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BMP2 repression and optimized culture
conditions promote human bone
marrow-derived mesenchymal stem cell
isolation

Aim: Human mesenchymal stem cells (hMSC) are multipotent progenitor cells. We
propose the optimization of hMSC isolation and recovery using the application of a
controlled hypoxic environment. Materials & Methods: We evaluated oxygen, glucose
and serum in the recovery of hMSC from bone marrow (BMhMSC). Colony forming
units-fibroblastic, cell numbers, tri-lineage differentiation, immunofluorescence and
microarray were used to confirm and characterize BMhMSC. Results: In an optimized
(2% O,, 4.5 g/l glucose and 5% serum) environment both colony forming units-
fibroblastic (p = 0.01) and cell numbers (p = 0.0001) were enhanced over standard
conditions. Transcriptional analysis identified differential expression of bone
morphogenetic protein 2 (BMP2) and, putatively, chemokine (C-X-C motif) receptor
2 (CXCR2) signaling pathways. Conclusion: We have detailed a potential milestone in

the process of refinement of the BMhMSC isolation process.
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Human mesenchymal stem cells (hMSC)
are multipotent progenitor cells that can
be isolated from multiple tissues including,
among others, bone marrow and adipose tis-
sues. MSC were first identified and described
over half a century ago and their differen-
tiation capacity and immunophenotype have
since undergone rigorous examination [1.2].
hMSC have a generally accepted inherent
mesodermal differentiation capacity and the
potential for neuronal lineage generation.
Immunophenotyping has produced a broad
panel of positive and negative markers which
characterize a cell as a mesenchymal stem
cell, although practicalities (e.g., cell num-
bers, antibody availability) limit the num-
ber of markers which are routinely used for
evaluation [3].

The wealth of experience surrounding
hMSC from bone marrow (BMhMSC)
culture and characterization has unsurpris-
ingly led to the emergence of a broad range
of clinical trial applications [4], including
myocardial infarction, osteoarthritis, graft

versus host disease, stroke, liver cirrhosis and
both Type I and Type II diabetes [s]. Trial
outcomes have been promising, although the
mechanisms of action are unclear, and are
accompanied by poor rates of post-transplant
cell survival [6].

The terms physiological
reduced oxygen and hypoxia have been

normoxia,

applied in studies to describe the culture
atmosphere in investigations of the culture
of cells in oxygen tensions lower than atmo-
spheric levels, in other words, less than 21%
O, 17-91. The broad aim of these studies is
to either recreate the niche-like conditions
found in normal tissue compartments or
those encountered in diseased tissue states
such as tumor growth. The application of
reduced oxygen tensions to stem cell research
has produced descriptions of stem cell types
including embryonic, hematopoietic, neuro-
nal and hMSC [7-8,10-15]. Enhanced clonoge-
nicity, reduced spontaneous differentiation,
minimized epigenetic shift, transcriptional
alterations, improved chromosomal stability
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and increased numbers of differentiation target cells
are consistently associated with culture of stem cells in
reduced oxygen tensions (2-5% O,) in comparison to
an ambient air (20% O,) setting [6,11,13,15-20].

Physiological normoxia within bone marrow is
within the range of 2-8% O, where niches which sup-
port stem cell populations are hypothesized to occupy
the lower end of the scale [21]. Routine isolation, culture,
characterization and differentiation of hMSC have tra-
ditionally been performed under 20% O, conditions
consistent with standard cell culture practice. More
recently, several studies have described the application
of physiological normoxia in these procedures. How-
ever, taken in cross-section, findings are inconsistent,
frequently contradictory and no consensus outcome is
reported [6,22-34].

Similarly, serum concentrations ranging from
5 to 20% serum have all been applied to h(MSC isola-
tion [6,11,22-24,26-30,35-38]. In addition to these, a num-
ber of studies have described the evaluation of serum-
free approaches to the isolation of hMSC from bone
marrow where control serum values ranging from
10 to 15% were employed [39-42]. In these studies it is
not possible to ascertain the role, if any, of a reduced
serum concentration versus serum-free counterparts in
hMSC isolation. Identification of optimal serum con-
centrations for the isolation of BMhMSC would sim-
plify and enable direct cross-comparison to take place
in the absence of distinct variables.

An additional variable which has received some
interest in evaluation of effects on hMSC biology
and isolation is glucose. Cell culture media utilized in
the isolation of hMSC from bone marrow is typically
either 1 or 4.5 g/l glucose. Reports have indicated that
hMSC display metabolic flexibility such that variations
in glucose levels can alter pathway preference from oxi-
dative phosphorylation to aerobic glycolysis, reversibly,
depending on the prevailing environmental conditions
[43-45]. Moreover it is also apparent that MSC require
glucose to survive in ischemic environments but not
in chronically low oxygen environments, reinforc-
ing the previously described importance of metabolic
flexibility in these cells [46].

Procedural differences in hMSC isolation through
minimal alterations of oxygen level, base media, serum
and substrate choice may all contribute to this vari-
ance in outcome but at levels which are currently
unknown. We sought to clarify the impact of a subset
of culture milieu factors; namely oxygen (0.2, 2 and
20% O,); base media with variable glucose levels
(1.0 and 4.5 g/1), due to its reported role in reduced
oxygen environments; and serum (5 and 10% fetal
bovine serum [FBS]), in the isolation of BMhMSC
and identify mechanistic components, if appropriate.

