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Abstract Stem cell exhaustion plays a major role in the
ageing of different tissues. Similarly, in vitro cell ageing
during expansion prior to their use in regenerative med-
icine can severely compromise stem cell quality through
progressive declines in differentiation and growth ca-
pacity. We utilized non-destructive multispectral assess-
ment of native cell autofluorescence to investigate the
metabolic mechanisms of in vitro mesenchymal stem
cell (MSC) ageing in human bone marrow MSCs over
serial passages (P2-P10). The spectral signals for
NAD(P)H, flavins and protein-bound NAD(P)H were
successfully isolated using Robust Dependent
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Component Analysis (RODECA). NAD(P)H decreased
over the course of hMSC ageing in absolute terms as
well as relative to flavins (optical redox ratio). Relative
changes in other fluorophore levels (flavins, protein-
bound NAD(P)H) suggested that this reduction was
due to nicotinamide adenine dinucleotide depletion rath-
er than a metabolic shift from glycolysis to oxidative
phosphorylation. Using multispectral features, which
are determined without cell fixation or fluorescent la-
belling, we developed and externally validated a reli-
able, linear model which could accurately categorize the
age of culture-expanded hMSCs. The largest shift in
spectral characteristics occurs early in hMSC ageing.
These findings demonstrate the feasibility of applying
multispectral technology for the non-invasive monitor-
ing of MSC health in vitro.
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Introduction

Ageing is accompanied by loss of capacity for self-
repair, increased chronic disease and ultimately death
[1]. Mesenchymal stem cells (MSCs) differentiate to
osteoblasts, adipocytes and chondrocytes [2] and have
been investigated for the treatment of age-related dis-
eases including arthritis [3], osteoporosis [4] and stroke
[5]. Comparatively rare within host tissues [6], MSCs
exist with even lower frequency in older organisms [7,
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8]. This necessitates increased ex vivo expansion to
cultivate therapeutically useful populations. How-
ever, expansion further ages MSCs, leading to loss
of function [9].

MSCs from old and young individuals have pheno-
typic differences including morphological changes [10],
alterations to transcriptomes [11] and secretomes [10],
accelerated senescence [12] and increased levels of re-
active oxygen species (ROS) [13]. Older MSCs are
predisposed to adipogenesis over osteogenesis
[14-16], leading to decreased bone density [17]. A
similar shift in differentiation potential is seen for se-
quentially passaged MSCs, which undergo morpholog-
ical changes, expanding in size and losing their charac-
teristic spindle-like structures, while losing osteogenic
differentiation potential relative to adipogenic [18]. Fur-
thermore, the ex vivo expansion of MSCs leads to loss
of function and can result in heterogeneity through
spontaneous differentiation [9]. These changes have
important implications for the suitability of a hMSC line
for transplantation, and a system for the early estimation
of the degree to which a line will tolerate expansion
would be valuable.

Ageing is linked to cell metabolism and redox state
[11]. Key indicators of cells’ redox state are the reduced
form of nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinucleotide (FAD), which are the prin-
cipal electron donors and acceptors of oxidative phos-
phorylation. NADH and FAD are autofluorescent, with
NADH having excitation maxima at 290 and 351 nm
with emission maxima at 440 and 460 nm, while FAD
has an excitation maxima at 450 nm and emission
maxima at 535 nm. Other related fluorophores (i.e.
NADPH and flavins) have the same excitation/
emission profiles and are not spectrally distinct from
NADH and FAD. They have lower abundance, howev-
er, and make comparatively little contribution to the
total signal [19].

In this project, we have applied a multispectral ap-
proach to studying the effect of in vitro ageing on the
redox state of hMSCs. This technology uses a modified
fluorescence microscope with an extended number of
spectral channels (20-100) [20, 21] to repeatedly image
a single field of view at selected excitation wavelengths,
capturing native emissions in specific wavelength
ranges. This dataset provides rich cellular details and
quantitative information based on cell autofluorescence,
which is a direct indicator of intracellular state and
activities. As well as giving information on the
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abundance of specific native fluorophores, the broad-
spectrum approach contains rich biomarker information
which has been shown to be sensitive to subtle changes
in cellular states, including cell cycle stage [20], reactive
oxygen species [22] and disease state [23].

