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ABSTRACT

Cost-effective expansion of human mesenchymal stem/stromal cells (hMSCs) remains a key chal-
lenge for their widespread clinical deployment. Fibroblast growth factor-2 (FGF-2) is a key hMSC
mitogen often supplemented to increase hMSC growth rates. However, hMSCs also produce
endogenous FGF-2, which critically interacts with cell surface heparan sulfate (HS). We assessed
the interplay of FGF-2 with a heparan sulfate variant (HS8) engineered to bind FGF-2 and potenti-
ate its activity. Bone marrow-derived hMSCs were screened in perfused microbioreactor arrays
(MBAs), showing that HS8 (50 lg/ml) increased hMSC proliferation and cell number after 3 days,
with an effect equivalent to FGF-2 (50 ng/ml). In combination, the effects of HS8 and FGF-2 were
additive. Differential cell responses, from upstream to downstream culture chambers under con-
stant flow of media in the MBA, provided insights into modulation of FGF-2 transport by HS8. HS8
treatment induced proliferation mainly in the downstream chambers, suggesting a requirement
for endogenous FGF-2 accumulation, whereas responses to FGF-2 occurred primarily in the
upstream chambers. Adding HS8 along with FGF-2, however, maximized the range of FGF-2 effec-
tiveness. Measurements of FGF-2 in static cultures then revealed that this was because HS8 caused
increased endogenous FGF-2 production and liberated FGF-2 from the cell surface into the super-
natant. HS8 also sustained levels of supplemented FGF-2 available over 3 days. These results sug-
gest HS8 enhances hMSC proliferation and expansion by leveraging endogenous FGF-2 production
and maximizing the effect of supplemented FGF-2. This is an exciting strategy for cost-effective
expansion of hMSCs. STEM CELLS TRANSLATIONAL MEDICINE 2017;6:1178–1190

SIGNIFICANCE STATEMENT

Clinical use of stem cells will require effective methods to expand stem cell numbers. This work
used a purpose-engineered carbohydrate to target a key growth factor pathway that facilitates
stem cell expansion, which is potentially a cost-effective alternative to current expansion techni-
ques. To understand the interplay of the carbohydrate with the growth factor, and its effects on
stem cells, a microbioreactor array—a “lab-on-a-chip” system—was used to assess many differ-
ent conditions in parallel, streamlining the process of optimizing the culture conditions and
understanding the mechanism of action of the carbohydrate.

INTRODUCTION

Human mesenchymal stem/stromal cells (hMSCs)
[1] are currently undergoing both preclinical and
clinical development for a range of indications
due to their multi-lineage differentiation capacity,
and propensity for secretion of trophic and immu-
nomodulatory factors [2]. The large numbers of
hMSCs required for clinical-scale dosing are typi-
cally obtained by ex vivo expansion of isolated pri-
mary cells from bone marrow aspirates, amongst
other sources. Human MSCs generally display
reduced proliferative and differentiation capacity
following extended ex vivo expansion [3].

Therefore, culture strategies that achieve robust

cell number expansion whilst maintaining suffi-

cient therapeutic potency must be developed,

and further optimized to ensure economic viabil-

ity of hMSC bioprocessing at clinical scale. As a

way to rapidly test and optimize hMSC expansion

strategies at a small scale, microfluidic cell culture

tools are available that allow for multiplexed gen-

eration and testing of cell culture conditions [4].

In this work, we use the versatility of microfluidic

cell culture arrays—microbioreactor arrays

(MBAs) [5, 6]—to rapidly screen the impact of

combinations of factors on hMSCs.
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Human MSCs are known to produce a plethora of growth fac-
tors at varying levels under normal expansion conditions [7, 8].
Given the availability of these endogenous factors, strategies that
successfully exploit them for cell expansion would be economi-
cally attractive alternatives to supplementing medium with large
amounts of expensive recombinant factors, particularly at indus-
trial scales. Notably, these endogenously-produced factors include
high levels of fibroblast growth factor-2 (FGF-2) [8], which is
known to be a potent mitogen for hMSCs [9]. FGFs potentiate a
signaling cascade through FGF receptors (FGFRs) 1-4 [10], and in
hMSCs, cell cycle progression driven by FGF-2 signaling through
FGFR1 has been identified as a rate-limiting step for hMSC self-
renewal [11]. Expression of endogenous FGF-2 at higher levels in
adipose-derived versus bone marrow-derived hMSCs was high-
lighted as a factor leading to increased growth rates in the
adipose-derived cells [12]. Confirmation of both FGF-2 and FGFR1
expression in adipose-derived hMSCs revealed the presence of an
autocrine feedback loop, with fast-cycling cells also having higher
levels of cell surface FGF-2 than slow-cycling cells [13]. In hMSCs,
exogenous FGF-2 treatment resulted in early preferential expan-
sion of progenitors with shorter telomeres and enhanced prolifer-
ative and differentiation potential [9, 14, 15]. Likewise, in mouse
MSCs, exogenous FGF-2 selectively expanded subpopulations con-
taining immunomodulatory and anti-inflammatory capacity [16],
suggesting this signaling axis may be important for therapeutically
desirable cells within the MSC population. However, extended
treatment with supplemented FGF-2 over multiple passages has
also been suggested to impact the differentiation potential of the
cells [17], potentially an indicator of compromised potency.