Here we have demonstrated that 2% O,, 4.5 g/l glu-
cose and 5% FBS was optimal versus other tested con-
ditions in the isolation of BMhMSC. A 50% reduction
of standard serum supplementation was also associated
with a substantially enhanced frequency of BMhMSC
isolation, whereas glucose levels played little role. We
have further demonstrated that increasing the level of
engineered oxygen control applied to the recovery of
BMhMSC has a direct, positive, impact on the fre-
quency of isolation. The reduction of re-oxygenation
opportunities was associated with increased colony
forming unit — fibroblastic (CFU-F) and BMhMSC
cell number isolation in a 2% O, environment. Immu-
nophenotypic and differentiation analysis confirmed
that isolated cells were BMhMSC in all conditions
tested. Transcriptional analysis identified differential
expression in optimized versus nonoptimized isolation
conditions where 83 transcripts displayed consistent
differential expression associated with modulation of
bone morphogenetic protein 2 (BMP2) and, putatively,
chemokine (C-X-C motif) receptor 2 (CXCR2) signal-
ing pathways. BMP2 supplementation was refractory
to BMhMSC isolation in optimal conditions. Taken
together these results indicate that an optimized cul-
ture media coupled to engineered oxygen control
measures, such as workstations, enhance BMhMSC
isolation putatively through downregulation of BMP2
signaling pathways.

Materials & method

BMhMSC isolation & culture methodology
BMhMSC were isolated from commercially sourced
donor bone marrow aspirate retrieved from the iliac
crest of 11 donors aged between 18 and 45 (Lonza, MD,
USA). Bone marrow aspirates were transported under
controlled temperature conditions (20°C) and supple-
mented with heparin to prevent coagulation. Aspirates
were accompanied by mononuclear cell counts and
were gently agitated to resuspend all cells prior to seed-
ing. Seeding was performed within 48 h of aspiration
where previous findings detail 80-90% mononucle-
ated cell (MNC) viability [477. BMhMSC isolation
and expansion was performed using a modification of
a previously described protocol which does not incor-
porate a separate MNC isolation step, for instance,
density centrifugation [11,48]. Briefly, whole bone mar-
row was seeded at a density of 10° MNC/cm? on a
minimum of six 10 ng/ml fibronectin-coated flasks per
donor per condition; three flasks were Giemsa stained
for CFU-F quantification and three flasks were used
to determine final cell counts and for RNA isolation.
Additional flasks were seeded for use in differentiation
assays or immunofluorescence. MNC were seeded into
either high-glucose Dulbecco’s-Modified Eagles Media
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(4.5 g/l, G,) or low-glucose Dulbecco’s-Modified
Eagles Media (1.0 g/l, G,). Media was supplemented
with either 10% (S,;,) or 5% (S,) batch-tested FBS
(Lonza), 100 U/ml penicillin, 100 U/ml streptomycin,
1% NEAA and 1% L-Glutamine (all Lonza, UK).
Penicillin was included initially to counteract the
inherent infection risk associated with the culture of
primary materials. Media was passively deoxygen-
ated in hypoxic conditions post cell seeding to bypass
inconsistencies associated with preincubation of media
in hypoxic conditions. After 7 days half of the culture
medium was replaced with fresh antibiotic-free media;
after 14 days media was replaced completely again
without the inclusion of antibiotic. At day 21, the flasks
were washed and fixed with 10% Neutral Buffered For-
malin for CFU-F Giemsa stain-based quantification,
or harvested for cell counting and RNA isolation. Day
21 cells were classified as passage 0 (P0). Giemsa stain-
ing was performed as described elsewhere [47). CFU-F
numbers were determined microscopically where
Giemsa stained clusters of greater than 16 cells were
positively scored [49]. For immunofluorescence charac-
terization fresh bone marrow aspirate was seeded into
24-well plates at the seeding density indicated above.
BMhMSCs were recovered over 21 days and then
washed and fixed, as PO, and as described below. For
differentiation potential determination BMhMSC
were again isolated as described above and then stimu-
lated as described below. Cells were not passaged for
initial characterization experiments and are therefore
classified as P0. BMhMSC recovery was performed in
either humidified incubators or hermetic workstations
set at 37°C, 7% CO, and varying O, concentrations:
either 20% O, (standard incubator), 2% O, (single-use
incubator, multiuser incubator, workstation [RS Bio-
tech, UK and Ruskinn, UK], flushbox [15]) and
0.2% O, (flushbox). Reductions in O, were achieved
by either controlled N, purging of standard tri-gas
incubators (RS Biotech, Irvine, UK) using a N, genera-
tor (Peak Scientific, UK) or by purging flushboxes with
premixed gas. For exogenous BMP2 supplementation
50 ng/ml BMP-2 (Gibco/Life Technologies, Paisley,
UK) was added over the duration of CFU-F recovery,
as described above. Cell counts were performed with
a hemocytometer where trypan blue exclusion was
included as a measure of viability.

Immunofluorescence

Fresh bone marrow was seeded into 24-well plates, as
described above, and PO BMhMSCs recovered over a
21-day period. Cells were fixed with 4% paraformal-
dehyde, blocked with 3% BSA (bovine serum albu-
min) and incubated overnight at 4°C with anti-CD44,
anti-CD90, anti-CD146, anti-CD14, anti-CD19 and

anti-STRO-1 primary antibodies (Human MSC Char-
acterization Kit. Cat. No. SCR067, Millipore, Watford,
UK). Secondary antibody incubation was at room
temperature for 2 h before washing and mounting in
Dapi-Vectashield Secondary antibodies anti-mouse
IgG-NL557 (CD44, CD90, CD146, CD144, CD19)
and antimouse IgM-NL493 (STRO-1). Representative
images are presented for all of the above CD markers.
For quantitative analysis, STRO-1 positive BMhMSCs
were counted per field at 20 x magnification. Three fields
were counted from each well of a triplicate experiment
on PO and passage 1 (P1) BMhMSCs. In this instance
BMhMSC were passaged at Day 21 by first washing
with PBS followed by exposure to Trypsin/EDTA until
cells detached. After enzymatic quenching with excess
medium BMhMSC were centrifuged at 1000 rpm for
2 min and then seeded at 1:2 passage ratios. Reseeded
cells were classed as P1 and were fixed, described above,
after a further 14 days in culture.

