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Abstract

Fibroblast growth factor (FGF) signals cell growth through its interaction with a fibroblast growth
factor receptor (FGFR) and a glycosaminoglycn (GAG) co-receptor. Here we examine the
signaling of five different FGFs (FGF1, FGF2, FGF6, FGF8 and FGF8b) through FGFR3c. A
small library of GAG and GAG-derivative co-receptors are screened to better understand the
structure-activity relationship of these co-receptors on signaling. Initially, data were collected in a
microtiter well-based cell proliferation assay. In an effort to reduce reagent requirements and
improve assay throughput a cell-based microarray platform was developed. In this cell-based
microarray, FGFR3c expressing cells were printed in alginate hydrogel droplets of ~30 nL and
incubated with FGF and GAG. Heparin was the most effective GAG co-receptor for all FGFs
studied. Other GAGs, such as 2-O-desulfated heparin and chondroitin sulfate B, were also
effective co-receptors. Signaling by FGF8 and FGF8b showed the widest tolerance for co-receptor
structure. Finally, this on-chip cell-based microarray provides comparable data to a microtiter
well-based assay, demonstrating that the co-receptor assay can be converted into a high
throughput assay.
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Introduction

Glycosaminoglycans (GAGs) are a diverse family of linear, polyanionic, polysaccharides
possessing highly varied structural properties that dramatically affect their biological
function.!=* GAG chains are found linked to a variety of core proteins, as proteoglycans
(PGs)> and are localized primarily on the outer surface of eukaryotic cell membranes and
in the extracellular matrix (ECM). Heparan sulfate (HS) and chondroitin sulfate (CS) are
two structurally diverse families of GAGs that have been implicated in signaling. The major
structural repeating units and the predominant sulfation patterns, of each GAG and
structurally modified GAG studied in this paper, are presented in Figure 1 and Table 1. HS
is comprised of a disaccharide unit of B-o-glucuronic acid (GlcA) or a-i-iduronic acid (IdoA)
and a a-o-glucosamine residue (GIcN) in a repeating 1,4-glycosidic linkage. This HS
disaccharide repeating unit often contains combinations of many different modifications,
i.e., sulfation at the carbon-2 of IdoA or GlcA residues (IdoA2S or GIcA2S, where S is
sulfo), sulfation of the carbon-6 of GIcN residue (GlcN6S), sulfation of the carbon-3 of
GlcN residue (GlecN3S), and N-acetylation or N-sulfonation of the GlcN residue (GlcNAc or
GIcNS, where Ac is acetyl). Heparin, a highly sulfated HS-type polysaccharide, typically
containing more than an average of 2.7 sulfo groups per disaccharide with a major subunit
structure of IdoA2SGIcNS6S that contains three sulfo groups (Figure 1). CS is somewhat
less complex, comprised of a disaccharide unit of GIcA or IdoA and an a-po-N-
acetylgalactosamine (GalNAc) in alternating 1,4-, 1,3-glycosidic linkages. CS can be
modified with sulfation of the carbon-4 or -6 of GalNAc and/or the carbon-2 of GIcA or
IdoA.

HS and CS polysaccharides are typically isolated from a variety of different animal
tissues.” CS GAGs are typically derived from cartilage and have the major biological
function of maintaining the structure of that tissue.> 10-11 CS has pharmacological roles and
is used as a nutraceutical to treat arthritis.!? The major biological function of HS GAGs is
the regulation of biological pathways, including growth factor signaling, chemokine
chemotaxis, coagulation/complement cascades by binding to a variety of proteins, including
growth factors such as fibroblast growth factors (FGFs) and Wnt, chemokines, such as
interleukins, and coagulation proteins, such as antithrombin.2- 13-16 In FGF signaling, the
HS GAG chain of the HSPG is considered a co-receptor and is generally crucial for efficient
signaling of FGF through its protein-based receptor.!” Heparin has a major pharmacological
role as an anticoagulant drug.!3-19 Recently, the involvement of CS GAGs in the regulation
of biological pathways has also been reported.2”

