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Abstract

The human mesenchymal stem cell (hMSC) secretome has pleiotropic effects which underpin their therapeutic potential.
hMSC serum-free conditioned media (SFCM) has been determined to contain a variety of cytokines with roles in
regeneration and suppression of inflammation. Physiological oxygen (physoxia) has been demonstrated to impact upon
a number of facets of hMSC biology and we hypothesized that the secretome would be similarly modified. We tested
a range of oxygen conditions; 21% O, (air oxygen (AO)), 2% O, (intermittent hypoxia (IH)) and 2% O, Workstation
(physoxia (P)) to evaluate their effect on hMSC secretome profiles. Total protein content of secretome was upregulated
in IH and P (>3 fold vs AO) and IH (> fold vs P). Focused cytokine profiling indicated global upregulation in IH of all
31 biomolecules tested in comparison to AO and P with basic-nerve growth factor (bNGF) and granulocyte colony-
stimulating factor (GCSF) (>3 fold vs AO) and bNGF and Rantes (>3 fold vs P) of note. Similarly, upregulation of
interferon gamma-induced protein 10 (IP10) was noted in P (>3 fold vs AO). Interleukin-2 (IL2) and Rantes (in AO and
P) and adiponectin, ILI17a, and epidermal growth factor (EGF) (in AO only) were entirely absent or below detection
limits. Quantitative analysis validated the pattern of IH-induced upregulation in vascular endothelial growth factor
(VEGF), placental growth factor-1 (PIGFI), Tumor necrosis factor alpha (TNFa), IL2, IL4, and ILI0 when compared to
AO and P. In summary, modulation of environmental oxygen alters both secretome concentration and composition. This
consideration will likely impact on delivering improved mechanistic understanding and potency effects of hMSC-based
therapeutics.
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interpretation where variations can result from hMSC
source; for example, adipose tissue,'° cord blood,'"'? bone
marrow aspirate,'>*stem cell lines '®; culture conditions,
conditioning periods, and classical monolayer versus 3D
conditioning methods.!”

Various in vitro studies have reported beneficial effects
of hMSC SFCM supporting the paracrine hypothesis of

Introduction

Mesenchymal stem cells (MSCs), first identified approxi-
mately 50years ago, have a growing role in regenerative
medicine as a treatment for various diseases and disor-
ders.'3 The precise mechanisms of action remain unclear
though likely related to all or a combination of the follow-
ing; multipotent differentiation, functional incorporation,
immunomodulation, and secretion of paracrine factors.'*>
Proteomic profiling of serum-free conditioned media
(SFCM) from human MSCs (hMSCs) have revealed the
presence of a range of pleiotropic biomolecules within the
secretome including vascular endothelial growth factor
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(VEGF), granulocyte-macrophage colony-stimulating fac-
tor (GMCSF), interleukin-10 (IL10), and leptin.®”
However, precise SFCM composition can vary, confusing
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the regenerative potential of hMSCs. For instance, condi-
tioned media (CM) promoted proliferation and migration
of alveolar epithelial cells facilitating in vitro wound clo-
sure.'®2! SFCM displayed beneficial effects in a Balb/C
mouse model of excisional wound injury via increased
deposition of regulatory macrophages and endothelial pro-
genitor cells at the site of injury.?> Additionally, there was
improved functional recovery following hindlimb injury,
induced by femoral artery ligation, via increased collateral
angiogenesis and limb remodelling.”> Moreover, it has
been reported that intravenous infusion of SFCM pro-
moted regeneration and inhibited cellular damage in a rat
model of gentamicin-induced liver injury through acceler-
ated proliferation and inhibition of apoptosis.?* Further,
localized administration of SFCM in a rat ischemic retinal
model restored functionality via inhibition of retinal cell
apoptosis and attenuation of ischemic effects.”> More
recently, studies have shown that CM produced under low
oxygen culture conditions protects against ischemic stroke
in rats and promotes angiogenesis through increased quan-
tities of growth factors present, further adding to the body
of evidence concerning the clinical application of these
cell-free therapies.®?® Collectively, these confirm that
SFCM may become a milestone therapeutic tool or a
source for discovery of new bioactive therapeutic
molecules.

The role of oxygen in stem cell biology has been
described variously.?’-3° Physoxia is an inherent feature of
the in vivo niche environment in which hMSCs are resi-
dent, drawing largely from the sinusoidal blood network
characteristic of bone marrow.’'** Studies to define the
pO, of in vivo environments, specifically sinusoidal bone
marrow, have shown an average value of 2.7%.3* Physoxia
is significantly lower than inhaled air (21% O,) and it
declines gradually as it passes from the lung to the tissues;
ranging between 0.1% and 9% with an average of 2%
0,.%33336 It is also important to note that the journey of a
transplanted stem cell from donor to recipient can be
broadly divided into in vitro and in vivo stages. The in
vitro stage features isolation and expansion under non-
physiological conditions while the in vivo stage includes
both donor (before isolation) and recipient (after trans-
plantation) physiological environments.’> The immediate
physiological environment of the recipient will vary
according to the preferred delivery method but focusing on
one currently applied intravenous delivery methodology,
the hMSC dose arrives into the physoxic blood stream
having previously experienced a long-term association
with air oxygen.37-3

Applying an increasingly in vivo-like physoxia to in
vitro hMSC culture modulates the transcriptome and
increasing evidence suggests this manifests itself via an
altered secretome composition.?®3%*! An altered secretome
would likely impact on the reparative action of SFCM and
would likely better reflect the behavior of hMSCs and/or

their secretome following transplant into in vivo tissues. A
range of control parameters can be applied to mimic condi-
tions both before isolation and after transplantation, draw-
ing comparisons to standard in vitro culture conditions.
Therefore, this study sought to exploit available technolo-
gies to explore the role of different oxygen tensions on the
secretome composition of hMSCs using air oxygen (AO)
versus both intermittent hypoxia (IH) and physoxia (P)
models. To the best of our knowledge, this study provides
a first description of modulation of hMSC paracrine com-
ponents linked to a physoxic or intermittent hypoxic
setting.