Differentiation

Differentiation assays were performed as described else-
where [17]. In brief, BMhMSC were isolated as described
above and after 21 days media was replaced with either
osteogenic, adipogenic or chondrogenic medium and
cells maintained for a further 21 days before being fixed
and characterized by histological staining. To detect
osteogenesis, fixed cells were immersed in 1% Alizarin
Red solution for 5 min followed by washes in distilled
water until effluent was clear. To detect chondrogenesis,
fixed cells were stained overnight in 0.1% Alcian Blue
solution at pH 1.5 followed by rinses in distilled water to
remove excess stain. Adipogenesis was detected by first
rinsing fixed cells in 60% isopropyl alcohol before stain-
ingwith a0.18% Oil Red O/60% isopropyl alcohol solu-
tion for 5 min. Samples were washed in tap water until
clear. Differentiation was detected microscopically and
images captured where positive staining had occurred.
For chondrogenesis, a micromass approach was adopted
according to the manufacturer’s instructions (StemPro
Chondrogenesis Differentiation Kit [Invitrogen, Pais-
ley, UK]). Differentiated cell image capture was per-
formed with either a 10x (osteogenesis) or 40x objective
(chondrogenesis and adipogenesis) on an Eclipse TS100
(Nikon) with an EOS 400D (Canon). Immunofluores-
cence images were captured with a 20x objective on an
Eclipse Ti-S (Nikon) inverted microscope system with
a DS-Fil (Nikon) high-definition color camera head
using appropriate filter sets.

Microarray analysis

RNA was extracted from day 21, PO, harvested
BMhMSC cell pellets archived from a single donor
recovered in G,,S O (x4 individual cell pellets),
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G,S,0,,, (x4 individual cell pellets) and G;S O, ,, (x4
individual cell pellets) with lysis, homogenization and
extraction performed according to manufacturer’s guide-
lines (QIAShredder; RNeasy [Qiagen, Manchester,
UK]). While clear advantages exist to performing micro-
array-based analysis across multiple donors, the selection
of a single donor approach for candidate identification
followed by multiple donors for verification purposes
allowed similar stringency levels to be applied. RNA was
first rRNA reduced followed by first and second strand
cDNA synthesis and transcription. cRNA was subse-
quently cleaned, transcribed into cDNA, cleaned again,
fragmented, labeled and hybridized overnight onto Exon
1.0ST arrays before washing, staining and scanning. All
procedures were performed according to manufacturer’s
guidelines (Affymetrix). Hybridization, washing and
scanning were performed using a GeneChip Hybridisa-
tion Oven 640, GeneChip Fluidics Station 450, and 7G
GeneChip Scanner 3000 (Affymetrix).

Quantitative RT-PCR was performed against a dis-
crete selection of genes which displayed differential
expression in response to varying O, conditions to
provide secondary, independent, verification of array
data. qRT-PCR was performed using triplicate inde-
pendent RNA isolates from hMSC isolated from three
independent donors. Primer sequences and candidate
gene were; CXCLI (5'"-TCACCCCAAGAACATCC-3’
[Forward], 5- GCTGAACAGTGACAAATCC -3’
[Reverse]); PTGIS (5"-TGTCTTCCACACCTTTCG
-3' [Forward], 5- GGAGATGGGTGTGTCAGA-3'
[Reverse]); and ACAN (5- TCTGAGGGTCAT-
CACTGC-3' [Forward], 5- CTTCTCCTTGGA-
CACACG-3' [Reverse]). Expression was normalized
against GAPDH (5'- GACTTCAACAGCGACACC-3’
[Forward], 5- GCAAGAGCACAAGAGGAA-3'
[Reverse]). Genes were randomly selected for inclu-
sion in this analysis from the 80-gene BMhMSC core
transcriptional footprint.

Bioinformatics analysis

Cell intensity (CEL) files were subsequently exported
from the Affymetrix Workstation and imported into
DChip (2008 build) for quality control and normal-
ized using median probe intensity as baseline array.
Exon level expression data were first generated and
then exported as U133 Plus 2.0 data using the sup-
plied mapping file. Data sample groupings were then
established, values sorted according to expression and
selected based on fold changes of >2 and statistical
significance, p < 0.05. Ontological and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway
analysis was performed on the DAVID Bioinformatics
Resource using appropriately selected identifiers and
background formats [s0.51].

Statistical analysis

Statistical analysis was performed using Minitab 15.0
(Coventry, UK), Graphpad Prism 4 (La Jolla, CA,
USA) and Origin 8.1 (Northampton, MA, USA) with
further analysis performed in Microsoft Excel Spread-
sheets application. A Paired Student’s #-test was used in
comparative evaluation of CFU-F and BMhMSC cell
yields with p < 0.05 considered significant. Microar-
ray data was analyzed using dChip software with the
DAVID bioinformatics resource and a Paired Student’s
t-test used to identify statistically significant variations
in gene expression.

Results

Reports describing the efficacy of isolation of hMSC
from bone marrow aspirates vary in the application
of reduced oxygen, serum concentration and glucose
level. To establish a background methodology for the
recovery of BMhMSC we tested a matrix of glucose
(G); High (G,), 4.5 g/l and Low (G,), 1 g/l, serum (S);
High (S,) 10% and Low (S,), 5% and oxygen (O);
20% O, (0,,,), 2% O, (O,,), and 0.2% O, (O, ).
Determination of the optimal matrix point, as defined
by the greatest number of CFU-F, was made by seeding
bone marrow aspirate into each grouping in triplicate
from each of three independent donors. CO,/N, incu-
bators remained unopened except when media changes
were required during the CFU-F recovery process
unless otherwise indicated.