The FGF family of proteins are a major class of signaling proteins.2! In humans the 22 FGFs
are responsible for a variety of cellular functions, including proliferation, differentiation, and
angiogenesis.?2~23 These FGFs show varying selectivity and affinity for binding to FGF
receptors (FGFRs), some FGFs exhibiting extremely strong (nM) binding to multiple
FGFRs and some FGFs showing no binding to any FGFR.24-2> There are four different cell
surface bound FGFRs (1-4) with FGFRs 1, 2, and 3 exhibiting “b' and “¢' splice variants and
FGFR 4 exhibiting a “A' splice variant, comprising a total 7 unique FGFRs.26

A substantial amount of research has been dedicated to understanding the interactions of
FGFs and FGFRs with HSPGs.24-23-27-29 This research has most commonly employed
affinity chromatography or surface plasmon resonance (SPR) to evaluate relative FGF,
FGFR, and HS binding affinities.21-27-2830 These techniques, however, measure only
binding and lack important biological information on the ability of the binary or ternary
complexes formed to initiate FGF signaling pathways.
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Biological studies on the ability of FGF-FGFR-HS ternary complexes (Figure 2A) to initiate
FGF signaling pathways are most commonly performed using cell-based proliferation assays
that employ immortalized murine bone marrow (BaF3) cells that express a single FGFR and
no HSPG on the cellular surface.2423 These studies have primarily been used to evaluate
the interaction and signaling by full-length heparin (~10-12 kDa) of various combinations
of FGFs and FGFRs.!” Studies have also been performed that evaluate both the potential of
smaller enzymatically derived heparin derivatives (dp 2—-20) or variably chemically
desulfated heparins,31-32 but these studies tend to be limited to only a few FGFs and have
often afforded conflicting results.17- 33-34

The development of a high-throughput, miniaturized bioassay would be extremely beneficial
for testing the overwhelming number of combinations of FGF, FGFR and GAG available for
experimentation. Currently, there is precedent for the application of high-throughput 3D cell
assay platforms, which have been used successfully for stem cell differentiation, on-chip
immunofluorence, and cytotoxicity assays.>>~37 These 3D platforms, however, have not
been extended to bioassays specifically involving growth factor signaling. Since 2D array
based platforms have been successfully developed for heparin glycan-FGF 2 screening,3® we
decided to examine how 3D-chip platforms would perform in such applications.

Herein, we examine the specific structure(s) within HS and CS GAGs that are important for
forming FGF-FGFR-GAG ternary complexes capable of promoting BaF3 cellular
proliferation. A small library of HS polysaccharides and oligosaccharides, heparin
derivatives, and CS polysaccharides of various molecular weights and sulfation levels and
sulfation patterns was tested against FGFs 1, 2, 6, 7, 8, and 8b with a BaF3 cell line
expressing FGFR3c in a pseudo-3D, 96-well plate environment. These studies utilized
defined concentrations of FGF and GAG to provide an experimental baseline for
determining BaF3 cellular proliferation. Finally, these GAGs and FGFs were retested
against the BaF3 cell line on the high-throughput, miniaturized, 3D-chip platform for
validation of both methodology and consistent growth patterns.

EXPERIMENTAL PROCEDURES

Materials

Human recombinant FGF 1 and FGF 2 expressed in Escherichia coli were a gift from
Amgen (Thousand Oaks, CA). Human recombinant FGF 6, FGF 8, and FGF 8b were
purchased from Invitrogen Life Technologies (Carlsbad, California). Heparin and HS,
prepared from porcine intestine, were purchased from Celsus Laboratories Inc. (Cincinnati,
Ohio). Heparosan (NAcH) was prepared by the E. coli K5 strain by fermentation of glucose
and ammonium chloride.3? N-sulfoheparosan (NSH) was prepared by the chemical de-N-
acetylation/N-sulfation of heparin.*0 Chemically de-2-O-sulfated heparin (20DSHP) was
prepared as described in the literature.*! Completely desulfated HP (CDSHP) was prepared
as described in literature.*? CS type A (CSA), from bovine trachea, CSC, from bovine
cartilage, CSD, from shark cartilage, and CSE, from squid cartilage, were purchased from
Sigma Aldrich (St. Louis, Missouri). CSB (also known as dermatan sulfate), from porcine
intestinal tissue, was purchased from Celsus. The BaF3 cell line used in this study was a
generous gift from David Ornitz of Washington University, St. Louis.

