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Abstract

Cellular metabolism is emerging as a critical factor in stem cell research with
recent reports suggesting that both metabolic status and cell culture conditions
can significantly alter the differentiation trajectory of stem cells. In vitro metabolic
profiling provides information to identify key metabolic changes associated

with stem cell differentiation. Agilent Seahorse XF technology enables real-time
measurement of glycolytic and mitochondrial function along the cell differentiation
axis. By changing the metabolic environment in the design of differentiation
experiments, metabolic profiling can be incorporated to probe cell function, and
more importantly, to guide improved differentiation outcomes. Here, an assay
design is introduced for sequential metabolic profiling during induced pluripotent
stem cell (iPSC) differentiation toward neural progenitor cells (NPCs) using human
skin fibroblast-derived iPSCs, singularized and cultured in vitro. Results suggest
that metabolic modulation during stem cell differentiation can affect stem cell
specification, as well as the final differentiated cell yield and quality. This design can
be applied to better understand the interrelationship between metabolic poise and
differentiation, thus enabling the development of improved differentiation protocols.

Introduction

Human induced pluripotent stem cells (iPSCs) provide an ideal platform for patient-spe-
cific disease modeling and regenerative therapies. These cells offer an unlimited patient-
specific stem cell source with the potential for differentiation into unique cell types within
the body’. Neuronal lineages are extensively explored for both disease modeling and
regenerative therapeutics purposes?®. A critical and transitionary step in the process of
neuronal lineage formation is derivation of NPCs which have the capacity to proliferate
and differentiate into most neuronal cell types within the human body. Current studies
have started to decipher the molecular and metabolic checkpoints that occur during
iPSC differentiation into neurons’’®, yet, protocols to induce iPSC differentiation towards
an NPC phenotype can be inefficient and yield low numbers of cells™5,



Recently, the use of alternative carbon sources to drive specific
metabolic pathways that initiate lineage specification has been
investigated'®8. For example, switching glucose to galactose as
an alternative carbon source in the culture media results in the
promotion of oxidative phosphorylation and hence, differenti-
ation-specific pathways which ultimately direct cell fate deci-
sions'. Here, the metabolic drivers for specification by use of
alternative carbon sources are evaluated for the neuronal lineage
by measuring both mitochondrial and glycolytic function with
the Agilent Seahorse XF Cell Mito Stress Test and the Agilent
Seahorse XF Glycolytic Rate Assay, respectively. Results indicate
that altering the carbon source from glucose to galactose pro-
motes switching from a glycolytic to an oxidative phosphoryla-
tion phenotype that is correlated to improved NPC differentiation
from human iPSCs.

Results

Experimental design of metabolic rate measurements
using singularized iPSCs in vitro

iPSCs derived from human skin fibroblasts were singularized
to facilitate tracking of the changes in metabolic phenotype,
as well as the expression of molecular markers for iPSCs and
NPCs. As briefly summarized in Figure 1 and detailed in the
Materials and Methods section, iPSCs were singularized and
transferred to Agilent Seahorse XF96 Cell Culture Microplates
and differentiated for 10 days towards NPC phenotype by
sequential media changes within the XF96 plates and on con-
ventional 12-well plates, for XF analysis and immunostaining,
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Figure 1. Schematic of the iPSC differentiation to NPC workflow, protocol,
and phenotypic measurement time points. The metabolic profile and
differentiation status were monitored at the indicated time points using
Agilent Seahorse XF analysis and immunofluorescence staining during the
differentiation process.
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respectively. The singularized and monolayer-cultured iPSCs
showed stable expression of the stem cell markers Oct4 and
Nanog, similar to the parental colonies (Figure 2).

Figure 2. iPSCs in 2D culture express pluripotency markers. Representative
images show expression of pluripotency markers, Oct4 and Nanog in
parental iPSC colonies (A) and singularized iPSCs (B). Scale bar = 100 um.