Endogenous FGF-2 secretion is dependent on native heparan
sulfate (HS) chains proximal to the cell membrane [18], which
then bind the exported FGF-2. This anchoring of the factor to the
cell membrane through association with heparan sulfate proteo-
glycans (HSPGs) is expected to constrain the effective diffusion of
FGF-2 to the cell surface, increasing the ease of FGF association
with its receptor on the same exporting cell, thus promoting an
autocrine signaling mechanism. It also limits paracrine diffusive
transport of exported FGF-2 through the bulk medium, but trans-
fer can occur between physically touching cells [18]—juxtacrine
signaling. This has important repercussions in a heterogeneous
cell population such as hMSCs—non-FGF-2-producing cells may
not receive FGF-2 if not in physical contact with a producer cell.
Conversely, the FGF-2/FGFR1 axis may not be targeted across the
whole population if an appropriate HS chain acting as an FGF-2
co-receptor is not present. The proportions and overlap between
the FGF-2-producing and FGFR1-displaying cell populations, as
well as the distribution of FGF-2-binding HS chains, is not well
understood in hMSCs.

Exogenously supplemented FGF-2, on the other hand, is
known to be unstable due to thermal aggregation and thermal
and enzymatic degradation. FGF-2 bioactivity decays and it loses
the ability to cause phosphorylation of extracellular signal-regu-
lated kinase (ERK) after 24-hours incubation in medium at 378C,
yet this can be rescued by binding of heparin to FGF-2 protein
[19], thus researchers commonly use heparin to stabilize FGF pro-
teins [20]. Stabilization of FGF-2 by binding of heparin or free HS
chains (not bound to cell surface HSPGs) has been shown to
increase its radius of diffusion on a monolayer of cells [21]. This
was thought to occur by partitioning FGF-2 into the bulk medium,
presumably by competing with endogenous, cell surface HS chains
for FGF-2 binding. Together, these factors give rise to an

unfavorable situation whereby the activity and availability of sup-
plemented exogenous FGF-2 may be adversely limited unless it is
appropriately complexed with heparin or HS, and the endoge-
nously produced FGF-2 is limited to autocrine or juxtacrine trans-
port. Thus, FGF-2 availability might be a limiting factor in ex vivo
hMSC expansion.

We have previously shown that supplementation of hMSC cul-
tures with the generic hyper-sulfated glycosaminoglycan (GAG)
heparin, results in adverse changes in the biological properties of
the cells [22]. However, HS preparations can selectively bind FGF-
2 and potentiate its signaling [23], improving growth and potency
of hMSCs [24]. This highlights the importance of using a particular
HS variant that targets a specific factor like FGF-2, rather than a
nonselective GAG such as heparin, and suggests that HS-based
strategies might be attractive to enhance FGF-2 availability and
activity. In this work, we utilize a HS variant (HS8) engineered to
bind FGF-2 with high affinity and potentiate its activity, the charac-
terization of which we recently reported [25]. HS8 comprises a
more targeted population of HS chains that is enriched for FGF-2
binding affinity compared to the crude HS starting material.

To explore the utility of HS8 for hMSC expansion, we used
MBAs to screen combinations of FGF-2 and HS8 on hMSCs and
dissected the interactions between HS8 and endogenous and
exogenous FGF-2. The MBA platform is a microfluidic cell culture-
screening array providing both combinatorial mixing of factors,
and continual perfusion of culture medium through serially con-
nected culture chambers. In this device, progressive accumulation
of cell secretions from upstream to downstream chambers intro-
duces paracrine factor effects, enabling not only a rapid manner
by which to search for preferential combinations of exogenous
factors, but potentially the elucidation of difficult to detect
paracrine-dependent cell responses. Deployment of the MBA is
intended to save on time, biological materials, and manual errors,
while increasing the landscape of cell culture environments that
can be rapidly generated and compared side-by-side, with the end
goal of utilizing it as a rapid development and QC tool for cell
therapies. With this approach, we gain insight into the interplay
between FGF-2 and HS8 and the effects on hMSC growth.

MATERIALS AND METHODS

All fine chemicals were obtained from Sigma Aldrich (Singapore,
http://www.sigmaaldrich.com), and all cell culture and detection
reagents from Life Technologies (Singapore, http://www.thermo-
fisher.com), unless otherwise mentioned. FGF-2 was purchased
from R&D Systems (Cat# 233-FB; Minneapolis, MN; http://www.
rndsystems.com). The engineering of HS8, including isolation, bio-
chemical characterization, and evaluation of biological activity,
including on hMSCs, was recently published by our group [25].

Microbioreactor Array Fabrication and Validation

MBAs [5, 6, 26] are microfluidic cell culture devices incorporating
a cell culture array of 270 chambers (27 columns of 10 chambers
linked in series by microfluidic channels), with diameter 1.63 mm
and height 100 lm. Connected to the cell culture array are fluidic
channels for combinatorial factor mixing, and inlet and outlet
structures for various operations (cell seeding, cell culture, cell
analysis). This arrangement allows cells to be seeded and attach in
the cell culture array, and then be exposed to continuous flow of
a combinatorial mix of test factors, then finally to be assayed with
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various fluorescent tags and imaged for analysis. MBAs were fabri-
cated to 100 lm feature height, and validated by dye loading and
fluorimetric concentration quantification, similar to previous work
[5, 6]. For dye loading, 0.1% wt/vol Ponceau S solution (Bio-Rad;
Singapore; http://www.bio-rad.com; 672.64 Da) was perfused
through individual factor channels, with all other inlets containing
MilliQ water, at 1.2 ml/hour total flow rate. For concentration
quantification, heparin was selected as a model biomolecule for
HS due to its structural and charge similarities. Heparin was conju-
gated to Alexa Fluor 488 dye, according to previously described
methods [27]. Alexa Fluor 488-labeled heparin (10 lg/ml in PBS)
was perfused through individual factor channels independently,
with all other inlets containing PBS, at 300 ll/hour total flow rate.
Chambers were imaged (see below), integrated fluorescence
intensities were measured using FIJI software (http://fiji.sc), then
the intensities had background subtracted and were normalized
to the minimum and maximum fluorescence values.

