminar flow
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regime. In the publication Mollet et a/. (2004), figures presenting the Energy dissipation rate,
for a range of laminar flow geometries, and flow rates, are presented. Further, Chalmers et
al. (2015) summarized the current reported levels of EDR that are known to damage cells,
including human cancer cells. It is estimated that the maximum EDR value that the GBMs
are exposed to in the QMS is 104 W/m3 which is 2 orders of magnitude the levels are which
damage begin to be reported. However, estimates of EDR are in typical FACS can easily
exceed 10% W/m? at which cell damage begins to occur (Mollet et a/. 2008).

Iron concentration and kinetic studies

The previous data confirms that CSCs and NSTCs internalize elevated iron concentrations
from the culture media, and that the average magnetic susceptibility of the NSTCs is higher,
most likely the result of increased levels of ferritin in the CSCs which can store the iron in
less magnetic forms, on a per iron basis. We subsequently investigated the potential of lower
concentrations of iron in the incubation media as well as reduced incubation time with
respect to increased magnetic susceptibility of CSCs and NSTCs.

In a manner similar to presented above, CSC and NSTC cultures were incubated separately
in 0.1, 1.0 and 2.1 mM iron concentrations, and the cells were harvested at 1, 6, 24, and 48
hours. The incubations of both CSCs and NSTCs in 0.1 and 1.0 mM iron produced
insufficient changes during the 24 hour period between the elevated iron and the controls for
either the CSCs or the NSTCs to allow for the potential of separations. Conversely, the 2.1
mM iron concentration incubations, while insufficient in 24 hours to effect a separation, did
exhibit a trend, that when combined with the data presented above, the 2.1 mM iron is a
potential Fe incubation concentration for further separation studies (Figure 5).

CONCLUSION

The data presented above clearly demonstrate that elevated Fe in the culture media results in
increased magnetic susceptibility of GBM cells, and that a difference between GBM CSCs
and NSTCs exists. Further, the method of measurements, the type of data collected, and the
mathematical relationships presented indicate this increased magnetic susceptibility of GBM
cells is solely the result of increased intracellular iron. Independent of this study, it was
previously demonstrated that GBM CSCs uptake higher iron more effectively than the
matched NSTCs, consistent with the mechanism that specifically involves higher levels of
TfR and ferritin.(Schonberg et al., 2015) While this observation that CSCs take up more Fe
than NSTCs, as it was also presented above, on a per Fe atom basis, might lead to thinking
that CSCs would be more magnetic than NSTCs, Fe is stored in the pseudo-crystalline
mineral core of ferritin which results in each Fe atom only having 20% of the magnetic
susceptibility of a free Fe atom. Consequently, while initially counter intuitive, the magnetic
susceptibility measurements presented in this contribution are consistent with the work of
Schonberg.(Schonberg et al., 2015) One of our future goals will further investigate the
correlation between increased iron and glucose metabolisms in tumorous cells as there is a
definitive proof of increased glucose and iron composition especially within GBM self-
renewing CSCs.(Flavahan et al., 2013; Schonberg et al., 2015)
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While the work presented demonstrates the potential to separate CSCs from NSTCs, to
further validate our results, separation needs to be performed on unsorted GBM cells and
followed by a limited dilution assay to test for self-renewal as well as tumor initiation
studies. Limited dilution assays and tumor initiation are both functional assays for CSCs,
testing the ability to form tumorspheres from a lowest number of cells (where the NSTCs
would not form the tumorsphere) in vitro and self-renewal ability in vivo, respectively.
Through these two functional assays, we can characterize the collection and deposit
fractions more accurately and conclude whether this technology holds potential benefits in
clinical research studying cancer stem cells. Additionally, a comparison of magnetic
separation to current methodologies of enriching for CSCs, such as cell surface markers or
isolation of the side-population, needs to be addressed. Finally, utilizing dysregulated iron
metabolism unique to CSCs, various innovative mechanisms can be developed to target
CSCs in cancer patients.
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Scatter plots, settling velocity vs. magnetic velocity, of CSCs and NSTCs cultured in 6.2
mM Fe for 20 and 48 hours: 1A and 1B. The DF and FL abbreviations correspond to dark
field optics and fluorescence optics, respectively. Ratio of magnetic to settling velocity for
CSCs and NSTCs at 1, 6, 20 and 40 hours of incubation in three different Fe concentrations,
designated 1, 2, 3, which correspond to normal media, 2.1 and 6.2 mM Fe: Figures 1C and
1D. Error bars correspond to one standard deviation. Percent of cell population that is viable,
CSCs and NSTC, as function of time, for each of the three Fe concentrations: 1E and 1F.
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Ratio of magnetic to settling velocity for CSCs, 2A and 2B, and NSTCs, 2C and 2D, in
normal, 2.1 mM and 6.2 mM Fe after 24 hours of incubation. 2A and 2C correspond to
fluoresce optics, and 2B and 2D correspond to dark field optics.
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Qumuative frecquercy

Histograms of the magnetic velocity and magnetophoretic mobility of the CSC and NSTC
samples after 24 hours and 48 hours of culturing in 6.20 mM Fe.
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Flow throu h sample Deposit

Fig. 4.
4A: Diagram of the quadrupole, magnetic cell separation system, QMS. Consistent with the

fluorescent cell tracker dyes used in the separation studies, blue and red circles representing
the locations of the CSCs and NSTCs are included. 4B: Microscopic images of the stained
cells collected in flow through exit stream, and the cells deposited on the wall and
subsequently washed out.
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Histograms of the magnetic velocity and magnetophoretic mobility of the CSC and NSTC
samples after 1, 6, 24, and 48 hours of culturing in 2.1 mM Fe.
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Table 1.

Iron- and glucose-supplemented culture media

Fe(NO3)3 Concentration | Glucose Concentration
Condition# | [mg/ml] [mM] [mg/ml] [mM]
1 0-0.00001™ | 0-0.0004" | 4.5* 25"
2 0.5 2.07 45" 25%
3 1.50 6.20 45% 5%
4 0-0.00001 ™ | 0-0.0004 | 450 250

*
amount in normal media
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Summary of four separation experiments

Table 2.

Page 22

Trial # | Cellsloaded in 2ml | Input ratio(CSCs:NSTCs) | Flowratefor collection | Enrichment ratio(CSCs:NSTCs)
1 2 * 104 cells 11 10 ml/min 16:1
2 1.5 * 105 cells 2:1 20 ml/min 4.1:1
3 1.5 * 105 cells 2:1 10 ml/min 511
4 1.5 * 105 cells 2:1 10 mi/min 16:1
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