Replacement of glucose with galactose promotes iPSC
differentiation to an NPC phenotype

It has been well established that when the major carbon
source of glucose is replaced with galactose, glycolytic ener-
gy metabolism is suppressed while mitochondrial respiration
remains intact’. Interestingly, the NPC population obtained
after performance of the complete iPCS differentiation to NPC
workflow/protocol (Figure 1) showed different metabolic ac-
tivities depending on the carbon source supplemented during
differentiation. As shown in Figures 3A-D, NPCs obtained from
galactose differentiation conditions showed overall lower
metabolic function when compared to Day 0 iPSCs. Metabolic
parameters of basal OCR, spare respiratory capacity (SRC),
basal PER and compensatory glycolysis all decreased in the
presence of galactose when compared to the NPC cells ob-
tained with glucose, which maintained a metabolic phenotype
similar to the original iPSCs. Further, galactose containing me-
dia increased the Nestin-positive cells in the NPC population
obtained after differentiation, indicating increased efficiency
of the differentiation process (Figure 3E). In summary, this
suggests that while galactose reduces metabolic activity as
measured by OCR and PER, it causes an increased reliance
on aerobic metabolism, and promotes faster, more efficient
differentiation, as measured by Nestin expression.

Modulation of iPSC culture conditions influences iPSC
differentiation quality

The improvement of differentiation quality when substitut-
ing the iPSC media with galactose was evident several days
after the induction, and could be detected earlier than NPC
marker expression. In the presence of galactose, the NPC
differentiation appeared to be more homogeneous, with a
gradual appearance of Nestin (+) cells (Figure 4A). A sig-
nificant majority of the iPSCs appeared to be differentiated
into Nestin (+) cells by day 10, whereas in the presence of
glucose, the differentiation was heterogeneous and less
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Figure 3. Metabolic function and NPC marker expression are altered by the change in carbon source. Mitochondrial and glycolytic function of iPSCs (Day 0)
and resulting NPCs in the presence of glucose or galactose (Figure 1) were compared by using the Seahorse XF Cell Mito Stress Test (A, C) and Glycolytic Rate
Assay (B, D). Error bars reported as mean + S.E.M. (n = 60 for iPSCs and 20 for NPCs). (E) NPC differentiation was confirmed by immunofluorescence staining of

the NPC marker, Nestin. Scale bar = 100 ym.
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Figure 4. Carbon source change affects metabolic reprograming and the quality of differentiation from iPSCs to NPCs. Representative immunofluorescence
images stained for the pluripotency marker, Oct4 and the NPC marker, Nestin at the indicated time points during differentiation in either glucose- or galactose-
containing media (A). Scale bar = 100 um. Mitochondrial respiration (B) and glycolysis (C) were traced from day 0 to day 10 of the iPCS differentiation to NPC
workflow as described in Figure 1 and Materials and Methods. Error bars reported as mean + S.E.M. (n=24 from Day 2 to Day 10 and n=60 for iPSCs).
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efficient, as a significant proportion of Oct4(+) and Oct4(-)/
Nestin(-) cells were still present at day 10 in the differentia-
tion timeline (Figure 4A). Differences were also identified in
metabolic functional changes (Figures 4B-C and Figure 5). In
the presence of galactose, cells showed more sustained mi-
tochondrial basal respiration and higher SRC throughout the
differentiation process when compared to cells differentiated
in the presence of glucose (Figure 4B and 5A-B). In contrast,
mitochondrial respiration was significantly decreased in the
presence of glucose, especially SRC and further, the cells
showed higher basal glycolytic rates, with similar or slightly
increased compensatory glycolysis (Figure 4C and 5C-D).
These substantially different outcomes of the differentiation
process in the presence of glucose or galactose as the main
carbon source are summarized in Table 1, illustrating more
rapid and efficient differentiation of iPSCs.
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Figure 5. Differentiation-associated early metabolic phenotype
transition is altered by a change in carbon source. Mitochondrial
functional parameters (A, B) and glycolytic functional parameters (C,
D) are compared. Significant differences were detected from day 4-10
between groups differentiated in the presence of glucose or galactose.
Error bars reported as mean + S.E.M. (n > 14).