Cell Culture

Normal hMSCs were obtained from Lonza (Poietics, PT-2501;
Donor A; healthy male, 27 years; lot number 0000318006; Singa-
pore, http://www.lonza.com) at passage 2. Alternatively, bone
marrow mononuclear cells were obtained from Lonza (2M-125C),
and then hMSCs isolated by plastic adherence and culture accord-
ing to standard methods. This donor (Donor B; healthy male, 29
years, lot number 090016B) was characterized for its immunophe-
notype (Supporting Information Fig. 1) and multi-lineage differen-
tiation potential (Supporting Information Fig. 2). A third donor
(Donor C; healthy male, 24 years, lot number 090166D) was iso-
lated in the same manner. Human MSCs were expanded in main-
tenance medium consisting of low-glucose Dulbecco’s Modified
Eagle Medium (DMEM-LG) (HyClone; Singapore; http://www.geli-
fesciences.com), 10% vol/vol fetal calf serum (HyClone), and
4 mM L-glutamine. Cells were plated at 5 3 103 cells/cm2 in
150 mm culture dishes and grown in a 5% CO2 humidified atmos-
phere at 378C. Medium was exchanged every 3 days and cells
were passaged at �90% confluence. Cells were used at passage
numbers as indicated. All media were supplemented with 1% vol/
vol penicillin/streptomycin.

Human MSC Multi-lineage Differentiation

Adipogenic Differentiation. Human MSCs were plated in tripli-
cate at 1.8 3 104 cells/cm2 in 12-well plates and cultured for 3
days. When confluent, medium was replaced with Adipogenic
Induction Medium (AIM) comprising maintenance medium sup-
plemented with 1 mM dexamethasone, 10 mM insulin, 20 mM
indomethacin, and 115 mg/ml 3-isobutyl-1-methylxanthine. Cells
were maintained in AIM for 14 days, with AIM prepared fresh and
replaced every 3–4 days. Undifferentiated cells used as controls
(for each lineage) were kept in maintenance media for 14 days
with replacement every 3–4 days.

Osteogenic Differentiation. Human MSCs were plated in tripli-
cate at 3 3 103 cells/cm2 in 12-well plates and allowed to attach
overnight. Then, medium was replaced with Osteogenic Induction
Medium (OIM) comprising of maintenance medium supplemented
with 10 nM dexamethasone, 25 mg/ml L-ascorbate-2-phosphate
and 10 mM glycerol-2-phosphate. Cells were maintained in OIM
for 14 days and medium was changed every 3–4 days.

Chondrogenic Differentiation. Human MSCs (2.5 3 104 cells)
were pelleted in triplicate in Chondrogenic Induction Media (CIM;
Lonza) supplemented with 10 ng/ml TGF-b3 (R&D Systems) in
15 ml centrifugation tubes. Cells were maintained in CIM for 14
days and medium was changed every 3–4 days.

Flow Cytometry

TrypLE-dissociated hMSC suspensions were stained (as described
previously [8]) with PE- or FITC-conjugated antibodies against
human CD105, CD73, CD90, CD45, CD34, CD49a, CD29, EGF-R,
IGF-IRa, NGF-R, PDGFRa, PDGFRb, CD11b, HLA-DR, CD19, CD14,
CD106, CD146, SSEA-4, and STRO-1, or the mouse isotype-
matched controls IgG1j, IgG2aj, IgG2bj, IgM, and IgG3, and ana-
lyzed on a BD FACSArray Instrument (BD Biosciences; San Jose,
CA; https://www.bdbiosciences.com) and with FlowJo software
v7.6.5 (FlowJo; https://www.flowjo.com/). Gates were set for a
false-positive rate of <2% based on the respective isotype con-
trol. For each sample, >10,000 events were acquired. All antibod-
ies were purchased from BD Biosciences, except STRO-1
(generous gift of Prof. Stan Gronthos, University of Adelaide,
Australia).

Reverse Transcriptase-Quantitative PCR Analysis

Gene expression was measured in triplicate cultures using reverse
transcription and TaqMan hydrolysis probes. Total RNA from adi-
pogenic and osteogenic differentiated and undifferentiated cells
was isolated using a Nucleospin RNA extraction kit (Macherey-
Nagel; Bethlehem, PA; http://www.mn-net.com/) following manu-
facturer’s instructions. Total RNA from chondrogenic differentiated
and undifferentiated cells was isolated using TRIzol Reagent fol-
lowing manufacturer’s instructions. The quality and quantity of
total RNA was determined by a NanoDrop spectrophotometer
(Thermo Fisher Scientific). Total RNA (1 lg) was reverse-
transcribed into cDNA using a SuperScript VILO cDNA synthesis kit
and an ABI Veriti 96-well thermal cycler (Life Technologies).
Expression levels of target genes were determined using 40 ng of
each cDNA sample assayed in triplicate and amplified with a
QuantStudio 6 Flex Real-Time PCR system. The probes for ALPL

(liver/bone/kidney isoenzyme), IBSP (also known as bone sialopro-
tein II), PPARG, CEBPA, SOX9, COL2A1, ACAN, and reference gene
ACTB (beta-actin) were purchased pre-designed (probe informa-
tion, Supporting Information Table 1). Expression levels were
reported in Relative Expression Units (REU) normalized to ACTB.