Quantification of CFU-F showed that cultivation
and expansion under standard conditions (G,S,O,,,.)
yielded a mean of 28.6 CFU-F/75 cm?, while opti-
mal CFU-F recovery was observed in G;S,O,, and

G,S,0,, (48.3 CFU-F/75 cm® and 49.3 CEU-F/75
cm? respectively) (Figure 1A). Mean values were calcu-
lated from triplicate samples for each donor; mean values
from each donor were then pooled to generate an overall
mean as presented in Figure 1. Widespread variance was
observed between the three initial donors (p < 0.0001)
resulting in noticeable differences in CFU-F recovery
which did not achieve significance levels. The prolifera-
tive potential of BMhMSC recovered at differing matrix
points was broadly reflective of initial CFU-F yield
with minor exceptions (e.g., G S O,,,, G S O,, and
G,S,0,,,, underwent rapid replicative exhaustion [data
not shown]). We next tested bone marrow aspirate from
afurther six independent donors seeded into G,;S, O, .,
G,S,0,,, and G,S O,, representing standard, inter-
mediary (where serum was the solitary component
altered), and optimal recovery conditions, respectively,
in triplicate. Increasing sample numbers again pro-
duced an increase in variability, with G,;S,O,, on
this occasion yielding a greater number of CFU-F than

G.S O, , (55.25 CFU-F/75 cm2 vs 33 CFU-F/75 cm?)

H™L 7 20%
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Figure 1. Physiological normoxia and serum synergistically promote human mesenchymal stem cells from bone
marrow isolation. (A) Bone marrow aspirate was seeded across a matrix of conditions including high (4.5 g/I) and
low (1.0 g/l) glucose media (G,, and G)), high (10%) and low (5%) serum (S, and S)), and physiological hyperoxia

(20% 0,), normoxia (2% O,) and hypoxic (0.2% O,) culture atmosphere oxygen concentrations (O
). Optlmal human mesenchymal stem cells from bone marrow recovery was associated with G S and S O,

OZ/
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20%" T 2%’

combinations where G S O,, and G,S,O,, supported maximum human mesenchymal stem cells from bone marrow

HTL™ 2% L7L 2%

CFU-F yields (n = 3 independent donors in triplicate). G S

_ did not promote subsequent human mesenchymal stem

cells from bone marrow expansion. (B), (C) and (D) describes increased CFU-F per T75 flask, human mesenchymal
stem cells from bone marrow per T75 flask and human mesenchymal stem cells from bone marrow (10%) per MNC
(10°) seeded, respectively, for G.S O,, versus G S O, and G S O, . (n=6independent donors in triplicate).

HTL™ 2% HTL™21%

Error bars indicate standard error. *p < 0.05 versus G5 O

2%"

HH 21%

**p =0.001 versus G, S, O,,,.

CFU-F: Colony Forming Unit - Fibroblastic; hMSC: Human mesenchymal stem cells; MNC: Mononuclear cell.

though G, ;S O,, remained optimal (80.9 CFU-F/75
cm?, p = 0.001 vs G5, 0, ,/G,S O, (Figure 1B).
However, irrespective of CFU-F frequency, BMhMSC
recovery per flask, expressed as either per T75 flask
or per 10° MNC seeded, followed a clear hierarchy
of G,S 0,, >G50, >G.S,0,, (Figure 1C &D,

2% 20% H 7 20%
p<0.05vs G,S 200//G S, 20%).

We next sought to estabhsh whether variations in
the degree of hermetic (airtight) control had any direct
consequence on BMhMSC yield. We seeded MNC
from a single donor into flasks contained in either: a
single-use, unopened, CO,/N, incubator; a multiuser,

CO,/N, incubator; a CO,/N, workstation; a multiuser

CO,/N, incubator with media changes in a CO,/N,
workstation; a predetermined CO,/N, gas concentra-
tion flushbox system [16]; and a multiuser CO, incu-
bator (Figure 2A). A single donor was selected at this
point due to the statistical strength associated with
the use of G,S O,,

and nature of ambient oxygen exposure events are

(Figure 1B-D). The frequency

detailed in Table 1. Statistical evaluation was per-
formed with a Paired Student’s #-test versus 20% O,
in all instances. All media changes were performed in
a standard Class II Biological Safety Cabinet unless
otherwise stated. Surprisingly, the multiuser, CO,/N,
incubator (125.3 CFU-F/T75 cm?) and the multiuser
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Figure 2. Repeated air oxygen exposure is refractory to human mesenchymal stem cell recovery. Bone marrow
aspirate was seeded into flasks containing G S, O,, across a number of systems in common use for control of

HTL™ 2%

cell culture O, levels. (A) Human mesenchymal stem cells from bone marrow were recovered in either standard
incubator (20% O,) (black bar), flushbox (2% O,) (horizontal striped bar), single user tri-gas incubator (2% O,)
(open bar), multiuser tri-gas incubator (2% O,) (gray bar), workstation (2% O,) (vertical striped bar) and multiuser
tri-gas incubator with workstation for handling (2% O,) (vertical striped gray bar). CO, was maintained at 7% in
all instances with N, to balance and temperature constant at 37°C. Unless otherwise stated all culture handling
was performed rapidly in a standard biological safety cabinet. (B&C) describe human mesenchymal stem cells from
bone marrow recovered per mononucleated cell seeded and human mesenchymal stem cells from bone marrow
recovered per T75 flask where enhanced isolation was observed in 2% O, workstation versus 2% O, single user
tri-gas incubator versus 20% O, standard incubator (n = 3).

Error bars indicate standard of error. *p = 0.01, **p = 0.001, ***p = 0.0001.

CFU-F: Colony forming unit - fibroblastic; hMSC: Human mesenchymal stem cell.

CO,/N, incubator with media changes in a CO,/N,
workstation (126 CFU-F/T75 ¢cm?) were comparable
to the multiuser CO, incubator (133 CFU-F/T75 cm?)
in terms of BMhMSC CFU-F yield (p = 0.53 and
p = 0.47, respectively, vs 20% O,). As indicated in
Table 1 this suggests that frequent ambient oxygen
exposure events caused by incubator door opening
during the recovery period can result in reductions
in CFU-F yield. The optimal environmental control

apparatus when used in combination with G_S, was
cither the single-user, unopened, CO,/N, incubator
(178.3 CFU-E/T75 cm?, p = 0.001 vs 20% O,) or the
CO,/N, workstation (172.6 CFU-F/T75 cm?, p = 0.01
vs 20% O,). The flushbox system yield was compa-
rable to the above (149 CFU-F/T75 cm?, p = 0.063)
but due to the inherent space constraints on the sys-
tem and the susceptibility to mold contamination
the system was not included in further analysis. The
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Table 1. Cell culture systems and air exposure events.

events (per week)

Nature and Incubation Incubator
duration of air

exposure events

Total time of air 3 weeks 10-15 min
exposure over

recovery period (~)

(constant), media door openings (5 min) (5 min)
changes (5 min)  (~10s), media
changes (5 min)

Media changes Media changes None

10 min 10 min None

Human mesenchymal stem cells were cultured in a range of incubators with and without oxygen concentration control. Air exposure events relate to incubator
openings (CO, and multiuser) and media changes in biological safety cabinets (CO,, multiuser, flushbox, single use).