Materials and methods

Cell culture

hMSCs were isolated and expanded from human bone mar-
row aspirate (BMA) using an adherence-based methodol-
ogy.>° A total of three samples of human BMA from three
different donors (two male and one female, ages 20-36)
were purchased from Lonza, USA and each seeded at a
density of 1X 10° mononuclear cells/cm? on fibronectin
pre-coated culture flasks in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 5% (v/v) fetal
bovine serum (FBS), 1% (v/v) L-glutamine, 1% (v/v) non-
essential amino acids (NEAA), and 1% (v/v) Penicillin-
Streptomycin-Amphotericin B (PSA) (Lonza, UK). Seeded
flasks were incubated in either a humidified incubator with
a distinct oxygen tension (21% O, (AO), 2% O, (IH)) or in
an oxygen control workstation (Baker Ruskinn, UK) (2%
O, (P)). After 7 days, half of the media volume was removed
and replaced with fresh antibiotic-free growth medium fol-
lowed by a complete media change after a further 7 days.
Media was then changed every 3 days until confluent. Once
confluent, hMSC were enzymatically passaged with 1%
Trypsin/EDTA (Lonza, UK) at 1:2 split ratios. Passage one
(P1) cells and their CM were used for all experiments
except for the transcriptome analysis which was performed
with cells from a previously recorded dataset at PO.

SFCM was prepared by washing 70% confluent T75
flasks with phosphate-buffered saline (PBS) followed by
15ml serum-free non-conditioned media (SFNCM) con-
sisting of DMEM supplemented with 1% (v/v) L-glutamine
and 1% (v/v) NEAA. For conditioning, 20ml of SEFNCM
was added to hMSC cultures and incubated for 24 h in their
respective AO, IH, or P conditions. Following condition-
ing media was collected, centrifuged for 10min at 300g
and stored at —80°C as SFCM. Prior to use SFCM was
thawed and filtered (0.2 um). All SFCM was produced
from hMSCs at P1. Time taken for hMSC isolation from
BMA plating, expansion, passaging and reaching conflu-
ence at P1 was 28-29days (28days for donors 1 and 2,
29 days for donor 3) and was consistent between the three
oxygen concentrations.



Merkhan et al.

Flow cytometry

Immunophenotyping of hMSCs was performed using
human PE-conjugated monoclonal antibodies (Miltenyi
Biotech, UK) specific for CD14 (clone: Tik4/ catalog
No.130-113-709), CD19 (clone: LT19/ catalog No. 130-
113-731), CD34 (clone: AC136/catalog No. 130-113-741),
CD45 (clone: 5Bl/catalog No. 130-113-680), CD73
(clone: AD2/catalog No. 130-097-943), CD90 (clone:
DG3/catalog No. 130-117-537), CD105 (clone: 43A4E1/
catalog No. 130-098-906), HLA-DR (clone: AC122/cata-
log No. 130-098-177). Mouse IgG, (clone: IS5-21F5/cata-
log No. 130-113-762) and IgG,, (clone: S43.10/catalog
No. 130-113-834) were used for isotype controls. Briefly,
1 X 10° hMSCs were aliquoted into individual microcen-
trifuge tubes, washed with incubation buffer (0.075%
EDTA/0.5% BSA in PBS) and centrifuged for Smin at
300g. Cell pellets were re-suspended in 100 pul of specific
antibody solution followed by incubation at 4°C for
10 min. Labeled hMSCs were washed in a 10X volume of
incubation buffer and centrifuged at 300g for 10 min. The
supernatant was aspirated and cell pellets re-suspended in
200 pul incubation buffer for analysis on a Cytomic FC500
flow cytometer (Beckman Coulter, UK) and Cyflogic
v.1.2.1(CyFlo Ltd, UK).

Trilineage differentiation

To confirm the differentiation potential of hMSCs,
2.5 % 10* cells/cm? were seeded overnight in DMEM sup-
plemented media. Following overnight incubation, htMSC
cultures were switched into differentiation media directed
toward: osteogenesis (media supplemented with 50 uM
ascorbic acid, 10mM beta-glycerophosphate and 0.1 uM
dexamethasone (Sigma, UK)); adipogenesis (media sup-
plemented with 0.5 uM dexamethasone, 0.5mM 3-isobu-
tyl-1-methylxanthine, 1pg/ml insulin and 100uM
indomethacin (Sigma, UK)); chondrogenesis (media sup-
plemented with 1% FBS, 1% ITS (insulin, transferrin, and
selenium), 0.1 uM dexamethasone, 50 uM ascorbic acid,
40 pg/ml L-proline, 1% sodium pyruvate (Sigma, UK) and
10ng/ml  TGFb3 (transforming growth factor-b3)
(PeproTech, UK)). hMSC differentiation progressed over
3weeks with twice weekly media changes followed by
PBS washes and fixation with 10% neutral-buffered for-
malin before being analyzed with specific cytological
stains: Alizarin red for osteogenic, Oil Red O for adipo-
genic and Alcian blue for chondrogenic differentiation
(Sigma, UK).