Microbioreactor Array Screening of hMSCs

The MBA experimental workflow consists of: MBA preparation
and cell seeding and attachment, cell culture, and cell endpoint
analysis. MBAs were first autoclaved then vacuum filled with ster-
ile PBS. Human MSCs were detached with TrypLE, washed, and
resuspended in fresh medium at 1 3 106 cells/ml. Then �500 ll
of this suspension was injected into MBAs using the cell injection
ports, with other ports plugged. The cell seeding distribution
between chambers in the MBA has been quantified previously to
have a coefficient of variation of �5% for hMSCs [6]. Human
MSCs were allowed to attach for 8 hours in an incubator before
medium perfusion was initiated, or for 24 hours with 6-hourly
exchange of medium (as indicated). Media were then perfused at
36 ll/hour total flow rate using a syringe pump (NE-1200, New
Era Pump Systems; Farmingdale, NY; http://www.syringepump.
com/) situated outside the incubator, driving 1 ml syringes (BD)
connected through polyethylene tubing (Intramedic PE50, BD)
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and stainless steel fittings to the MBA housed in a petri dish inside
the incubator.

Because serum contains heparin-binding compounds, the
sequential mixing of factors in the MBA was exploited to firstly
pre-complex FGF-2 with HS8 in the absence of serum. These fac-
tors were diluted in minimal medium (DMEM-LG 14 mM L-gluta-
mine 11% penicillin/streptomycin) with 0.1% bovine serum
albumin (BSA) as a carrier protein to prevent adsorption losses in
tubing and fittings. Serum was then introduced uniformly in the
third factor channel. Final concentrations are as marked.

At the experimental endpoint, MBAs were removed from the
incubator and submerged in a bath of ice-cold PBS. Fixation and
immunostaining were then performed using the syringe pump
setup to exchange staining solutions. In each case a minimum vol-
ume of 300 ll was delivered to ensure complete fluid replace-
ment within the chip. Antibodies used were: Ki67 (1:200, Cell
Signalling Technologies; Danvers, MA; https://www.cellsignal.
com/) and CD90-PE (1:20, BD). Actin and nuclei were optionally
counterstained with rhodamine-phalloidin (1:500) and Hoechst
33342 (2 lg/ml), respectively.

Imaging

Immunostained MBAs were imaged with an Olympus IX83
inverted fluorescence microscope, with an automated stage, Cool-
SNAP HQ2 CCD camera (Photometrics; Tucson, AZ; http://www.
photometrics.com/), and MetaMorph control and acquisition soft-
ware (Molecular Devices; Sunnyvale, CA; https://www.molecular-
devices.com). The ‘Scan Slide’ application in MetaMorph was used
to acquire the full cell culture array section (�63 3 23 mm), with
a 34 objective, 2 3 2 camera binning, and in multiple fluores-
cence channels.

Image Processing

MBA image tiles were stitched into full-resolution images using
MetaMorph, and then these images were registered and sliced
into images of individual MBA chambers using a custom MATLAB
script (MathWorks; Natick, MA; https://www.mathworks.com/).
Image cytometry processing was performed with CellProfiler soft-
ware (version 2.1, Broad Institute; Cambridge, MA; www.cellpro-
filer.org) [28, 29]. The processing pipeline firstly identified nuclei
by segmentation based on Hoechst staining, and then identified
Ki671 nuclei using segmentation based on Ki67 staining. Projected
cytoplasmic areas were identified using CD90 staining, with identi-
fied nuclei used as the seed structures for shape propagation, and
then object measurements were exported.

FGF-2 Enzyme-Linked Immuno-Sorbent Assay

Human MSCs were plated in triplicate at 1 x 104 cells/cm2 in 24-
well plates and allowed to attach for 24 hours. Following this cells
were washed with PBS and then treated with medium alone,
medium1 25 ng/ml FGF-2, medium1 25 lg/ml HS8, or medium
containing both, for 1 or 3 days. Supplements were allowed to
mix on ice for 15 minutes in the absence of serum, before supple-
mentation. Following 1- and 3-days culture, cell culture superna-
tants were recovered and frozen. Cell layers were then treated
with 2 M NaCl in 20 mM HEPES solution on an orbital shaker for
10 minutes, and then the solution was recovered and frozen at
2808C. Cell surface and supernatant fractions were later thawed
and promptly assayed using a human FGF-2 Quantikine enzyme-
linked immuno-sorbent assay (ELISA) kit (R&D Systems) according
to the manufacturer’s instructions.

Data Visualization and Statistical Analysis

Heat maps were generated with Excel (Microsoft; Redmond, WA;
https://www.microsoft.com), and color-scaled with white point at
the mean. MINITAB [17] software (Minitab Inc.; State College, PA;
http://www.minitab.com) was used perform factorial analyses.
Prism 5 (GraphPad; La Jolla, CA; https://www.graphpad.com/) was
used for comparisons by analysis of variance (ANOVA) with post
hoc tests, as labeled. For factorial analyses, column means (mean
of 10 serial chambers) were used, with replicates coming from
independent runs from multiple donors. To compare multiple
MBA runs, column mean data from each run were standard nor-
malized to arrive at a Z-score (representing standard deviations
away from the global mean for that run) by: Z5 x2lð Þ=r, where
Z is the standard normalized Z-score for data point x, and l and r
are the mean and standard deviation of all data points for that
run, respectively.