Incubator door
openings (~10 s)

5-10 min

CO, incubator Multiuser, CO,/ CO,/N, Single-use, CO,/N, Multiuser
N, incubator flushbox CO,/N, workstation  CO,/N, incubator
system incubator and CO,/N,
workstation
CO, (%) 7% 7% 7% 7% 7% 7%
0, (%) 20% 2% 2%/0.2% 2% 2% 2%
Air exposure All 1 2 1 0 1

yields of BMhMSC CFU-F were comparable between
the two optimal systems tested. The CO,/N, work-
station (2% O,WS) yielded a substantially greater
number of BMhMSC per 10° MNC than the single-
user, unopened, CO,/N, incubator (2% O,) (9 x 10*
vs 5.83 x 10 respectively) (p = 0.0001 and p = 0.01,
respectively, vs 20% O,) (Figure 2B). This translates to
a cell yield in a CO2/N2 workstation of 6.8 x 10> per
T75 flask (Figure 2C). In all subsequent experiments,
BMhMSC isolated in single-user, unopened, CO,/N,
incubator (2% O,) are referred to as G,;S, O,,, whereas
BMhMSC isolated in the CO,/N, workstation (2%
O,WS) are referred to as G,;S, O, .-
primary difference between the two optimal systems
(GHSLOZ% and GHSLOZ%\X/S

of air exposure during media changes, which were

In real terms the
) was approximately 10 min

performed in a biological safety cabinet, to G O,,,
emphasizing the importance of continuous oxygen
control during the recovery of BMhMSC.

Functional characterization of hMSC requires
evidence of immunophenotype and differentiation
capacity [2]. As anticipated adipogenic, osteogenic and
chondrogenic differentiation capacity were evident
in BMhMSC irrespective of isolation environment
(Figure 3A). The efficiency of differentiation appeared
altered but was not quantified; adipogenesis and osteo-
genesis levels were reduced whereas chondrogenesis
L, Versus G.S O, . Adipo-
genic and osteogenic differentiation levels of G,;S, O

was enhanced in G S, O
29
recovered BMhMSC were restored by switching into
20% O, for the duration of the differentiation time
course. Immunophenotypic characterization demon-
strated that, irrespective of the isolation environment,
BMhMSC displayed strong expression of STRO-I,

CD44, CD90 and CD146 and absent or limited
expression of CD14 and CD19 (Figure 3B). STRO-1
expression was significantly higher in G,;§ O,, than
inG,S,0,,, atP0 (95% G, S,O,, vs 79% G.,S, O,
p < 0.001) but expression levels rapidly dropped in all
conditions with subsequent passage and culture (P1)
(Figure 3C & D). These characterizations confirm that
cells isolated under G,;S,O,, are BMhMSC in both
2% O, and 2% O,WS.

Global transcriptome analysis provides a power-
ful interrogational tool for the rapid identification of
transcript alterations and representative pathway bias
in biological samples [8,19.52-54]. The frequencies of
BMhMSC CFU-F isolation were similar in 2% O, and
2% O,WS which led us to hypothesize that a core set
of transcripts would be differentially expressed in com-
parison to G,;S,/O, . To test this hypothesis we iso-
lated BMhMSC from a single bone marrow donor in
either G,;S,0,, v G,;S,0,, or G,S O,

in quadruplicate flasks. A single donor was selected for

conditions,

candidate gene identification with additional donors
included for the later candidate verification (QRT-PCR)
and mechanistic determination. RNA was isolated
from each independent replicate flask and maintained
as a unique experimental replicate throughout process-
ing steps and hybridized to individual Exon 1.0ST
array chips. We identified 71 and 68 downregulated
probe sets in G,;S,O,, and G,S O,, ., respectively
versus G;S, /O, . which correlated to 61 unique genes
in each while 16 were held in common (Figure 4A, Sup-
plementary Tables 1 & 2, Supplementary Dataset 1; see
online at: www.futuremedicine.com/doi/full/10.2217/
RME.14.67). We next identified 226 and 232
upregulated probesets in G,.S O,, and G,S O

2%WS?
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Figure 3. Multipotentiality and immunophenotypic retention of human mesenchymal stem cell isolated in
optimized conditions. (A) Osteo, chondro and adipo differentiation in G,S,0O,,,, isolated hMSC versus G,S O,,,

and G, S O,, . isolated hMSCs from bone marrow display broad multipotential differentiation retention with

anticipated inhibition and enhancement as reported previously. Reductions in adipo and osteo differentiation

are recovered by switching hMSCs from bone marrow back into 20% for differentiation (G S O,, ., and

G SO ). (B) Immunophenotypes of hMSCs from bone marrow isolated in either G_S,0 G,S 0O

HTL™ 2%WS—20% H™20%" L™2%

or G.5,0,,.,s are broadly similar. Individual CD markers tested are indicated on the left-hand side of panels.

(C&D) Sub-population of STRO-1 expressing hMSCs from bone marrows in passage 0 and passage 1 cells detected
by (C) fluorescent immunocytochemistry and (D) quantified (n = 3). Nuclei are counterstained with 4’,6-diamidino-
2-phenylindole (DAPI) . Scale bar indicates 100 um throughout.

*p < 0.05 versus G,;S,0,.,; **p < 0.01 versus G, S, O, (Passage 0 or Passage 1).