BaF3 Cell Culture

Immortalized murine bone marrow cells expressing the FGFR3c (designated BaF33c¢)2443
were maintained in RPMI 1640 with .-glutamine media supplemented with 10% fetal bovine
serum (FBS), penicillin-streptomycin and f-mercaptoethanol. Geneticin (G418) and
interleukin-3 were added to concentrations of 400 pg/mL and 1 ng/mL, respectively. These
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cells were maintained at 37°C, 5% CO, in sterile, polycarbonate Erlenmeyer flasks, with
continuous shaking at 125 RPM. Cells were routinely passaged every 3 days and reseeded at
200,000 cells per mL.

96-well Plate Proliferation Assays

Prior to experimentation with FGFs, the FGFR expressing BaF3 cells were counted using a
hemacytometer and pelleted by centrifugation at 200 rcf for 5 min. The media was removed
by vacuum aspiration and the cells washed with interleukin deficient RPMI media. The cells
were then centrifuged and washed an additional 3- or 4-times. After the final centrifugation,
the cells were re-suspended in RPMI media (Sigma) containing 10% FBS, penicillin-
streptomycin, f-mercaptoethanol, and geneticin. No interleukin-3 was added for these
bioassays. The BaF3 cells were then added to a clear, U-bottom, 96-well plate at a
concentration of approximately 10,000 cells per well. Different FGFs were then added to the
BaF3 cell-containing wells to a final concentration of 20 nM, followed immediately by the
addition of the different HS or CS polysaccharide being tested to a final concentration of 4.9
pg/mL and a total well volume of approximately 100 pL. Each 96-well plate was covered
with a breathable membrane (Sigma) that allows for oxygen and CO, transfer, but inhibits
evaporation from the low volume wells. The 96-well plates were then placed in on a 125
rotation per min shaker in a 37°C/5% CO, incubator for 48 h.

After 48 h, the 96-well plates were removed from the incubator, breathable membranes were
removed and the number of cells per well was analyzed using MTT assay. Briefly, 100 pL
of 2.5 mg/mL thiazolyl blue tetrazolium bromide (Sigma) was added to each well and the
plate was incubated at 37°C under 5% CO, for 3 h. The 96-well plate was then centrifuged
for 10 min at 200 rcf to settle the formazan crystals at the bottom of each well. The solution
in each well was carefully removed, using a multi-channel pipet, and replaced with 150 pL
of dimethyl sulfoxide (DMSO). The 96-well plate was gently shaken for 45 min to dissolve
the crystals. Plates were then analyzed using a Molecular Devices (Sunnyvale, CA)
SpectraMax M5 microtiter plate reader at 590 and 690 nm.

3D Chip-Based Proliferation

Prior to printing the BaF3 cell on the micro-chip surface, the cells were pelleted at 200 rcf
and washed with interleukin-3 deficient RPMI media 5-times, in manner identical to the
method used for the 96-well plate assay. Following the final washing step, the cells were re
suspended to 5 x 10 cells per mL, in RPMI media supplemented with 10% FBS, penicillin-
streptomycin, -mercaptoethanol, and G418.

Poly(styrene co-malic anhydride) (PSMA) was dissolved in toluene at 1% (w/v). Once the
PSMA was completely dissolved, the solution was further diluted to 0.1% (w/v). The 0.1%
PSMA solution was then spin-coated onto the acid washed microscope slides using a Laurell
Technologies (North Wales, PA) WS-400B spin-coater. The coated slides were left to dry
overnight.