RESULTS

MBA Performance Validation With Sulfated GAG
Macromolecules

The MBA [5, 6] performs two main functions (Fig. 1A). First, factors
and buffers are perfused into the chip such that 3 concentrations of
each of the 3 factors are generated, which are then are combinato-
rially mixed into 27 distinct compositions. Second, the 27 media are
perfused continuously through a cell culture array of 10 serial cul-
ture chambers for each distinct composition, before exiting at a
common waste outlet (Fig. 1A). We firstly confirmed that the MBA
partitions factors as designed (Fig. 1A) using Ponceau S dye (Sup-
porting Information Fig. 3). We then verified the ability of the MBA
to diffusively mix sulfated GAG macromolecules (i.e., heparin and
HS) to completion, by perfusing Alexa Fluor 488-labeled heparin
and measuring the lateral fluorescence profiles in serial channel
segments in diffusive mixing channels (Supporting Information Fig.
4A). This confirmed that, as a model GAG macromolecule, Alexa
Fluor 488-labeled heparin could be mixed to completion by the dif-
fusive mixing regime in the device. Fill volumes for each of the fac-
tor channels were also estimated by perfusing Alexa Fluor 488-
labeled heparin and tracking fluorescence levels over time. Fill vol-
umes for all factor channels were within 300 ll (Supporting Infor-
mation Fig. 4B).We then measured by fluorescence microscopy the
relative concentration levels generated in each column of the MBA,
when Alexa Fluor 488-labeled heparin was perfused through each
of the three factor channels (A, B, and C) independently and
sequentially. This confirmed that the design concentrations levels
were accurately generated (Fig. 1B). Residual dye detection in zero-
concentration conditions of Factor B and Factor C is due to small
amounts of adsorbed Alexa Fluor 488-labeled heparin from the pre-
vious factor channel. We do not expect significant losses to PDMS
absorption [30] since as a negatively charged, hydrophilic macro-
molecule, HS should not be absorbed appreciably, similar to manni-
tol [31]. Further, we have shown that labile proteins such as FGF-2
and TGF-b1 are delivered and active within MBAs [26, 32]. These
measurements collectively confirmed the MBA platform was func-
tioning as desired for use with sulfated GAGs.

MBA Combinatorial Screening to Map the Effects of
FGF-2, HS8, and SU5402 on hMSCs

To map the effects of combinations of FGF-2 and HS8, hMSCs
were seeded into MBAs and screened for 3 days (for Donor A; Fig.
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2A), under the combinatorial panel of FGF-2 (0, 25, and 50 ng/
ml), HS8 (0, 25, and 50 mg/ml) and the FGFR1 receptor tyrosine
kinase inhibitor SU5402 (0, 25, and 50 mM) (shown in Fig. 2D). At
the endpoint, the entire MBA was immunostained for Ki67 and
CD90, and counterstained for nuclei, then imaged. We then used
image cytometry to enumerate absolute numbers of individual
nuclei (Hoechst 33342 staining), Ki671 nuclei (Ki67 staining), and
to detect the cell membrane (CD90 staining) (Fig. 2B). Distinct
response patterns were seen to result from the various media
applied to the 27 columns of culture chambers (Fig. 2C). The num-
ber of Ki671 cells per chamber (Ki671 nuclei), and the total num-
ber of nuclei per chamber (total nuclei) were used as readouts of
the cell proliferative and expansion responses to factor treatment.
These metrics were arranged as heat maps showing absolute

values for each individual chamber in the MBA, versus the combi-
natorial panel of factors applied to each column in the MBA (Fig.
2D). There was a strong positive correlation (Pearson’s r 5.765;
p< .001) between the two metrics, showing chambers with the
most proliferating cells (Ki671 nuclei) also had higher cell num-
bers after the 3-day culture period. Distinct hotspots of cell
response resulted from treatment with specific combinations of
factors (Fig. 2D).

FGF-2 and HS8 Individually and Additively Promote
hMSC Proliferation and Expansion

Examining images of individual chambers, it was evident that addi-
tion of either FGF-2 (50 ng/ml) or HS8 (50 mg/ml) resulted in a
better coverage of CD901 hMSCs across the chamber’s culture
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surface, compared to nonsupplemented conditions. These factors
also resulted in increased numbers of both total cells and Ki671

proliferating cells, and the effect was even more apparent when
the two factors were combined together (Fig. 3A).

Quantifying the effects of individual factors by taking average
measurements from individual MBA columns (as in Fig. 2D), it was

clear that addition of either FGF-2 or HS8 resulted in dose-
dependent increases in both Ki671 nuclei and total nuclei, sug-
gesting induction of hMSC proliferation and expansion (Fig. 3B).
FGF-2 at 50 ng/ml (Column 19, Fig. 2D) caused increased Ki671

nuclei to 4.2-fold and total nuclei to 1.6-fold of control conditions
(Column 1, Fig. 2D). HS8 at 50 mg/ml (Column 7, Fig. 2D) had a
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comparable effect, increasing Ki671 nuclei to 3.5-fold and total
nuclei to 1.5-fold of control. These increases were statistically sig-
nificant (p< .05 by ANOVA, Tukey post hoc test) when comparing