Carbon Source Glucose Galactose
Cell yield Total (x10° cells) 8.44+0.21 5.55+0.21
on Day 10 of )
differentiation Viable (x10° cells) 2.37+0.29 375+0.22
Viability (%) 28.0+2.8 670135
NPC yield Total (x10° cells) 3451014 16.47 +1.01
at the first ) B
@
passage Viable (x10° cells) 318+0.18 15.30+1.27
Viability (%) 92.0+0.7 92.0+2.1
Time to the 1st NPC passage 18 days 4 days®
NPC Differentiation Efficiency + ++++

(a) 4.8 fold increase in live NPC cell numbers obtained under Galactose condition vs. Glucose
(b) 4.5 fold increase in proliferation capacity of Day 10 populations when replated in NPC media

Table 1. The efficiency of iPSC to NPC differentiation was improved by
differentiation media conditions that included galactose as a replacement
for glucose as a carbon source.

Discussion

Metabolic analysis, surrogate pluripotency and early neural
stem/progenitor cell marker expression were examined dur-
ing the timeline of human iPSC differentiation towards an
NPC. Analysis of glycolytic activity and mitochondrial respi-
ration over the time course of differentiation demonstrated
that under glucose conditions, basal respiration rates and
spare respiratory capacity are significantly decreased. Further,
glycolytic activity is significantly higher than that observed for
galactose conditions. Conversely, under galactose conditions,
basal respiration and spare respiratory capacity are main-
tained (albeit at decreasing rates) throughout the differentia-
tion timeline, with a concomitant decrease in glycolytic func-
tion. The results in Table 1 illustrate that by replacing glucose
with galactose during the early stage of differentiation (i.e. exit
from pluripotency) the differentiation timeline was accelerat-
ed (4 vs. 18 days to first NPC passage) and the yield of NPCs
improved approximately 5 fold, as measured by decreasing
Oct4 expression and increasing Nestin expression.

With respect to metabolic function under galactose condi-
tions, the decrease in glycolysis with maintenance of mi-
tochondrial respiration during the differentiation process
suggests that these forced metabolic conditions. Therefore,
establishing NPC differentiation protocols that drive a meta-
bolic transition from glycolysis to oxidative phosphorylation
may enhance the formation of stable and more homoge-
neous NPC populations. These results underscore the power
of real-time functional metabolic analysis, in conjunction with
orthogonal data, to enable a better understanding of the role
of metabolism during cellular differentiation, with the goal of
developing more efficient and robust differentiation methods.

Conclusion

Metabolic profiling using the Seahorse XF Cell Mito Stress
Test and Glycolytic Rate Assay to measure mitochondrial
respiration and glycolysis can be used to analyze and pin-
point metabolic switches and mechanisms that affect iPSC
differentiation with respect to speed and efficiency. Here,
decreases in glycolysis and maintenance of mitochondrial
respiration appear to be correlated with increased NPC dif-
ferentiation efficiency from iPSCs. In general, these types of
assays provide a robust means towards understanding the
metabolic drivers of cell differentiation and thus predicting
and programing cell fate specification toward an NPC (or
other) terminal phenotype.



Materials and Methods

Cell culture

Human skin fibroblast-derived iPSCs derived were cultured in
Mouse Embryonic Fibroblasts-Conditioned Media (MEF-CM)
supplemented with 8 ng/mL bFGF (PeproTech, 100-18B) on
culture dishes coated with Matrigel (Corning, 354234). NPCs
derived from iPSCs were cultured on Matrigel-coated cell
culture dishes in 10 mM glucose-supplemented NPC media;
glucose-free DMEM (Thermo, 11966025), 1X N2 (Thermo,
17502048), 1X B27 (Thermo, 17504044), 10 ng/mL bFGF, and
50 ng/mL EGF (PeproTech, AF-100-15).