Transcriptome analysis

We had previously determined the impact of oxygen con-
centration on the h(MSC transcriptome under the same con-
ditions applied in this study except for the cells being at an

earlier passage number (P0).>°> We utilized this existing
dataset to determine transcriptional effects across a panel
of 31 bioactive factors. Expression values derived from
Fischer et al.3” were uploaded into Array Mining (http:/
arraymining.net) for heatmap production. Probeset values
were transferred into the template file, uploaded and stand-
ard settings applied; eBayes supervised feature selection
method, maximum feature subset size of 100.

Secretome analysis

A bicinchoninic acid (BCA) assay was conducted to quan-
tify amounts of protein present in SFCM. Matched vol-
umes of BSA standard serial dilutions and SFCM were
loaded into 96-well plates and 100 ul BCA reagent added
to each well. According to manufacturer instruction, the
reagent was prepared by mixing 2% (v/v) copper sulphate
solution with BCA solution (Sigma, UK). The plate was
incubated at 37°C for | h and optical density determined at
570nm via a Synergy?2 plate reader (BioTek, UK).

The Human Cytokine ELISA Plate Array (Signosis,
UK) was used to determine specific changes in bioactive
molecule concentration. SFCM (100 ul from AO, IH, and
P) were first loaded into a manufacturer-supplied 96-well
plate pre-coated with well-specific capture antibodies fol-
lowed by incubation for 2h with gentle shaking. After
incubation, each sample well had an additional 100 pl
diluted biotin-labelled antibody mixture added followed
by a further 1 h incubation with gentle shaking. Then, sam-
ples were incubated with 100 pl diluted streptavidin-HRP
conjugate for 45min with gentle shaking. Each step was
accompanied by forcibly discarding the content and four
washes with diluted detergent buffer. Enzymatic reactions
were then initiated via addition of a substrate, 30 min incu-
bation at room temperature and finally reaction termina-
tion by adding the stop solution. Visible signal was detected
at 450nm via a plate reader.

ELISA was performed for IL2, IL4, IL10, tumor necrosis
factor alpha (TNFa), placenta growth factor-1 (PIGF1), and
VEGF (PeproTech, UK). Standard serial dilutions and
SFCM in triplicate were loaded into wells pre-coated with a
capture antibody specific to one of the listed cytokines and
blocked for 1h with BSA-blocking buffer. Then, the plates
were incubated for 2h with diluted detection antibody mix-
ture followed by 30min with diluted avidin-HRP. Each step
was accompanied by forcibly discarding the contents and
four rounds of washing with diluted detergent buffer. Finally,
ABTS-substrate  (2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)) (Sigma, UK) was added for 5—15min and vis-
ible signal detected at 405nm via a plate reader.

Statistical analysis

Statistical analysis was conducted using Prism 6
(GraphPad, USA) with further analysis performed in
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Figure |. Experimental design for the evaluation of oxygen modulation on hMSC secretome. SFCM from hMSC cultures were
collected under specified oxygen tensions and used for subsequent experimentation. The 21% O, incubator providing a AO
environment shows no fluctuation of gas phase oxygen at the cellular level during standard incubation or processing the cells
outside of the incubator. In contrast, 2% O, incubators provide an IH environment with fluctuations in oxygen concentration
when processing cultures outside of the incubator during seeding, changing media, passaging, door opening and closing. The 2% O,
Workstation provides a P environment characterized by steady state oxygen levels in the closed culture system. Solid lines indicate

the oxygen levels present in the specific culture condition.

Microsoft Excel. A 2-sample ¢-test was used in compara-
tive groups. A value of p <0.05 was estimated to indicate
statistical significance differences between groups.

Results
Validation of hMSCs

Cultures of hMSCs were maintained under specified oxy-
gen tensions consisting of AO, IH, or P (Figure 1).

The identity of isolated hMSCs was first confirmed via
trilincage differentiation and flow cytometry analysis
(Figure 2). Isolated hMSCs displayed positive expression of
CD73 (91.1£6.8, 949*7.6, 96.5*22), CD90
(80.9x16.0,87.3 +16.4,88.5*+13.7),CD105(81.2 = 19.0,
81.4+27.0,90.2 = 11.5) and little or no expression of CD14
(70£2.6,9.1+3.7,75*x14),CD19 (44*+1.4,5.6 0.5,
8.6*+4.7), CD34 (5.1+0.6, 6.2*0.7, 7.8*=2.4), CD45
(6.0x1.2, 10.1=3.1, 7.9*+2.6), and HLADR (9.0 = 6.4,
8.5+2.9,7.4%x2.1), for hMSCs maintained in AO, TH, and
P, respectively (Figure 2(a)). No significant differences in
expression profiles were noted between AO, IH, or P condi-
tions. Similarly, successful differentiation into adipocytes,
chondrocytes, and osteocytes upon in vitro exposure to dif-
ferentiation inducing media was observed, with some vari-
ability between conditions (Figure 2(b)).