variation of the 10 culture chambers in the column (Fig. 3B). Cells
exposed to SU5402, on the other hand, failed to undergo prolifer-
ative expansion (Fig. 3B).
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For conditions where both FGF-2 and HS8 were present in
varying ratios, the two factors in combination were able to further
enhance cell proliferation and cell numbers (Fig. 3C). The maximal
response relative to control conditions (Column 1, Fig. 2D) was
6.2-fold in terms of Ki671 proliferating cells and 1.7-fold in terms
of total nuclei, which occurred in conditions of 50 ng/ml FGF-2
and 25 mg/ml HS8 (Column 22, Figs. 2D, 3C). However, the maxi-
mum percentage of Ki671 proliferating cells occurred at the maxi-
mum levels of the two factors (50 ng/ml FGF-2 and 50 mg/ml HS8;
Column 25, Figs. 2D, 3C). The factors appeared to have an additive
rather than synergistic effect, with a possible rate-limiting or satu-
ration mechanism at higher doses. This suggests their effect on
proliferation may act through a common mechanism, presumably
FGF-2-driven signaling through an HS-FGFR1 complex. This is sup-
ported by the effect of the FGFR1 tyrosine kinase inhibitor
SU5402 in blocking the enhancing effects of HS8 or FGF-2 supple-
mentation (Figs. 2D, 3D). We did not expect the plateauing of
response to result from contact inhibition, as cultures could be
continued until �6 days with continued cell expansion up to
�600 nuclei per chamber (data not shown).

FGF-2 and HS8 Alter the Paracrine-Dependent Response
Profile of hMSCs

Medium in the MBA continuously flows downstream through a
column of 10 serial culture chambers and is then discarded. We
observed that numbers of Ki671 and total nuclei varied consider-
ably from Row 1 to 10 down the columns in the MBA. Tracing the
responses along from the first chamber (Row 1) to last chamber

(Row 10) in a column, the changes generally presented with
smooth gradients (Fig. 2D), rather than stochastically arranged
high and low responses. Since the continuously flowing medium
is subject to progressive depletion of exogenous factors and
accumulation of freely diffusible endogenous factors, a chang-
ing response profile from upstream to downstream chambers
(Rows 1 to 10) is a signature we have previously associated with
varying levels of diffusible factors in the medium in each of the
serial chambers. HS8 when added alone at 25 mg/ml caused an
elevated number of Ki671 cells, but importantly this was pre-
dominantly in the downstream region of the column (Rows 5 to
9) (Fig. 4A). When the amount of HS8 added was increased to
50 mg/ml, this peak shifted upstream to Rows 3 to 8 (Fig. 4A).
Conversely, irrespective of dose, FGF-2 supplementation alone
caused an increase in Ki671 proliferating cells predominantly in
the upstream half of the column (Rows 1 to 5) (Fig. 4B). Adding
HS8 together with FGF-2 caused a proliferative effect at levels
comparable or above that of FGF-2 alone, and this was sus-
tained through all rows (Fig. 4C). Modeling the effect of para-
crine factors on cell responses provides useful insights into the
way HS8 and FGF-2 might interact to alter the distribution of
their responses (Fig. 4D).

Replication of Factor Effects in Multiple hMSC Donors

To statistically confirm the effects of HS8 and FGF-2 on hMSC pro-
liferation and expansion, MBA runs were repeated and also com-
pleted with additional hMSC donors. Human MSCs (Donors B and
C) were derived from bone marrow mononuclear cells by plastic
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adherence selection and culture, and assayed in a manner similar
to Figure 2 (Donor B, Supporting Information Fig. 5; Donor C, Sup-
porting Information Fig. 6). Baseline proliferation in these donors
used at passage 3 was higher and consequently they were
screened for 2 days (Supporting Information Figs. 5A, 6A). Similar
to Donor A, proliferation and cell number expansion in Donors B
and C were dose-dependently stimulated by both FGF-2 and HS8,
and inhibited by SU5402 (Supporting Information Figs. 5B, 5C, 6B,
6C). Like Donor A, the expression of Ki671 was dependent on the
downstream position and the response profile was modulated
with various treatments of FGF-2 and HS8 (Supporting Informa-
tion Figs. 5B, 6B). Overall, the responses of Donors B and C
reflected most features of Donor A, providing confidence that fac-
tor effects apply to hMSCs generally. However, donor-to-donor
variability in factor responses was also measured, particularly

prominent in Donor C, for which factor sensitivity seemed weaker
(Supporting Information Fig. 6).

Factorial Analysis of Multiple hMSC Donors in Multiple
MBA Runs

Next, in order to estimate the significance of factor effects across
multiple experimental runs and hMSC donors, column mean data
from FGF-2- and HS8-containing conditions (omitting SU5402
data) from 2 runs from each of the 3 donors A, B, and C were
standard normalized and pooled. These data showed the progres-
sively additive effects of FGF-2 and HS8, until the maximum aver-
age responses across the multiple donors and runs were obtained
with 50 ng/ml FGF-2 and 50 lg/ml HS8 (Fig. 5A, 5B). Factorial
analysis of these data was then performed to identify the individ-
ual or combinations of factors with significant effects on the cell
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responses, Ki671 nuclei and total nuclei. Plotting the F-value from
factorial analysis, which measures the relative significance of a fac-
tor’s effect, showed that significant (p< .05) factor effects were
clearly apparent for FGF-2 and HS8 (Fig. 5C), with these two fac-
tors having the strongest significance. There was no synergistic
effect (interaction effect) for FGF-2 and HS8 combined (FGF-
2*HS8), reaffirming the additive nature of their interaction. How-
ever, there was an interaction effect on Ki671 nuclei identified for
Donor with HS8 (Donor*HS8), meaning there was some donor
dependence on the proliferative response to HS8 (Fig. 5C). This is
unsurprising, as HS8’s effect seems to leverage some donor-
inherent characteristics such as endogenous FGF-2 production
rates. When the factorial model was reanalyzed with insignificant
(p> .05) terms removed by backward elimination, FGF-2 and HS8
were the only terms left in the model, as well as Donor*HS8, for
Ki671 Nuclei. Plots of fitted means for these individual factor
effects for FGF-2 and HS8 on Ki671 nuclei and total nuclei all
showed positive increasing relationships (Fig. 5D), summarizing
their effects on hMSC proliferation and expansion when measured
by 6 runs in 3 hMSC donors.