A 30 nL solution of a 0.1 mM BaCl,:poly-L-lysine (1:2) was spotted onto PSMA coated
slides using a MicroSys 5100-4SQ non contact microarray spotter (Genomic Solutions, now
Digilab, Inc., Marlborough, MA) and left to dry for approximately 1 h. Briefly, this
microarray-based approach employs pump-based aspiration and dispensing through a 100
micron ceramic tip with high positional accuracy. For these experiments, the BaCly:poly-L-
lysine solution was arrayed in 2 x 4 block pattern, with each block containing a 6 x 8 array
of individual spots.

Next, BaF3 cells in RPMI media deficient of interleukin-3 were mixed with a 3% alginate
solution at a 2:1 ratio (Figure 2B & 2C). Cell/alginate solution (30 nL) was arrayed onto
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each dried BaCl,/PLL spots under humidified conditions. The spots were incubated for 2
min to complete the formation of a stable cross-linked alginate hydrogel. The conditions
were set so that each 30 nL spot contained approximately 100 cells prior to incubation. The
resulting 30 nL cell-containing alginate-hydrogel spot was approximately 580 nm in
diameter and 150 nm in height, similar to that previously described in the literature.3’

An 8-well, polystyrene medium chamber (Nunc Lab-Tek II) was applied over the slide to
compartmentalize individual sets of conditions. 100 pL of RPMI media (supplemented with
10% FBS, penicillin-streptomycin, B-mercaptoethanol, and geneticin) was added to each
chamber. The RPMI media also contained FGF and HS or CS-GAGs, at concentrations
consistent with the 96-well plate concentrations. A breathable membrane was applied over
the chamber and the slide was incubated at 37°C and 5% CO, for 48 h.

Following incubation, the breathable membrane was discarded and the media was removed.
The 8-well chamber was removed and the slide was washed by submersion in 20 mM
CaCl,/140 mM NaCl (pH 7.0) buffer for 5 min. This washing step was repeated an
additional two-times with fresh CaCl,/NaCl solution. Following the washes, the slide was
stained with a Calcein AM/ethidium homodimer live/dead assay kit (Life Technologies) for
45 min. The staining of the slides was followed by an additional two-15 min. washes with
CaCly/NaCl solution. Finally, the slide was left to dry, overnight, in the dark.

Live/dead assessment of the dried slides was completed using a Genepix Professional 4200
(Molecular Devices, Sunnyvale, CA) slide scanner with a blue laser (488 nm) with a
standard blue filter and a 645AF75/594 filter for the green and red dyes, respectively. The
green and red fluorescence intensity was quantified using GenePix Pro 6.0 software
(Molecular Devices).

Interleukin-mediated On-Chip Growth

Additional 3D-chips were printed in a method identical to that previously described to
validate that cells grow in an identical manner on-chip as in a shaker flask. In these
experiments, instead of the application of the 8-well chamber to the chip and the addition of
FGF/GAG supplemented media to the well, these chips were submerged in 5 mL of RPMI
media containing 1 ng/mL interleukin-3. At time-points of 0, 29, 48, and 56 h, one slide was
removed from incubation, washed, live/dead stained, and dried, in a procedure identical to
the method previously described.

Data Analysis

The data were analyzed in a method similar to previous studies involving FGF, FGFR3c,
and HP interactions, in an effort to consistently compare the results of each polysaccharide
and fibroblast growth factor combination across the entire data set. The extent of
proliferation observed with heparin and FGF 1 was set at 100% to represent an arbitrary
maximal cellular proliferation. For each FGF and FGFR3c interaction, a negative control
involving the addition of FGF in the absence of GAG was used for zero growth. Each
combination of GAG and FGF was then compared against the internal zero growth control
and the arbitrary FGF 1-heparin value to determine relative cellular proliferation.