Transcriptional evaluation of selected bioactive
genes

Utilizing the Human Cytokine ELISA Plate Array as a
guide, we determined if there was differential expression
of the associated transcripts (Table 1 and Figure 3). A rea-
nalysis of a previously published Affymetrix Exon 1.0ST
dataset of hMSCs isolated under AO, IH, and P was per-
formed to identify significant expression changes between
oxygen conditions of p<0.1.%" Significant upregulation
of NGF, LEP, CCL3, SERPINEI, and TGFbl combined
with down-regulation of CSF3, IGF1, IL1A, and CXCL8
were noted in [H versus AO (p < 0.05). A reduced number
of alterations were apparent for P versus AO where LEP,
CCL2, and CCL3 displayed upregulation and IGF1 down-
regulation (p=<0.05). In addition to the previously
described expression patterns, differential upregulation of
FGF2, CSF3, CXCL8, CCL2, and downregulation of
IFNG and TGFbl were observed in P versus IH illustrat-
ing an immediate alteration of expression profiles between
these subtly divergent conditions (p < 0.05). A number of
reportable alterations were noted straddling the signifi-
cance/non-significance boundary (0.1 <p =0.05) includ-
ing both upregulations; CCL2 (IH vs AO), NGF, CXCL10
(P vs IH), and downregulations CCL11, FGF2 (IH vs
AO), and IL1A, CXCL8 (P vs AO) (Figure 4).
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Figure 2. hMSCs immunophenotype and trilineage differentiation potential are consistent across isolation conditions.
Confirmation of ISCT hMSC characterization guidelines was achieved through FACS and differentiation assays. (a) Mean positive
events of CD73, CD90, CD105, CDI4, CDI9, CD34, CD45, and HLADR from three independent hMSC samples. AO, IH, and
P are indicated by black, gray and white bars respectively. Error bars indicate = | SD (n=3). (b) Representative images of hMSC
differentiation from AO, IH, and P cultures to adipogenic, osteogenic and chondrogenic lineages. Scale bar indicates 50 um.

Probe-specific expression values generated a supervised
non-hierarchical heatmap which indicated a strong ten-
dency for experimental conditions to cluster together
more strongly than across groups. Specifically, den-
dogram branch length was substantially reduced for both
P and IH, to a lesser extent, than that observed for AO
(Figure 4).

Secretome evaluation and component
determination

We next sought to determine if hMSC culture in either of
AO, TH, or P would impact on the total protein concentra-
tion, and hence the secretome, found within SFCM.
Strikingly we observed a normalized total protein concen-
tration of 361.0 = 50.0ng/ml in SFCM™, 247.7 =49 2 ng/
ml in SFCM? (p <0.05 vs SFCM™), and 123.3 =25.2ng/
ml in SFCM*© (p < 0.05 vs SFCM™ and SFCMP) (Figure
5(a)). Having identified a significant and substantial

increase in [H secretome protein concentration over both P
and AO, we next sought to determine the impact on indi-
vidual components via the Human ELISA Cytokine Plate
Array. The overall indication was that SFCM™ contained
the highest level of each individual component tested
(excepting IP10), noting that there was substantial varia-
bility across biological replicates (Figure 5(b) and Table
2)). Greater than 2-fold upregulation in SFCM™ and
SFCM" versus SFCM*° was observed for Adiponectin
(2.7-fold, 2.2-fold), EGF (5.6-fold, 3.2-fold), GCSF (4.4-
fold, 3.8-fold), IL2 (5.3-fold, 2.1-fold), IL17a (4.5-fold,
3.0-fold), IP10 (2.6-fold, 3.2-fold), and Rantes (47.0-fold,
6.5-fold), respectively. Upregulation of 2-fold or greater
specific to SFCM™ versus SFCMA© was found for IGF1
(2.0 fold), bNGF (4.8-fold), VEGF (2.4-fold), and IL6
(2.3-fold). Substantial upregulation was also observed for
SFCM™ versus SFCMP for IL4 (2.3-fold), IL2 (2.5-fold),
bNGF (3.1-fold), MCP1 (2.4-fold) and Rantes (7.2-fold).
Significant upregulation of bNGF, EGF, and IL6 were
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Table |. Affymetrix probeset expression values for proteins present on the human cytokine ELISA plate array.