HS8 Modulates FGF-2 Partitioning Between Cell Surface
and Supernatant

Based on data from the MBA, we next tested whether the pres-
ence of HS8 altered the levels and partitioning of FGF-2 molecules
between the cell surface and the medium supernatant in standard
static cultures. Human MSC donors (Donors A and B) were grown
for 1 or 3 days in the presence of control medium, and media con-
taining HS8, FGF-2, or both HS8 and FGF-2. Then, FGF-2 levels in
the supernatant medium and the cell surface fraction (isolated
with a 2 M NaCl wash) were measured by ELISA (Fig. 6). These
measurements revealed that in control medium (None), small
amounts of FGF-2 (38 pg/well) were detected on the cell surface
over a 3-day period (Fig. 6A), with the majority of the FGF-2 (95%)
located on the cell surface (Fig. 6B). On addition of HS8 however,
a significant increase in the level of FGF-2 was detected in the
supernatant after 1 day (11.8-fold of control, p< .001), returning

to baseline levels after 3 days (Fig. 6A). In parallel, levels of cell
surface FGF-2 are maintained, yet an increased total amount of
FGF-2 is detected after 1 day. Since we measured FGF-2 levels in
the FBS-containing background medium of only�5.5 pg/ml (�2.2
pg/well), the increase in FGF-2 in the supernatant that was
detected after 1 day treatment with HS8 alone (�53 pg/well) is
likely to result from increased production, release and stabilization
of endogenous FGF-2 rather than from FGF-2 present in the initial
FBS-containing medium, since no other FGF-2 was added to this
condition. This suggests HS8 increases endogenous FGF-2 produc-
tion, increases FGF-2 transport into bulk supernatant, and stabil-
izes FGF-2 within the supernatant. The partitioning of increased
amounts Fig. 6A) and proportions (Fig. 6B) of FGF-2 into the
supernatant suggests HS8 competes with endogenous HS for FGF-
2 binding, releasing FGF-2 from the cell surface and making it
available in the supernatant. In the MBA, we use the proxy of cell
growth, which is critically dependent on FGF-2, to readout the
activity of FGF-2, contributed in exogenous and endogenous man-
ners. However, in the ELISA measurements of static cultures, we
measured FGF-2 levels with direct comparison between condi-
tions with the presence and absence of exogenously added FGF-2.
This allowed us to make a good assessment of endogenous and
exogenous factor contribution.

Next, in conditions where exogenous FGF-2 was supple-
mented, FGF-2 could be detected at highly elevated levels both
on the cell surface and in the supernatant after 1 day, relative to
control cultures. By 3 days, however, the cell surface FGF-2 had
returned to baseline levels (p> .05 vs. control) and the FGF-2 in
the supernatant decreased (197 pg/well, p< .001) from the level
at 1 day (512 pg/well). However, adding HS8 together with FGF-2
(Both) over a 3-day period elevated FGF-2 levels were detected
relative to FGF-2 alone, both on the cell surface (4.1-fold of FGF-2
condition, p< .001) and in the supernatant (2.6-fold of FGF-2 con-
dition, p< .001). It should be noted these data were not normal-
ized to cell numbers, which could account for some differences in
total FGF-2 levels, however the maximum increase in cell numbers
observed in the MBA experiments was only to 1.7-fold of control
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conditions. Together, these data suggest a dual role for HS8 acting
on endogenous and exogenous FGF-2. HS8 increases the levels
and availability of endogenous FGF-2, and also stabilizes exoge-
nous FGF-2 over extended periods. Both these mechanisms con-
tribute to a greater integrated amount of FGF-2 being available to
the culture over time.

DISCUSSION

Ex vivo hMSC expansion to clinically significant numbers whilst
maintaining therapeutic potency remains a challenge. Critical
growth factors for hMSCs (for example FGF-2, and PDGF-BB [34,
35]) have been identified as being endogenously produced by the
cells themselves [8, 12, 36], but the impact of these endogenous
factors on hMSC expansion and properties is relatively poorly
understood. This is partly because of a shortage of methods to
effectively manipulate and evaluate the cell endogenous factors,
but microfluidic systems are providing new methods for working
with them [37]. Endogenous factors might therefore represent
untapped resources with beneficial impacts on hMSC expansion
ex vivo that could be exploited improve the output and cost-
effectiveness of hMSC expansion during clinical scale-up. These
factors are known to be sequestered by HS chains on cell surface
HSPGs, which control their deployment and activity in physiologi-
cal processes [23, 38–41] such as development, morphogenesis,
and homeostasis. In this work, we focused on the role of FGF-2 as
a key factor driving hMSC expansion, as well as its transport
within hMSC cultures, particularly its crucial interactions with its
coreceptor HS. In our experiments, conditions that caused maxi-
mal hMSC proliferation and expansion (i.e., when both FGF-2 and
HS8 were present) also had the highest sustained levels of FGF-2
available on the cell surface and in the supernatant (Fig. 6). This
correlation might underscore FGF-2 availability as being a bottle-
neck in hMSC expansion, which lies upstream of the rate-limiting
step for hMSC expansion identified previously: FGFR1 signaling
activity [11].