Methods
hMSC culture

The hMSC lines ND0094, HE18K00DB, ND0142,
NDO0338 and NDO106 were derived from healthy adult
bone marrow aspirates isolated from the posterior iliac
crest of consenting donors aged 18-35 (Royal Adelaide
Hospital Human Ethics Committee protocol number
940911a). Purified hMSC were prepared from bone
marrow mononuclear cells following immunomagnetic
selection for STRO-1 positivity by Mini MACS mag-
netic separation [24], and characterized as described
previously [24]. Approval for use was given by UNSW
low-risk HEC (HC180219). Cell lines were maintained
in a humidified incubator at 37 °C, 5%CO, in x-MEM
with sodium bicarbonate, without L-glutamine, ribonu-
cleosides and deoxyribonucleosides (M4526, Sigma)
supplemented with 10% fetal bovine serum (SH30084,
Hyclone), sodium pyruvate (Sigma, S8636), 2 mM L-
glutamine (Gibco, 25030081), 100 uM L-ascorbic acid
(Sigma, A8960), 50 U/ml penicillin and 50 pg/ml strep-
tomycin (Sigma, P4333). Primary cultures were expand-
ed to passage 1 prior to analysis, making the first obser-
vations at passage 2. Media were changed every 3—
4 days and cells were subcultured at around 80% con-
fluence by washing cells twice with Dulbecco’s phos-
phate buffered saline without calcium or magnesium
(Gibco, 14190), followed by incubation with TryplE
(Gibco, 12604-021)) at 37 °C for up to 5 min with
agitation to assist cell detachment. TryplE was then
inactivated by the addition of serum containing culture
media and removed by centrifugation. Cells were
replated at 3.75 x 10° in 75 cm? culture flasks for con-
tinued growth or 0.5 x 10> cells in 35-mm polymer
coverslip imaging dishes (Ibidi, 81166). Cells were
spectrally imaged 48 h after replating with fresh culture
media. Immediately prior to imaging media was re-
placed with containing spectrally neural Hank’s bal-
anced salt solution (HBSS). Confluency at this
timepoint was approximately 50%. Colony-forming
unit fibroblast (CFU-F) assays were carried out in
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culture media as above, but supplemented with 20%
FBS. Cells were plated in triplicate in 12 well dishes at
400 or 800 cells (balancing colony overgrowth against
the risk of getting no colonies to count) and data are
presented as CFUs per 400 cells.

Spectral microscopy

Spectral microscopy was carried out on an Olympus
IX83 microscope with a NuVu electron multiplying
charge coupling device (EMCCD, hnul024) camera, a
x40 oil objective lens (UAPON340, Olympus) and
LED illumination at 358, 371, 377, 381, 385, 391,
397, 400, 403, 406, 412, 418, 430, 437, 451, 457, 469
and 476 +£5 nm with emission filters at 414, 451, 575,
594 and 675 +20 nm. Methodological details on multi-
spectral microscopy are provided in [25-27] and image
preparation in (i.e. the removal of image artifacts includ-
ing Poisson’s noise, dead and/or saturated pixels, illu-
mination curvature and background fluorescence) [27,
28]. Regions of interest were defined to isolate individ-
ual cells within fields of view, and all analyses and
assessments have been carried out on a per-cell basis.

Autofluorophore unmixing

Linear mixed modelling (LMM) was used to compare
extracted spectral characteristics to the known charac-
teristics of fluorophores and calculate their abundance.
The signal attached to each pixel was assumed to be a
linear combination of a small number of endmember
component spectra with weights corresponding to the
concentration of the fluorophores responsible for these.
Channels were chosen to minimize spectral overlap
between autofluorophores and avoid interference be-
tween complexes (Supp Fig. 1). Relative concentrations
were expressed as abundance fractions [29-31], with the
unsupervised algorithm Robust Dependent Component
Analysis (RoDECA) being used to identify dominant
endogenous fluorophores and their abundance.
RoDECA has been shown to discriminate individual
fluorophores, despite overlapping spectra, in the pres-
ence of image noise [23, 28, 32]. Protein bound
NAD(P)H was distinguished from free NAD(P)H using
the reference spectra of L-Malate Dehydrogenase (Sig-
ma Aldrich #10127248001) bound to NADH (Sigma
Aldrich # 10107735001) in Mops (Sigma Aldrich #
M1254) [33]. The spectral shift between NADH and
protein bound NADH had been observed in the deep

UV region, which is carefully covered during the mul-
tispectral acquisition [33, 34]. The correlation between
reference spectra and the unmixed, RoDECa spectra are
shown in Fig. 1.