Gene Propset AO IH P
ID ID Mean SD Mean SD Mean SD
ADIPOQ 207175_at 101.7 22.0 106.7 16.1 114.4 24.1
NGF 206814 _at 2775 92.3 460.2 132.7 407.9 42.4
EGF 206254 _at 85.7 12.1 91.2 14.5 105.7 18.1
CCLII 210133 _at 90.0 13.3 72.8 8.1 76.8 12.0
FGF2 204422 _s_at 2634.0 496.5 2129.0 338.9 2820.0 412.9
204421 _s_at 1771.5 545.2 1343.8 430.3 1738.2 403.3
240243_at 135.5 38.1 100.8 18.3 87.5 23.4
220183_s_at 176.9 90.9 128.5 445 154.3 73.8
230329_s_at 233.7 284.6 152.7 87.2 160.7 121.1
CSF3 207442_at 272.0 34.3 222.0 9.6 254.1 20.2
CSF2 210229_s_at 216.1 36.3 179.9 24.8 246.9 72.2
IFNG 210354 _at 23.4 6.4 22.1 2.3 20.2 1.7
IGFI 209540_at 158.2 314 95.9 4.6 98.9 9.4
209541 _at 158.2 314 95.9 4.6 98.9 9.4
209542 _x_at 190.3 39.8 118.4 5.6 120.8 10.9
211577_s_at 2375 42.5 144.8 6.7 151.5 12.5
ILla 208200_at 70.4 31.1 333 6.0 37.2 5.0
210118 _s_at 66.3 28.8 31.6 7.0 36.1 6.7
IL2 207849 _at 13.0 I.1 14.8 5.4 15.0 57
IL4 207538 _at 49.9 52 47.7 35 48.1 5.8
207539_s_at 49.9 52 47.7 35 48.1 5.8
IL6 205207_at 2110.2 481.8 1915.0 753.6 2188.1 353.1
CXCLS8 202859 x_at 32305 1236.8 681.2 390.0 1465.1 674.4
211506_s_at 3888.7 1427.7 794.4 421.0 1664.2 722.7
ILIO 207433_at 86.1 74 87.2 8.0 84.3 6.2
IL12B 1560725_at 67.4 10.4 77.4 74 75.1 11.8
207160_at 109.7 29.9 95.3 19.0 101.7 12.4
ILI3 207844 _at 68.2 10.2 65.8 48 74.1 15.8
ILI7a 208402_at 78.4 13.1 76.1 7.2 70.9 10.8
216876_s_at 88.0 15.2 8l.4 10.7 79.4 13.7
CXCLIO 210147 _at 36.3 12.1 35.1 3.0 4].6 1.5
204533_at 40.2 8.5 31.6 6.7 30.3 7.2
LEP 207092_at 106.5 24.4 221.3 66.8 207.0 21.7
CCL2 216598 s_at 1766.0 484.9 2458.7 2435 3465.6 294.1
CCL3 234223 _at 17.6 6.8 17.1 2.6 25.2 5.8
233210_at 18.1 1.2 21.7 57 24.1 9.8
205114 _s_at 84.2 18.7 121.8 27.6 104.4 10.7
SERPINEI 202627_s_at 5103.4 428.6 61184 177.0 5740.9 507.2
1568765_at 2516.0 655.2 2999.4 228.9 2945.7 267.3
202628 s_at 5615.7 427.2 6756.1 200.4 6268.7 574.2
PDGF 217112 _at 123.9 11.9 104.9 10.3 1.7 14.1
216055_at 80.8 37.3 45,1 6.4 77.5 10.7
204200_s_at 191.3 27.4 182.1 18.6 2129 24.0
217430_x_at 12,848.8 978.9 12,867.7 875.7 11,953.5 1942.2
PIGF 209652 s_at 410.4 1.3 455.6 30.8 477.5 89.3
215179 _x_at 368.2 92.1 349.2 15.0 446.8 69.0
CCL5 204655_at 150.0 29.6 140.4 15.2 141.4 13.8
1555759 _a_at 150.0 29.6 140.4 15.2 141.4 13.8
RETN 1568617_a_at 143.5 22.4 140.3 1.3 150.5 9.0
220570_at 242.3 19.2 239.8 31.0 276.5 30.0
KITLG 207029_at 79.5 39.2 79.8 26.6 89.9 17.6
211124_s_at 70.6 34.6 67.4 233 778 13.9
TGFpI 203084_at 628.9 202.0 1077.1 74.7 933.5 131.7
203085_s_at 574.5 168.5 981.9 84.4 839.5 119.3
TNF 207113_s_at 83.5 8.1 91.5 1.5 83.3 8.8
VEGFa 212171 _x_at 3640.1 349.7 4121.3 284.7 3745.3 519.9
210512_s_at 5086.7 434.9 5639.4 351.2 5003.6 748.7
211527 _x_at 4733.1 471.2 5308.6 393.1 4832.6 680.9

210513_s_at 6853.6 735.1 7375.9 517.5 6529.4 1003.3
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Figure 3. Bioactive panel transcript analysis across multiple hMSC samples. (a) Expression values of 31 bioactive transcripts drawn
from previously published in silico analysis (Fischer et al.?”). The average values are plotted on the y-axis, error bars indicate +SD.
AO, IH, and P are indicated by black, gray, and white bars respectively. *indicates p < 0.05 versus AO, * indicates p < 0.05 versus
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Figure 4. Heatmap generation (ArrayMining) showing specific oxygen environment clustering. Individual columns represent hMSC
expression profile from within specified condition; AO, IH, or P. Labelling convention is upregulation (green), no change (black), and
down-regulation (red). The dendrogram indicates unsupervised clustering across the sample dataset used to generate the heatmap
and expression data.
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Figure 5. Proteomic assessment of h(MSC secretome. (a) Total protein content of SFCM was evaluated in AO, IH, and P cultured
hMSCs via the Smith assay. Protein concentration is plotted on the y-axis whilst oxygen environment is indicated along the x-axis.
Data expressed as mean = SD, *p < 0.05 and **p << 0.001 (n=3). (b) Colorimetric cytokine array of SFCM expressed as mean * SD.
The 31 bioactive factors were sub-classified into nine functional groups: (i) anti-inflammatory (IL4, IL10, IL13, and TGFb), (ii)
pro-inflammatory (TNFa, IFNr, IL1a, IL2, IL12, and IL173), (iii) growth factors (EGF, IGFI, bNGF, PIGFI, PDGF, and FGFb), (iv)
haematopoietic factors (GCSF, GMCSF, and SCF), (v) chemokines (MIPla, MCPI, Rantes, Eotaxin, IL8, and IP10) and (vi) adipokines
(Resistin, Leptin, and Adiponectin), fibrinolytic factor (PAIl), angiogenic factor (VEGF), pleiotropic factor (IL6). Bioactive molecule
tested is indicated along the x-axis and colorimetric absorbance plotted on the y-axis. AO, IH, and P are indicated by black, gray and
white bars respectively. *indicates p < 0.05 versus AO, ” indicates p < 0.05 versus IH (n=4).

noted in SFCM™ versus SFCMA© and Rantes and VEGF
for SFCM? versus SFCMA© (p <0.05). We also observed
significant upregulation of FGFb, SCF, and TNFa in
SFCM™ versus SFCMP (p <0.05). As stated previously,
we encountered substantial variation between samples
masking outright significance in a number of instances.
These included upregulation of IGF1, IL2, MIP1a, PAIl,
Resistin, TNFa, and VEGF in SFCM™ versus SFCMA°
and IL6 in SFCM? versus SFCMA? (p <0.1). Similarly,
we noted substantial, but non-significant, increases for
GMCSF, IGFl, and IL2 in SFCM™ versus SFCMP
(»<0.1).