Adipo: Adipogenic; Chondro: Chondrogenic; hMSC: Human mesenchymal stem cell; Osteo: Osteogenic.
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Figure 4. Transcriptome analysis identifies differentially expressed genes in G,S,0,,. versus G,S O,, isolated

human mesenchymal stem cells from bone marrow. Human mesenchymal stem cells from bone marrow were

lysed after 3 weeks recovery, RNA extracted and analysed using Exon1.0ST arrays before being exported as U133
Plus2.0 data. (A) G,S O,, isolated human mesenchymal stem cells from bone marrow displayed downregulation

of 61 genes in comparison to G,S,0,,, where 16 were held in common between 2% O, workstation and single-
use 2% O, incubator. Upregulation of 145 and 156 genes were noted in G S O,, and G,_S O,, . isolated human
mesenchymal stem cells from bone marrow versus G, S,0,,. 45,0,
G, S0, isolated human mesenchymal stem cells isolated human mesenchymal stem cells from bone marrow
displayed distinct differential gene expression when directly compared with no apparent overlap. (B) QRT-PCR
provided confirmation of differential expression of CXCL1, PTGIS and ACAN.

Error bars indicate standard error; *p <0.005 versus G, 5,0, ,.
See also Supplementary Tables 1-4 and Supplementary Dataset 1.
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respectively versus GS, O, which correlated to

145 (G,S,0,,) and 156 (G,S O,, ) unique genes
in each where 67 were held in common (Figure 4A,
Supplementary Tables 3 & 4, Supplementary Dataset 1).
This identified a core set of 16 downregulated and 67
upregulated transcripts in G;S, O, versus G,S. O, ..
hMSCs (Figure 4A). Subsequent analysis identified 63
and 37 probe sets differentially overexpressed between
G,S,0,, and G, S O,, . respectively which corre-
lated to 57 (G,S,0,,) and 27 (G,S O,, ) unique
genes with no observed overlap (Figure 4A). qRT-PCR
provided confirmation of transcriptional changes for a
subset of differentially expressed genes from the core
set (CXCLI, PTGIS and ACAN) (Figure 4B). qRTPCR
was performed using triplicate independent RNA iso-
lates from BMhMSC isolated from three independent
donors.

We next sought to identify whether the dif-
ferential expression of transcripts between isola-
tion environments would translate into over- or
under-representation across the GO hierarchies. No
correlation was observed in underexpressed tran-
scripts with cellular component (CC) GO terms
in either G,S O, or G S O

HYL 7 2% H™L Z%WS;
nificant under-association was noted with cytokine

however, a sig-

activity (molecular function) and with six Biological
Process (BP) (Figure 5A, Supplementary Tables 5 & 6).
Over-expressed transcripts in G,;S,O,, or G;S O,, ¢
were over-represented in six CC terms (all related to
plasma membrane or extracellular part), four BP (all
related to either development or adhesion), and one
molecular function (small GTPase regulator activity)
(Figure 5B, Supplementary Tables 7 & 8). No overlapping
over-representations were observed in the analysis of
differentially expressed transcripts between G.,S O,,,
and GS, O,, . (Figure 5C). Final corroboration of the
validity of the core group of differentially expressed
transcripts was provided by KEGG pathways analysis
(Figure 6). Strong and significant association was noted
between differentially downregulated transcripts in
G,S O,, versus G, S O, . and the cytokine—cytokine

H™L 7 2% H™H 7 20%

receptor interaction (CCRI) in G.S O (p = 0.067),

H™L 7 2%

G, S O (p = 0.04), G,S,0,,/G,S O core

H™L 7 2%WS H™L 7 2% 2%WS

downregulated set (p = 0.035). Although an increase

in CCRI associations was noted in GHSLOMWS

(CXCLI, CXCL6, ACVR2, BMPRIA, BMP2) com-
pared with G_S,0,,, (CXCLI, CXCL6, IL8, BMP2)

or in GHSLOZ%/ZG/;SLOZ%WS downregulated core
set (CXCL1, CXCLG6, IL8, BMP2), the associa-
tions were held in common with signaling through
either /L8 (CXCR2) receptors or through BMP2
(Figure 6A). The differential over-expression of NOG

inthe G,S O, /G, S O

H™L 7 2% H™L 7 2%WS

forces the likely importance of repression of BMP2

upregulated core set rein-

signaling in the enhanced isolation and proliferative
expansion of BMhMSC in G.S O,, (Figure 6B). To
evaluate the role of BMP2 transcriptional repres-
sion in BMhMSC isolation, we continuously supple-
mented G,S O,, with BMP2 in both G,S O,, and

G5, 0,5 durfr/lng recovery of BMhMSC over ZZIA) days
from an additional bone marrow aspirate. Exogenous
supply of BMP2 protein induced a 40 and 35% reduc-
tion in G, O,, and G,§, O, ., recovered BMhMSC

respectively (p < 0.007) (Figure 7).

Discussion
Several often contradictory reports describe the isola-
tion and/or subsequent culture and characterization of
hMSC in reduced oxygen tensions. Quantification of
CFU-F suggests that in reduced oxygen tensions col-
ony numbers and colony size can be either reduced,
increased, or stay the same when compared with ambi-
ent air recovered hMSC [22-2326,30,33-34]. Less contra-
dictory, though still not consistent, are the descriptions
of increased cell numbers and decreased expansion
times in reduced oxygen versus ambient air recovered
cells [6,11,24,27-29.35-38]. Through a combination process
of optimized culture conditions coupled to examina-
tion of oxygen control equipment, we have determined
that much of the previous variation in hMSC CFU-F
frequency can be attributed to the equipped level of
oxygen control: tighter control via removal of multiple
door openings during the recovery period appeared to
associate with a significantly increased frequency of
CFU-F isolation and absolute BMhMSC numbers.
There is a major interpretative difficulty which
emerges as the broad range of isolation parameters
which are described for hMSC becomes apparent. For
instance, oxygen tensions and serum concentrations
ranging from 1 to 5% O, and 5 to 20% serum, respec-
tively, have all been applied to previous descriptions of
reduced oxygen hMSC isolation [6,11,22-24,26-30,35-38].
In this study mean colony yield was not significantly
different between isolation conditions which incorpo-
rated either G, or G, (mean CFU-F’s of 34 and 40,
respectively), S, or S, (mean CFU-Fs of 33 and 41,
respectively), or either of O, ,, O,, orO,,, (mean
CFU-F’s of 34, 41 and 36, respectively) (Figure 1A).
Differences were apparent but a combination of fac-
tors (G;S,0O,,) was required to optimize CFU-F iso-
lation to significant levels above other conditions
(Figure 1B-D). The optimization step allowed the
impact of engineered oxygen control measures to be
explored with confidence. The subsequent incorpo-
ration of tighter oxygen control measures resulted in
significant improvements in CFU-F isolation above
those seen for medium/environment optimization
alone (Figure 2). It is important to note that a strong
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Figure 5. Gene ontology analysis identifies specific terms associated with differentially expressed genes in
G,S,0,., versus G,S O, andG,S O,, . (A) Gene ontology (GO) terms significantly under-represented in