Differentiation of iPSCs into NPCs

For differentiation of iPSCs into NPCs, iPSCs were dissoci-
ated with Accutase (Corning, 25-058-Cl) and filtered through a
0.45 um filter to remove any remaining cell clumps. They were
then resuspended in MEF-CM, supplemented with 10 uM
Y-27632 (Abcam, ab144494) and 8 ng/mL bFGF, and plated
on gelatin-coated cell culture dishes at 37 °C for 30 minutes
to remove fibroblasts. Nonadherent cells were collected,
counted, and plated at a density of 5.0 x 10* cells/cm? in MEF-
CM supplemented with 10 uM Y-27632 and 8 ng/mL bFGF on
Matrigel-coated cell culture plates with daily media changes
until the cells reached confluency. Upon confluency, the neural
differentiation was induced (day 0) in either 10 mM glucose
(Sigma, G7021) or 10mM galactose (Sigma, G5388) supple-
mented differentiation media. This differentiation media
composition is glucose-free DMEM with 15% KOSR (Knock-
Out Serum Replacement; Thermo, 10828028), 1X NEAA (Non-
essential amino acids; Thermo, 11140050), T mM sodium
pyruvate (Thermo, 171360070), 100 nM LDN-193189 (Cayman
Chemicals, 11802), and 10 uM SB-431542 (Cayman Chemi-
cals, 13031). The media was refreshed daily until day 2. On
day 4, media was replaced with the respective differentiation
media mix with glucose- or galactose-containing NPC media
at 3:1 ratio. The media mix rate was changed to 1:1 on day 6
and to 1:3 on day 8. On day 10, the cells were dissociated with
Accutase and replated on Matrigel-coated cell culture dishes
in 10 mM glucose-containing NPC media until cells reached
confluency with media changes every other day.

Cellular metabolic profiling

Singularized iPSCs were plated and differentiated in Seahorse
XF96 V3 PS Cell Culture Microplates (Agilent, 101085-004)
plates as described previously. The metabolic data were
measured on the days indicated in Figure 1 using both the
Seahorse XF Cell Mito Stress Test Kit and the Seahorse XF
Glycolytic Rate Assay. Both assays were performed in Sea-
horse XF DMEM without phenol red, pH 7.4 (Agilent 103575-
100) supplemented with 2.5 mM L-Glutamine (Agilent,
103579-100), 1 mM sodium pyruvate (Agilent, 103578-100),
and 10 mM glucose (Agilent, 103577-100). The optimal FCCP
concentration (0.5 uM) was used for the XF Cell Mito Stress
Test kit. Once iPSCs reached confluency, the mitochondrial
and glycolytic metabolic profiles were measured before the
induction of differentiation (day 0) data, this was followed by
a series of assays on days after the onset of differentiation
on the Seahorse XF96 plates as indicated in Figure 1 to track
the metabolic changes during differentiation. To obtain the
metabolic profiles of NPCs, cells were cultured for an ad-
ditional 10-14 days in NPC culturing conditions after seeding
at a density of 6 x 10 cells/well on Matrigel-coated Seahorse
XF96 plates. XF Cell Mito Stress Test and XF Glycolytic Rate
Assay measurements were performed on these cell using the
Agilent Seahorse XFe96 Analyzer, and were normalized to cel-
lular DNA content using the CyQuant Cell Proliferation assay
kit (Thermo, C7026). All functional parameters were calculat-
ed using the XF Cell Mito Stress Test and XF Glycolytic Rate
Assay report generators.

Immunofluorescence staining

iPSCs were plated in 12-well plates and differentiated as
described previously. After 10 days of differentiation, cells
were replated on Matrigel-coated 12-well plates in NPC media
and grown until 70—-80% confluency. iPSC colonies, NPCs,
and the differentiating cells at specified time points during
NPC differentiation were fixed using BD Cytofix/CytoPerm kit
(BD Bioscience, 554714). Upon fixation, cells were blocked

in 10% normal donkey serum (Millipore Sigma, S30-100ML)
for 1 hour at room temperature. This was then followed by
overnight incubation with primary unconjugated antibodies
against Oct4 (Cell Signaling Technology, 2890S) and Nestin
(Abcam, Ab22035) at 4 °C. The next day, cells were washed
three times and stained with Alexa Fluor-488 (Thermo,
A11029) and Alexa Fluor-647 (Thermo, A21245) conjugated
secondary antibodies at room temperature for 1 hour. Cells
were washed three times, stained with DAPI (Thermo, D3571),
and then imaged.
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