Using a microbioreactor array (MBA) that permits combinato-
rial assessment of exogenous and paracrine factors, we surveyed
hMSC responses to such factor combinations. This improved

strategy allowed us to decipher combinatorial effects of ligands like
FGF-2 and the affinity-purified GAG HS8 on hMSC growth by moni-
toring direct and paracrine-dependent cell responses. This approach
provides unique insight because the MBA simultaneously provides
combinatorial mixes of factors to hMSCs under continuous flow,
which allows for the influence and identity of paracrine factors to
be probed, using cell readouts along with blocking antibodies, sig-
naling pathway inhibitors, or conditioned medium [5]. MBA screen-
ing resulted in the most critical insight of this work: an
understanding of the paracrine-dependent modulation of hMSC
growth by HS8. These were augmented with static culture measure-
ments of FGF-2 levels to better understand HS8’s effects on FGF-2
transport in hMSC cultures.

In the MBA, continual flow of medium is provided in a 100
lm-high channel directly over the cell layer. Since cells in the first
row (chamber) of a column of 10 chambers see fresh medium,
and cells in subsequent rows see progressively more depleted and
conditioned medium, the row coordinate acts as a surrogate mea-
sure of the degree of depletion (removal of nutrients and exoge-
nous factors) and conditioning (accumulation of wastes and
secreted endogenous factors) of the medium. Because nutrient
provision and waste accumulation are controlled (within a viable
range for cell growth) by matching the medium exchange rate to
time-averaged static conditions, we expect most of the variation
down a column to be caused by differing levels of exogenous and
diffusible paracrine factors. Plotting an appropriate cell response
against the row coordinate can therefore provide insight into its
dependence on these levels. Using this innovative approach, we
uncovered paracrine-dependent modulation of hMSC proliferative
responses, which cannot be easily identified in standard static cul-
ture systems. However, the detection of paracrine-dependent
responses allowed us to generate hypotheses that could then be
verified in static cultures.

Because endogenous, cell surface HS binds endogenous FGF-2
on export and either promotes autocrine association with FGFR or
facilitates juxtacrine transfer between touching cells [18], we rea-
soned that the freely-diffusible HS8 competes with this cell sur-
face HS to bind the endogenous FGF-2, releasing it from the cell
surface, stabilizing it, and allowing transfer to other cells by para-
crine diffusion (conceptualized in Fig. 7A). This is supported by our
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observation that cells treated with only HS8 had more endoge-
nous FGF-2 available in the supernatant after 1 day (Fig. 6A), and
the observation that cells treated with only HS8, under continuous
flow in the MBA, proliferated primarily in downstream chambers
(Fig. 4A). This suggests a requirement for endogenous factors (i.e.,
FGF-2) to be released from upstream cells and progressively accu-
mulate until reaching levels sufficient to drive robust cell
responses. Given that SU5402 (FGFR antagonist) blocked the abil-
ity of HS8 to stimulate cell proliferation in downstream chambers
(Figs. 2D, 3D), our data supports endogenous FGF-2 being
released from the cell surface by binding to HS8, and then acting
on downstream chambers to stimulate proliferative responses.

Exogenous FGF-2 normally undergoes degradation (primarily
thermal aggregation [19]), but can be stabilized by binding HS8,
making higher levels of it available in the supernatant. Free HS8/
FGF-2 complexes in the supernatant can then diffuse to other cells
including those which may not produce FGF-2 or display appropri-
ate endogenous cell surface HS, increasing overall FGF-2 stimula-
tion of the cell population (conceptualized in Fig. 7B). This is
supported by our measurements of higher levels of FGF-2 both in
the supernatant and on the cell surface when HS8 was supple-
mented along with FGF-2, compared to FGF-2 alone, particularly
the fact that is was sustained through 3 days (Fig. 6A). Previous
work has shown that HS and heparin can prevent depletion of
exogenous FGF-2 from the supernatant by cell surface HS and
increase its radius of diffusion over a monolayer of cells [21]. In our
work, adding FGF-2 alone induced a burst of proliferation that
occurred in the upstream culture chambers and then diminished
moving to downstream chambers (Fig. 4B), suggesting that FGF-2
is readily bound by cells in the upstream chambers and thereby
depleted from the medium, making less available to the down-
stream chambers. As well as this, some thermal degradation should
occur during the transit of FGF-2 through the column (�1.5 hours
average residence time). However, when HS8 was added to FGF-2,
a heightened proliferative response was sustained down the entire
column of chambers (Fig. 4C). This highlights the ability of HS8 to
prevent immediate depletion of the FGF-2 pool by cell surface HS
through competitive binding, and to extend the effective range of
FGF-2 stimulation by stabilizing it within the supernatant.

The major implications of this work for hMSC scale-up are
that an engineered carbohydrate adjuvant (HS8) can cause disrup-
tion of native growth factor-HSPG feedback loops to alter the dis-
tribution of FGF-2 molecules, thereby enhancing hMSC expansion.
Importantly, using an MBA screening strategy, we were able to
determine that several regulated systems are modulated by HS8:
levels of growth factor production, stability and transport mecha-
nisms. This results in an overall increased level of growth factor
cycling through the critical FGF-HS-FGFR system, and conse-
quently gains in expansion of the hMSC population.

CONCLUSION

HS8 was shown to act additively with FGF-2 for enhanced ex vivo
expansion of hMSCs. Microbioreactor array experiments and
measurements of FGF-2 levels in static cultures suggest HS8
increases the overall amount and duration of FGF-2 available to
the whole population of hMSCs in culture. This occurs by increas-
ing production and facilitating diffusion of endogenous FGF-2, and
stabilizing exogenous FGF-2 within the supernatant. Supplementa-
tion of hMSC cultures with HS8 could therefore be an effective
strategy to enhance hMSC expansion, especially in large-scale bio-
reactor systems.
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