Multispectral discrimination modelling

Multispectral modelling was performed using a variety
of quantitative cellular image features including mean
channel intensity, channel intensity ratio [26], colour
distribution [35] and textural features [36]. Full defini-
tions of examined features are in [26, 35, 36]. Candidate
features (ANOVA p <0.005) were projected onto an
optimal two-dimensional space created by discrimina-
tive analysis. This space maximized between-group dis-
tance and minimized within-group variance while re-
ducing the dimensions of the feature vectors to two
canonical variables that were equal to a linear combina-
tion of the selected features [22, 37]. A linear classifier
was applied based on a linear predictor function which
incorporated a set of weights obtained from the training
process [38, 39]. For external validation, this classifier
was developed using four hMSC lines and tested on a
fifth.

Statistics

All statistical processes were carried out in Matlab
(R2017b). Group comparisons were made using the
Mann-Whitney U test which ranks data to compare
between group differences as data did not meet the
assumptions necessary for parametric comparisons (i.e.
normal distribution, equal variance). Data were present-
ed as median values and 95% confidence intervals.
Groups were accepted as being significantly different
at p<0.05.

Results

Five bone marrow hMSC lines were cultured from
passage two to passage ten with multispectral imaging
at each subculture. Cells were categorized as young
(P2—4), middle (P5—7) and late (P8—10) passage. A main
culture was continuously maintained for each line, with
samples collected and platted for imaging at each pas-
sage. The concentrations of specific fluorophores were
identified, and a linear classifier was trained on multi-
spectral data to sort hMSCs into age groupings.
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Fig. 1 a— Correlation between reference spectra and unmixed
RoDECA spectra. Spectral errors are 0.0175, 0.0114 and 0.0124
for NAD(P)H, b-NAD(P)H and flavins respectively. Channel

Cell growth dynamics

Population doublings were consistent across hMSC
lines (Fig. 2a); however, days in culture diverged from
passage 6, with ND0094 growing more slowly and
HE18KO00DB more rapidly (Fig. 2b). All lines produced
fewer colony-forming units (CFUs) at their latest pas-
sages compared with earlier; however, progression to
this point was not smooth (Fig. 2¢). Consistent with
growth speed (Fig. 2b), ND0094 produced fewer CFUs

Fig. 2 Growth characteristics. hMSC lines ND0994, ND0142,
NDO0106, ND0338 and HE18K00DB included. a Population dou-
blings undergone by hMSC lines during culture at the end of each
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excitation and emissions matching channel numbers as well as
example spectral images are shown in supplementary Figure 1

at most passages and was the only line to produce no
CFUs at passage 10, while HE18K00DB produced
more CFUs and retained the highest CFU number.

Fluorophore unmixing
Free NAD(P)H

NADH and NADPH are not spectrally distinct and are
collectively referred to as NAD(P)H. Middle and late

passage. b Total days in culture at the end of each passage. ¢
Colony-forming unit-fibroblasts per 400 cells plated at the end of
each cell passage
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Fig.3 Abundance maps of extracted fluorophores (NAD(P)H, flavins and their ratio) from a young, b medium and ¢ late passage hMSCs.
Scale bar is 20 um. Colour bars are different between images to enable legibility. Cells shown are from ND0142

hMSCs had lower NAD(P)H than young (P2—4), apart
from HE18K00DB where the difference between young
and late cells was not significant (Figs. 3 and 4a). Differ-
ences between middle and late hMSCs were inconsistent
across lines; ND0094 had a continuation of the decline,
HE18KO00DB and NDO0106 had apparent recoveries, and
NDO0142 and ND0338 had similar levels (Fig. 4a).