Numerous alterations in protein composition were
observed between condition-specific SFCM where some
achieved significance levels. It remained to be determined
if these changes were reflected in quantitative ELISA-
based assays. We selected six proteins to explore in more

detail including those where significant differences were
achieved (TNFa, VEGF), were marginal (IL2) and were
absent (IL4, IL10, and PIGF1) (Figure 6 and Table 2).
Similar to earlier observations, we again noted signifi-
cantly increased VEGF (SFCM™ and SFCMP versus
SFCMA°) (p <0.05) and TNFa (SFCM™ versus SFCM"
and SFCM*%) (p <0.001). Increased sensitivity revealed
elevated IL2 (SFCM™ versus SFCMF) (p<0.05),
decreased IL4 and IL10 (SFCMP versus SFCM™ and
SFCMA9) (p <0.05), and increased PIGF-1 (SFCM™ ver-
sus SFCM*9) (p <0.05).

Finally, we sought to establish the overall profile of
SFCM as attributable to individual classes of activity
(Figure 7). Drawing on the 31 bioactive factors previously
evaluated these were sub-classified into 9 functional
groups: anti-inflammatory (IL4, IL10, IL13, and TGFb),
pro-inflammatory (TNFa, IFNr, IL1a, IL2, IL12, and



Merkhan et al.

Table 2. Mean absorbance (450 OD) values from Human Cytokine ELISA Plate array across AO, IH, and P. Protein identification

drawn from manufacturer’s plate array composition details.

Protein ID Gene AO IH P
ID Mean SD Mean SD Mean SD

Adipo ADIPOQ 0.0E+00 1.2E-02 8.5E-03 9.8E-03 |.5E-03 1.9E-02
BNGF NGF 4.3E-03 9.7E-03 2.9E-02 |.8E-02 4.5E-03 2.0E-02
EGF EGF 7.5E-04 6.4E-03 |.8E-02 1.3E-02 7.5E-03 1.7E-02
Eotaxin CCLII 4.9E-02 3.5E-02 8.3E-02 6.9E-02 5.0E-02 5.4E-02
FGFB FGF2 4.0E-02 4.6E-02 5.4E-02 4.1E-02 2.3E-02 3.9E-02
GCSF CSF3 5.0E-04 |.7E-02 2.6E-02 3.4E-02 2.2E-02 2.8E-02
GMCSF CSF2 3.1E-02 4.9E-02 6.3E-02 4.9E-02 4.3E-02 5.1E-02
IFNr IFNG 3.0E-02 3.9E-02 5.0E-02 3.1E-02 4.6E-02 3.9E-02
IGFI IGFI 1.5E-02 2.9E-02 3.4E-02 2.6E-02 1.9E-02 2.3E-02
ILla ILIA 1.5E-02 1.4E-02 2.7E-02 3.2E-02 1.9E-02 3.4E-02
IL2 IL2 7.5E-05 2.2E-03 9.0E-03 7.7E-03 3.0E-06 2.4E-03
L4 L4 4.0E-02 3.7E-02 5.0E-02 3.9E-02 |.9E-02 3.2E-02
IL6 IL6 1.0E-02 3.5E-02 3.9E-02 7.6E-03 2.4E-02 2.1E-02
IL8 CXCL8 |.8E-02 2.2E-02 3.8E-02 3.0E-02 2.7E-02 3.7E-02
ILIO ILIO 7.7E-02 7.9E-02 1.0E-01 6.9E-02 4.6E-02 8.6E-02
ILI3 ILI2B 2.7E-02 2.8E-02 4.2E-02 3.3E-02 2.5E-02 3.2E-02
ILI2 ILI3 1.9E-02 4.4E-02 3.3E-02 3.9E-02 2.3E-02 3.8E-02
ILI7a ILI7A 7.8E-04 2.7E-03 1.1E-02 1.7E-02 6.8E-03 1.0E-02
IPI0 CXCLI0 3.5E-03 9.9E-03 1.3E-02 2.1E-02 1.3E-02 2.5E-02
Leptin LEP 5.2E-02 5.1E-02 6.6E-02 4.8E-02 3.5E-02 4.1E-02
MCPI CCL2 I.1E-02 1.4E-02 1.7E-02 1.4E-02 3.0E-03 1.7E-02
MIPl o CCL3 1.7E-02 3.8E-02 3.4E-02 2.6E-02 2.2E-02 3.5E-02
PAII SERPINEI 2.0E-02 2.0E-02 3.3E-02 1.6E-02 2.1E-02 2.8E-02
PDGF PDGF 3.5E-02 5.2E-02 5.7E-02 4.1E-02 3.6E-02 3.8E-02
PIGFI PIGF 4.4E-02 5.1E-02 6.2E-02 3.8E-02 3.8E-02 5.2E-02
Rantes CCL5 7.5E-05 4.5E-02 2.2E-02 4.3E-02 1.3E-04 |.5E-03
Resistin RETN 6.8E-03 3.1E-02 2.2E-02 2.2E-02 |.8E-02 3.5E-02
SCF KITLG 5.2E-02 6.3E-02 7.3E-02 6.4E-02 3.9E-02 5.4E-02
TGFB TGFBI 5.0E-02 5.0E-02 6.6E-02 5.0E-02 4.9E-02 7.6E-02
TNFa TNF 2.4E-02 3.2E-02 4.5E-02 2.2E-02 3.0E-02 2.3E-02
VEGF VEGFA 2.8E-02 8.7E-03 6.8E-02 3.4E-02 4.4E-02 9.5E-03