G, 0,,andG,SO,, . versus G S, O, areidentified in the extracellular region (CC), biological process (BP),

and molecular function (MF) hierarchies. Common under-representation includes cytokine activity (molecular
function), regulation of proliferation (BP), external stimuli response (BP) and shape development (BP) terms.

(B) Over-representation versus G,S,O,,, was also noted across the three main hierarchies. Common terms included
small GTPase regulation (molecular function), adhesion and development (both BP), plasma membrane and
extracellular region (CC). (C) No common GO terms were noted for G S O,, versus G,S O,, .. Values indicate
number of GO terms associated per hierarchy per grouping. See also Supplementary Tables 5-8 for listings of all

GO terms identified and Affymetrix probes and associated genes of all common identified GO terms.
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Figure 6. Differentially expressed genes associate with specific kyoto encyclopedia of genes and genome pathways. (A) Database for
annotation, visualization and integrated discovery-based evaluation of differentially expressed genes revealed significant association
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differential expression with TGFB through bone morphogenetic protein 2 (BMP) downregulation and noggin upregulation. Red
boxed genes indicate downregulation in G S O,,, and/or G5 O,, . as specified, blue boxes indicate upregulation.
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correlation emerged between a multiuser incubation
environment and reduced BMhMSC yield. This was
hypothesized to be in some part due to a cumulative
effect of a repeated cycle of chamber reoxygenation,
media reoxygenation, chamber deoxygenation and
media deoxygenation and not due to air exposure dur-
ing media changes (Figure 2 & Table 1).

Our experiments have adopted the D’Ippolito et al.
method, with minor modifications in a slight reduction
of maintenance O, used, and the adoption of a her-
metically tight workstation for impact evaluation [11].
However, switching BMhMSC into a 2% FBS supple-
mented media for expansion did not yield immortal
hMSC as previously reported [11]. As a direct conse-
quence of multiparametric analysis, we concluded that
G,S,0,, is the optimum condition for BMhMSC
recovery where serum and oxygen levels are the critical
components.

Consensus immunophenotypic profiles of hMSC
in reduced oxygen versus ambient air oxygen levels
suggest a largely unchanged profile (CD13, CD29,
CD73, CD90, CD105, CD166, CD271, and HLA-1)
with some accompanying increases (CD106 and
STRO-1) in surface antigen expression levels [23.35,55].
Nonquantitative (CD44, CD90, CDI146) and quan-
titative (STRO-1) analysis of immunofluorescence
images in our study is in broad agreement with these
previous reports. A defining characteristic of hMSCs
is their multipotent differentiation potential [2]. The
effect of reduced oxygen culture on differentiation is
described across multiple reports where general differ-
entiation potential is retained but capacity frequently
altered. Similarly, the above reports do not allow a
reliable consensus on the effects of oxygen tension
on differentiation potential. Most describe osteogenic
potential of hMSC as reduced [624.27-29.31.33], while
in others this osteogenic capacity is enhanced [2632]
or unchanged [s456]. Adipogenic differentiation is
similarly described as being enhanced [625-2633] or
reduced [2427-28], while chondrogenic potential is gen-
erally referred to as enhanced [6,55.57-58]. We observed
retention of osteogenic, adipogenic and chondrogenic
differentiation potential in all conditions but some evi-
dence of reduced osteogenic and adipogenic potential
in hypoxic conditions. Further studies will be required
to elaborate the role of oxygen and optimized culture
conditions during differentiation.

Transcriptome determination provides an invaluable
tool in developing mechanistic understanding in cell
behavior and response to environment alteration. We
identified a consensus optimized BMhMSC fingerprint
of 80 differentially expressed (16 downregulated and 64
upregulated) genes. These transcripts were modulated
in both 2% O, and 2% O,WS, and over-represented in
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Figure 7. BMP2 inhibits human mesenchymal stem cells

from bone marrow recovery in G, S O,, and G,S O,, ...

hMSC from bone marrow recovery was evaluated in
both G ;S O,, and G S O in the presence of

HTL™ 2% HTL™2%Ws

50 ng/ml BMP2.

*p < 0.004.