Flavins

Different flavins are not spectrally distinct, although
FAD is the most utilized form [19]. No significant
differences existed between age groupings for
NDO0094 (Figs. 3 and 4b), while HE18K00DB and
NDO0142 had elevations for middle relative to young or
late h(MSCs. This pattern was not repeated for ND0338,

which had no difference in flavins between young and
middle hMSCs, despite a reduction between middle and
late hMSCs, or ND0106 where there was no difference
between young and middle but an elevation in late hMSCs.
Overall, there was no pattern of change with ageing.

Optical redox ratio

The redox ratio (NAD(P)H/Flavins) was generally
higher in young hMSCs compared with middle or late
hMSCs (Figs. 3 and 4c)—abundance maps are shown in
Fig.4. HE18K00DB was an exception with the differ-
ence between young and late hMSCs not being signif-
icant, although the difference between young and mid-
dle persisted. Most lines did not have significant differ-
ences between middle and late hMSCs (ND0094,
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Fig. 4 Unmixed autofluorophore spectral signals. hMSC lines
ND0094, HE18K00DB, ND0142, ND0338 and ND0106 includ-
ed. Young cells are passages 2—4, middle cells are passages 5—7
and late cells are passages 8—10. Data are median and confidence
interval, N>71 in all groups. Asterisk symbol indicates p < 0.05.
(a) Free NAD(P)H spectral signals, (b) flavin spectral signals, (c)

NDO0338, ND0106) although HE18K00ODB and
NDO0142 had increases in late hMSCs.

Protein-bound NAD(P)H

The pattern of change in protein-bound NAD(P)H
was less consistent than free NAD(P)H but, ex-
cluding ND0094, generally showed reduced levels
in middle and late hMSCs compared with young
(Figs. 3 and 4d). Most hMSC lines (HE18K00DB,
NDO0142, NDO0338) had increased protein-bound
NAD(P)H between middle and late hMSCs. For
NDO0106, there was a significant decrease (Fig.4d).
Overall, no consistent trends existed for changes in
the ratio of protein-bound NAD(P)H to free
NAD(P)H (Fig. 4e).

Multispectral categorization

Despite patterns in spectral intensities changing
with increasing age, trends were variable with
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the ratio of NAD(P)H spectral signal to flavin, (d) protein-bound
NAD(P)H spectral signal, (e) the ratio of protein-bound NAD(P)H
spectral signal to free NAD(P)H spectral signal, (f) example spec-
tral image at excitation 358 nm, emission 451 nm from passage 10
NDO0142 cells and corresponding DIC image

heterogeneity between lines. As such, we used the
full multispectral data to train a linear classifier
(using data from four cell lines) to classify hMSC
in vitro, then tested it on the fifth (ND0142).
Strong differentiation was achieved between young
and middle as well as young and late hMSCs
(Fig. 5a, b, d), although middle and late had more
overlap. This effect was quantified by intersection
over union (IoU) analysis where the overlap for
young and middle hMSCs was 1.9%, young and
late was 0.5% and middle and late was 24.7%. The
distribution for different hMSC lines (Fig. 5c)
showed no bias.

These finding suggests that the main shift in hMSC
characteristics occurred early in their replicative
lifespans, with subtler changes later. Correct classifica-
tion was achieved for 91% of hMSCs (Table 1). Young
hMSCs were almost exclusively miscategorized as mid-
dle over late, with the inverse being true for late hMSCs
(Table 2). Twenty features from twenty-one channels
were included in the model (Supp Fig. 2).
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Fig. 5 Modelling of multispectral data. Categorization of hMSCs
into age groups: young (passages 2—4), middle (passages 5-7) and
late (passages 8—10). Each point represents a cell. a Results for the
training data from hMSC cell lines projected onto a 2-dimensional
plane, ellipsis constrain 1 standard deviation around the mean
profile. b Results for the testing cell line. ¢ Results for all five cell