IL17a), growth factors (EGF, IGF1, bNGF, PIGF1, PDGF,
and FGFb), hematopoietic factors (GCSF, GMCSF, and
SCF), chemokines (MIP1a, MCP1, Rantes, Eotaxin, ILS,
and IP10), adipokines (Resistin, Leptin, and Adiponectin),
fibrinolytic factor (PAIl), angiogenic factor (VEGF), and
pleiotropic factor (IL6). The overall abundance of growth
factors, hematopoietic factors, adipokines, angiogenic, and
fibrinolytic factors remained unchanged across the three
oxygen conditions. SFCM?© displayed an 8% increase in
abundance of anti-inflammatory cytokines when compared
to SFCM™ and SFCMP. Conversely, pro-inflammatory
cytokines in SFCMF were 4%-5% higher than in all other
conditions and chemokines and pleiotropic factors 2%—3%
lower in SFCMAO than in other conditions.

Discussion

The role of stem cells and their products in regenerative
medicine therapeutics require mechanistic understanding

to support increased delivery via hospital-based models.
Previous studies have delineated key transcription and
behavioral changes in MSCs resulting from subtle bio-
physical alterations, including those likely to arise follow-
ing on from transplantation and delivery.>>¥"3® We have
added to that body of knowledge in this study by demon-
strating that the secretome of in vitro-cultured bone mar-
row-derived hMSCs varies significantly in an
oxygen-dependent manner. Reducing oxygen levels to
reflect either physoxia or pathological hypoxia results in a
potentiation of secreted biomolecules when compared to
air-cultured hMSCs. Defining the secretome of hMSCs
under biophysical conditions resembling the milieu imme-
diately following transplantation is an important first step
in accurately identifying molecules responsible for thera-
peutic effects and/or the potency of SFCM as a
biotherapy.

Three bone marrow aspirates (BMAs) from both male
and female donors spanning 20-36 years of age were used
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Figure 6. hMSC secretome composition is modified by oxygen environment. ELISA assays were performed to quantify changes in
IL2, IL4, IL10, TNFa, PIGFI, and VEGF which were found to be significantly different between AO, IH and P in the cytokine array
analysis. Protein concentration is plotted on the y-axis whilst oxygen environment is indicated along the x-axis. Data expressed as

mean = SD, *p < 0.05 and **p <0.001 (n=3).
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Figure 7. Functional classification of SFCM components. Bioactive factors previously evaluated were subclassified into nine
functional groups across the three oxygen conditions; anti-inflammatory, pro-inflammatory, growth factors, hematopoietic factors,
chemokines, adipokines, fibrinolytic factor, angiogenic factor, and pleiotropic factor. The percentage breakdown of each functional

class in each oxygen culture environment is plotted as a pie chart.

in this study to isolate hMSCs, and subsequently produce
SFCM which was assessed for differences in secretome
composition resulting from the culture under different
oxygen tensions. The analyzed SFCM was produced from
hMSCs at P1 while the transcriptome dataset was pro-
duced from data recorded from previous work using
hMSCs at P0O. Time taken for hMSC isolation from BMA
plating, expansion, passaging and reaching confluence at

P1 was 28-29 days and was consistent between the three
oxygen concentrations. It is important to note the caveats
associated with the use of BMAs from donors of different
gender and age and the implications this could have includ-
ing the comparisons with other studies. The influence of
donor age on hMSC gene expression profiles, morphology
and growth characteristics have previously been demon-
strated.*** Another consideration when drawing parallels
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with other published studies is the differing oxygen con-
centrations used to represent physoxia, 2% in this study,
and the implications this has in potentially altering the
secretome composition. The study of a larger number of
BMAs according to a power analysis from donors span-
ning a broader age range as well as male and female donors
would allow for the identification of more subtle altera-
tions in expression and secretome values, which were seen
to stagger the boundary of significance in this study.

Physoxia is significantly lower than inhaled air (21%
O,) which declines as it passes from the lung to the tissues;
ranging between 0.1% and 9% with an average of 2%
0,233 In this study, 2% O, was rationalized as a physi-
ologically relevant oxygen tension with which to culture
hMSCs due to the p0, of in vivo environments ranging
between 0.1% and 9% and more specifically sinusoidal
bone marrow which was showed to have an average value
of 2.7%.3* Assessment of any differences in the MSC
secretome at different levels of physoxia, for instance
modelling exposure linked to maximal diffusion co-effi-
cient would allow a deeper understanding and allow for
more in depth comparisons with other published studies.

A number of previous studies have analyzed the serum-
free in vitro secretome of hMSCs. Biomolecules identified
in the secretome of air-cultured hMSCs have included
anti-inflammatory (IL4, IL10, IL13, and TGFb),%* pro-
inflammatory (IL2, IL12, IFNr, TNFa, and ILla),%
chemokines (Rantes, MCP1, IL8, and MIP1b),5*
hemopoietic (G-CSF, and GM-CSF),° and pleiotropic fac-
tors (IL6).%'> Substantial overlap and significant discrep-
ancy is a key feature of hMSC secretome defining studies.
For instance, while IL1b, IL15, IL1a, Rantes, VEGF-A,
FGFb, and HGF were noted as air-cultured hMSC
secretome components, after 14-days incubation, (in addi-
tion to IL8, MCP-1 and IL6, and RANTES) a range of
previously described components were not (IL2, IL4,
IL10, IL12, IL13, TNFa, MIP1b, G-CSF, or GM-CSF).*
While shorter-term serum-free culture over an initial 24h
resulted in detection of Angiogenin, GRO, IGF1 and
TIMP1 (and confirmation of IL6, RANTES, TGFbl, and
VEGF), notable was the absence of FGFb, I[FNg, IL8 with
EGF, CXCL5, PDGF, PLGF, and TPO." In broad agree-
ment with previous studies, we also noted an air-cultured
hMSC secretome contained FGFb, GM-CSF, IFNr, IL1a,
IL4, IL8, IL10, IL12, MCPI1, TGFb, TNFa, and VEGF
which may form the basis of a minimal air-cultured hMSC
secretome.®*** Similarly, 1L2, IL6, IL13, MIPla, and
RANTES lay below a detectable threshold in our
experimentation.