BMP2: Bone morphogenetic protein 2; hMSC: Human
mesenchymal stem cell; MNC: Mononuclear cell.

identical ontology groups. A surprising paucity of data
exists with which we can compare, contrast and evalu-
ate our findings. Downregulation of transcripts associ-
ated with DNA metabolism, cell cycle progression and
chromosome adhesion (RRM2, XRCC2, KIF24, POLQ,
E2F8, FANCD2, ESCO2, AVRKB, CENP2, MKI67)
and upregulation of transcripts associated with adhe-
sion and metabolism pathways (CD93, ESAM, VWF,
PLVAP, ANGPT2, LEP, and TCFI, ZPI, GIMAP4,
PCDHI7) was reported in PO hMSC [23]. No conser-
vation with consensus fingerprint was immediately
apparent although 2% O, (G,S O,,) BMhMSC dis-
play differential upregulation of LEP, albeit outside of
the consensus fingerprint, whereas LEPR is within the
consensus fingerprint. LEPR is homologous to members
of the gp130 receptor superfamily and acts as a receptor
for the pleiotropic signaling molecule, leptin, which has
roles in metabolism, reproduction, pregnancy, angio-
genesis, growth and immunomodulation [59]. Previous
reports describe hMSC LEP expression modulation in
hypoxic conditions with alternate outcomes [232s]. To
our knowledge, we are the first to report BMhMSC
LEPR upregulation in a reduced oxygen environment.
The precise mechanistic consequence of LEPR upregu-
lation in G;S, O,,, BMhMSC remains to be determined
and it cannot be excluded at this point that the upregu-
lation of LEPR may be as a consequence of the reduced
serum (S,) utilized in the optimized culture milieu.
Ontologicalexaminationofthe80 transcript BMhMSC
fingerprintrevealed astrong over-representation in specific
areas complemented by significant CCRI KEGG path-
way association (Supplementary Tables 5, 6, 7 & 8). These
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findings highlighted downregulation of both BMP2 and
IL8 receptor (CXCR?2) signaling pathways as relevant to
optimized BMhMSC recovery and mechanistic under-
standing. The importance of oxygen control was readily
apparent by the increased associations with CCRI and
significant association with TGEFp signaling for O,, WS
above that noted for O, only (Figure 6). The base media,
GHSL, was consistent in this instance allowing clear dis-
location and emphasis to be placed on the importance
of controlled oxygen measures on BMhMSC biology.
CXCLI (GRO«) and CXCL6 (GCP-2), both agonists
for CXCR2, are pro-inflammatory cytokines with appar-
ent roles in neutrophil attraction, angiogenic induction,
stem cell self-renewal (GROo.) and the transition of cells
from suspension to substrate adherence through integrin
activation [60-63]. The mechanistic role of CXCLI and
CXCLEG repression is unclear at this time and it cannot
be excluded that this is a consequence of S versus S
as opposed to the use of a reduced oxygen environment.
Hypoxic repression of BMP2 has been reported previ-
ously but is predominantly associated with repression
of osteogenic differentiation of hMSC [s6,64]. A single
report details an association of reduced BMP2 expres-
sion with enhanced hMSC isolation from the placental
decidua basalis [65]. Here, we have demonstrated that
BMP2 protein inhibits BMhMSC recovery in G, S, O,,,
and provide clear lines of evidence supportive of a role for
oxygen signaling in its repression.

The main driver behind optimization of hMSC
recovery conditions is to accelerate robust cell isola-
tion from bone marrow for procedural translation into
GMP conditions and autologous cell therapy applica-
tion. Current reports indicate that virtually all hMSC
isolated in 20% O, die 4 days post-transplantation into
ischemic heart models; this is suggested to be less severe
in other transplant models (e.g., intravertebral disc, and
osteoarthritis) [6]. It is therefore essential that isolation
models are enhanced to promote prolonged hMSC sur-
vival post-transplant. Hypoxic preconditioned cells have
attracted strong interest as a method to enhance hMSC
survival post-transplant, although insufficient data are
reported from human-derived cells to draw strong con-
clusions. However, rat MSC displayed reduced apoptosis,

increased expression of pro-survival, pro-angiogenic and
pro-differentiation factors when hypoxic preconditioned
were kept for 24 h at 0.5% O,, while hMSC exposed to
1% O, for 48 h displayed enhanced engraftment in a
chick embryo model with apparent contribution to heart
and brain tissues [28.66]. Enhanced BMhMSC isolation
through combined G, S O,, and workstation control
may in turn greatly improve post-transplant survival
and the efficacy of stem cell therapies. However, it is
important to note that all experimentation described in
this manuscript was performed with BMhMSC isolated
from the iliac crest of young, healthy, donors. It remains
to be determined if the biology we have described above
is consistent with bone marrow sourced from alternate
sites or from an aged patient demographic.

Conclusion

The continued development of regenerative medicine
coupled with increased applications will benefit from
a stringent optimization phase of cell isolation and
culture. In this report we have detailed a potential
milestone in this process with the demonstration of a
refinement in the hMSC isolation process. Engineered
oxygen control and appropriate serum levels are essen-
tial to this process and appear to be coupled to dis-
tinct molecular alterations linked through BA/P2 and,
putatively, CXCR2-signaling repression and autocrine
upregulation of LEPR associated pathways.

Future perspective

The utility of adult, noncord-derived, h(MSC in regen-
erative medicine-linked therapeutics is likely to diverge
into two primary branches over the coming decade;
autologous and allogeneic. The allogeneic branch will
reflect the pull of industry toward an ‘off-the-shelf’
product and will become heavily reliant on established
protocols for cell types with increased proliferative
capacity sufficient to bank and distribute, in other
words, MAPC. The autologous branch on the other
hand will evolve toward a hospital-based production
and delivery model where bespoke facilities at site will
enable localized, individual, solutions. In the autolo-
gous model optimized isolation procedures are crucial

Executive summary

reduced serum conditions.

10% serum result in reduced cell yields.

impact on transcriptional profiles.

e Bone marrow-derived mesenchymal stem cell isolation is enhanced under controlled physiological oxygen and

e Routine conditions for bone marrow-derived mesenchymal stem cell isolation incorporating ambient air and

e Repeated opening of multiuser trigas incubator can result in reduced bone marrow-derived mesenchymal
stem cell yields in comparison to workstation or single-use trigas incubators.

e Minimal and transient exposure to ambient air during isolation can significantly reduce cell numbers and

e Downregulation of BMP2 and TGFB-linked signaling is associated with increased CFU-F and cell isolation.
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to maximize the likelihood of success and to permit
banking for repeat procedures where necessary. The
coming decade will be accompanied by an increased
awareness of the importance of parameter control dur-
ing isolation and will be accompanied by an increased
growth in new tool development to support optimized
hMSC yield from individual patients.
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