Discussion

As MSCs age, growth and capacity to differentiate
become restricted [18]. This has been considered to be
a consequence of spontaneous differentiation causing a
loss of “stemness”. Prior analysis of directed MSC
differentiation found a shift to greater NAD(P)H relative
to FAD [40, 41]—the opposite of the pattern observed
with increasing age. Meleshina [40] found that changes
in FAD made the main contribution to the shift; how-
ever, with ageing, we found that the flavin signal was

Table 1 Predictive accuracy

Accuracy (%) Sensitivity (%) Specificity (%)
Young 93 88 98
Middle 87 83 91
Late 94 97 91
Overall 91 89 93

lines distinguished by different colours demonstrating no
clumping or bias for different lines. d ROC curve analysis for
the different age categories from the testing data set for the overall
accuracy of categorization for each age group as well as the
categorization of each age group from each other age group

comparatively stable with change driven by decreasing
NAD(P)H. A decrease in NAD(P)H relative to FAD
during early osteogenic differentiation has been reported
[40]; however, Quinn [41] showed that MSCs induced
towards adipogenesis had a stable ratio of NAD(P)H to
FAD during the initial stages of differentiation, followed
by later increases. As MSC ageing is associated with
adipogenic differentiation [14-16, 18], spontaneous dif-
ferentiation should mirror this.

During oxidative phosphorylation, NADH is con-
verted to NAD* while FAD is generated from non-

Table 2 Age classifications

Predicted
Young Middle Old
True Young 88% 12% 0%
Middle 5% 74% 21%
Old 0% 3% 97%
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fluorescent FADH,. The relative concentration of
NAD(P)H and flavins therefore tends to be reported as
ameasure of the cell’s utilization of oxidative phosphor-
ylation relative to glycolysis [40]. Decreasing NAD(P)H
relative to flavins (Fig. 3¢) could therefore be interpreted
as a shift towards oxidative phosphorylation. However,
the ratio of bound to free NAD(P)H is also an indicator
of cell metabolism [42]. As only free NADH is utilized
by the complex I enzymes of the mitochondrial electron
transport chain during oxidative phosphorylation, a met-
abolic shift towards this process is associated with in-
creased bound to free NAD(P)H [43]. In our study, only
one cell line, ND0094, showed this pattern (Fig. 3e),
suggesting that the decrease in NAD(P)H relative to
flavins is not due to increased oxidative phosphoryla-
tion. Also opposing this hypothesis is that increased
oxidative phosphorylation would generate NAD™, but
this metabolite decreases with age [44]. Along with the
relatively stable flavin levels (which oxidative phos-
phorylation would increase), this leads to the conclusion
that the reduction in the NAD(P)H spectral signal in late
passage hMSCs is most likely the result of depletion of
nicotinamide adenine dinucleotide rather than changes
in redox balance. An in vivo study of the redox balance
ofhealing epidermal injuries in mice showed an increase
in FAD/(NADH+FAD) in aged mice—supporting our
observation of a reduced NAD(P)H to FAD in a system
related to regeneration [45]. Another study which ex-
amined the effect of age on the NAD(P)H to Flavin ratio
in ageing mouse muscles was not sufficiently powered
to detect significant differences, but observed changes
suggestive of declining Flavin and NAD(P)H levels
maintaining a stable ratio [46].

Our multispectral model accurately categorized the
in vitro age of a hMSC line whose spectral data was not
used in its development (Fig. 4b). Misclassifications
presented almost exclusively as cells being predicted
to belong to adjacent age groupings. As not all cells in
culture will divide in step, a system that accurately
detected biological age would show some discrepancies
with chronologically categorized age. A limitation of the
study is that the differences observed in the intensity of
the unmixed fluorophores could be the consequence of
an emergent subpopulation (e.g. senescent cells) rather
than reflective of general changes in ageing cells. A
further potential limitation is that artifacts of in vitro
culture such as exposure the atmospheric oxygen and
repeated trypsinization may have influenced the results
observed.
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Conclusion

Most hMSC lines isolated for clinical use would be
taken from older individuals, particularly those with
chronic diseases, and are likely to have high variation
in capacity for expansion before their contribution to
autologous transplantation is compromised. The ability
to prospectively determine the biological age of hMSC
lines—and their consequent remaining replicative
lifespans—will enable the optimization of expansion
on a personalized level and could improve cellular
therapies.
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