RESULTS AND DISCUSSION

Heparan sulfate polysaccharides

Fibroblast growth factors 1, 2, 6, 8, and 8b at a solution concentration of 20 nM were probed
for their BaF3 cell-proliferative activities in the presence of heparin (Figure 3, Table 2) to
confirm that the assay system was functioning. The arbitrary maximum, FGF 1 with heparin
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(Figure 3A), demonstrated excellent proliferative activity and was used for comparison. FGF
2 also demonstrated excellent heparin-mediated FGFR3c cell proliferative ability (Figure
3B), comparable to FGF 1, consistent with previously published data.24-25-43 Additionally,
heparin had moderate, approximately 75% of the arbitrary maximum, ability to induce BaF3
cell-proliferation with FGF 6 (Figure 3C), also consistent with literature.2> However, slight
inconsistencies were observed when comparing the HP-mediated FGFR3c cell proliferative
activity of FGF 1 and FGF 8 and FGF 8b (Figures 3D & 3E, respectively). FGF 1 and FGF
8s showed nearly identical cell proliferation over the 48 h incubation period, with the FGF 8
and 8b promoting 10% and 5% more growth, respectively. Previous studies demonstrated
that FGF 8 showed approximately half the maximal cell growth of FGF 1 in combination
with heparin and FGFR3c over similar incubation times.2> The differences between the
current study and previously published data might be explained by the differences in
solution concentrations of the FGFs, as the current studies use 4- to 8-times higher growth
factor concentrations to obtain optimal concentration-based proliferation for BaF3 cell
growth. Our decision to work at slightly higher FGF and GAG solution concentrations was
determined by preliminary dose response analysis using HP, HS, and NSH with FGF 1 and 2
(Figure S1 and S2). At 10 nM solution concentrations of FGF 1 and FGF 2 (Figure S3), HP
was capable of promoting cellular proliferation, but HS and other non-sulfated HS GAGs
were not. Doing a simple, preliminary dose response curve, the abilities of HS and NSH
improved with increasing FGF concentration (Figure S1). We also found that changing the
GAG concentrations did not benefit cellular proliferation (Figure S2). While FGF conditions
could have been tested as high as 160 nM, we compromised using a solution concentration
of 20 nM in all experiments.

After demonstrating that heparin and the selected FGFs induced cellular growth levels
consistent with the literature, HS and modified heparins were next examined to better
understand the structure-activity relationship of FGF-FGFR-GAG signaling. Two GAGs of
particular interest were selected with a reduced level of sulfation, HS and 20DSHP (Figure
1 and Table 1). Porcine intestinal HS is primarily comprised of GlcA (>60% of total uronic
acid 4% and has very low levels of 2-sulfo group modified uronic acid (<13% of total uronic
acid 44%3) with its sulfo groups carried primarily by the GIcN residue as either GIcNS,
GIcNAC6S or GIeNS6S (29-38%, 7-10% and 5-8%, respectively, corresponding to <l sulfo
group/disaccharide repeating unit.)** 20DSHP is primarily comprised of IdoA (>70% of
total uronic acid,)*! with its sulfo groups carried entirely by GIcN residue as either GIcNS,
GIcNAC6S or GIeNS6S (1-3%,1-3% and >80%, respectively, corresponding to ~1.7 sulfo
groups/disaccharide)*!** and is identical to heparin except that it lacks 2-sulfo uronic acid
residues.