Reduced oxygen culture (~1% O,) is described as a
positive mediator of chemotactic and growth factor upreg-
ulation in the hMSC secretome.’>>! Comparison of the
hMSC secretome produced in air oxygen (21% O,) to vir-
tual anoxia (0.1% O,) and physoxia (5% O,) oxygen ten-
sion environments experienced during in vivo-based

therapies identified significant differences in component
profiles. Paracrine expression levels of IL8, MCPI,
RANTES, VEGF-A, and VEGF-C were enhanced under
0.1% O, exposure resulting in a unique hMSC secretome
profile when compared to both 5% and 21% O,%
Additional significant upregulations at day 14 included
IL1b, IL6, IL1, Rantes, IL15, FGFb, and HGF in 5% O,
and 21% O, but not in 0.1 % O,. Taken together, this indi-
cates the likely divergence of hMSC secretome profiles in
an oxygen-dependant manner. Similarly, we noted in this
study that alternate oxygen environments significantly
altered both secretome composition and component con-
centrations. Differences were apparent in our observations
including significant upregulation of IL6 in SFCM™ ver-
sus SFCMA°, RANTES in SFCMP versus SFCMA© and
EGF upregulation in SFCM™ versus SFCMA©, In contrast
to Paquet et al, our findings suggested that secretome from
hMSCs maintained in reduced oxygen displayed elevated
FGFb and HGF in comparison to AO cultured hMSCs.*?
Differences in study design parameters make further com-
parison difficult. However, consistent with our observa-
tions, a range of in vitro SFCM proteomic studies have
revealed upregulation of bioactive factors in reduced oxy-
gen over AO despite differences in the source of isolated
MSCs; adipose!®>>3* or bone marrow,”*>* and variation
in conditioning periods. For instance, transient (6 h) expo-
sure of adipose-derived MSCs to 5% O, is described as
promoting IL6 and TGFb secretion whilst prolonged (72 h)
exposure promotes the upregulation of GCSF, MCSF, and
PDGF and downregulation of EGF.>*** Further conflicting
analysis emerges where analysis of SFCM from BMA-
derived hMSCs revealed that 1%—2% O, substantially
induced the production of some biomolecules (ADM,
DKKI1, FGFb, IL6, IL8, PLGF, SDF1, and VEGF) but sur-
prisingly, not in a number of previously reported factors
(IL6, VEGF, and HGF).3>3¢

It has been suggested that the application of a critical
environment, pathological hypoxia, on in vitro-cultured
MSCs may stimulate cellular compensatory defense mech-
anisms; resulting in upregulation of the secreted proteins
best suited to protect the cells from harsh environments
and prolong their survival ?**33738 In ischemic injury, such
as coronary arterial stenosis, tissue hypoxia is accompa-
nied by an upregulated release of growth factors e.g. bFGF
and VEGF resulting in collateral angiogenesis.”> We have
noted that physoxia mitigated the synthesis and secretion
of bioactive factors in comparison to intermittent hypoxia,
providing a perspective on the intrinsic behavior of MSCs
in their endogenous niche while exposed to a consistent
physiological oxygen tension. We hypothesize that the
behaviors and resultant secretome produced by hMSCs
cultured in intermittent hypoxia likely underpin the in vivo
paracrine behavior of MSCs. Due to the scarcity of data
available for direct comparison of our study to others, it is
clear that subsequent studies should be concerned with
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characterizing common secretory factors produced by in
vivo transplanted MSCs to those identified in our study.*
The translation of an hMSC-based secretome into clinical
application provides an opportunity for the ultimate
replacement of cell-based therapeutics with a cell-free
therapy, likely overcoming immunogenicity and ethical
hurdles.® However, predictability of safety and efficacy of
the cell-free product would be drawn from the presence of
individual components at pre-specified concentration lev-
els which are anticipated to be affected by a range of in
vitro factors including, as we have demonstrated, oxygen
culture conditions.®' Advancements in proteomics coupled
to an optimization of in vitro culture conditions will play a
major role in the identification of constituent components
of the hMSCs-secretome encouraging batch reproducibil-
ity, minimizing variability, and permitting appropriate dis-
pensation for future applications.

Conclusion

The efficacy of hMSCs as a therapy may be linked to
released bioactive factors; such as cytokines, whose secre-
tion is either constitutive or regulated. Priming hMSC with
alternate in vitro stimuli has the potential to modulate the
quantity and composition of components released, result-
ing in improved or modulated potency of the cell-based or
cell-free biotherapy. hMSCs exposed to intermittent
hypoxia and physoxia have reprogrammed their intracel-
lular machinery to synthesize/secrete more protein-based
constituents with the potential to enhance the potency of
the cell-free biotherapy. In turn, this has the potential to
help overcome translational drawbacks associated with
cell-based therapy including poor homing potential, lim-
ited cell survival, and uncertain mechanisms of action.
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