A final set of GAGs, of particular interest in our study, is a set that possess low to no
sulfation as well as GAGs of low molecular weight. NAcH was our first choice as it has a
high molecular weight, but no sulfo groups (Figure 1 and Table 1). NAcH is entirely
composed of repeating GlcA and GIcNAc residues for a My that typically ranges between
20,000 and 50,000. N-sulfoheparosan (NSH), another low sulfation GAG, is an intermediate
in heparin biosynthesis. In the case of NSH, the disaccharide repeating unit is comprised of a
GIcA residue followed by a GlcN residue, as either GIcNS or GIcNAc (85% and 15%,
respectively). NSH is prepared from NAcH by base catalyzed de-N-acetylation, followed by
chemical N-sulfonation in a process that results in a GAG with reduced molecular weight,
My ~11.2 kDa.*0 Chemically modified heparins were also tested. Completely desulfated
heparin (CDSHP) was chosen as a GAG that possesses no sulfo groups but is still comprised
primarily of iduronic acid residues, (IdoA and GlcA of 80% and 20%, respectively). An
unsulfated HS decasaccharide (Deca) of My 3.1 kDa with a NAcH repeating structure of
GlcA and GlcNAc (Figure 1) was examined to determine whether such a minimal structure
could promote FGF-FGFR binding and signaling.
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Using this small library of HS GAGs, including HS, NSH (~1 sulfo group/disaccharide),
NAcH (0 sulfo groups/disaccharide), 20DSHP (~1.7 sulfo groups/disaccharide), CDSHP (0
sulfo groups/disaccharide) and Deca (0 sulfo groups/disaccharide), FGF signaling was
examined in the BaF3 assay. Under treatment with FGF 1 and FGF 2, (Figure 3A and 3B)
20DSHP was the best promoter of proliferation, showing activity most comparable to the
heparin positive control. The relative proliferation levels of 20DSHP with FGF 1 and FGF 2
were 82% and 87% that of heparin (Table 2). Although HS showed substantially lower
activity than heparin and 20DSHP, the level of FGF 1 and FGF 2 HS-activated cellular
proliferation was approximately 50% (Table 2) that of heparin. The remaining GAGs (NSH,
NAcH, CDSHP, and Deca), tested in combination with FGF 1 and FGF 2, were incapable of
promoting levels of proliferation greater than 15% (Table 2). These data suggest that FGF 1
and FGF 2 prefer HS GAGs with a high level of sulfation and a high IdoA content to signal
through FGFR3c.

When the same HS GAGs were tested, in combination with FGF 6 (Figure 3C), very low
overall levels of FGFR3c induced proliferation were observed. It is also noteworthy that the
FGFR3c level of proliferation of heparin with FGF 6 was reduced as compared to heparin
with FGF1. 20DSHP showed modest activity (26%) with FGF6 but much less activity than
observed with FGF 1 (82%) and FGF 2 (87%). The removal of the 2-sulfo groups resulted in
>60% reduction in FGF 6 induced proliferation levels, while for FGF 1 and FGF 2 induced
proliferation, the reduction was ~20%. HS induced proliferation with FGF 6 was only 17%
of that observed with heparin and all other HS GAGs tested showed <10% BaF3 cell
proliferation (Table 2).

Next, FGF 8 and FGF 8b induced proliferation was examined (Figure 3D & 3E). These
growth factors demonstrated the lowest levels of GAG specificity for cellular proliferation.
Remarkably, 20DSHP showed greater activity (127% and 122%, respectively) for FGF 8
and FGF 8b induced proliferation of BaF3 cells than the arbitrary FGF 1-heparin control or
the FGF 8 and FGF 8b-heparin experiments (Table 2). HS induced FGF 8 and FGF 8b
proliferation levels comparable to heparin. CDSHP was also capable of promoting cell
proliferation at 66% to 67% the level of the heparin-FGF 1 positive control. NSH mediated
FGF 8 and FGF 8b proliferation at 54% and 52%, respectively. Even NAcH, without
sulfation, was a modest promoter of FGF 8 and FGF 8b cellular proliferation, at 37% and
31%, respectively. Unmodified decasaccharide showed low but detectable levels of cellular
proliferation for both FGF 8 and FGF 8b. These data demonstrate that while sulfation
increases cellular proliferation levels, the presence of sulfo groups are not a requirement for
FGF 8 and FGF 8b proliferation of BaF3 cells. The low activity for the decasaccharide,
however, clearly suggests a length requirement for non-sulfated polysaccharide-based
signaling involving FGF 8 and FGF 8b.

Chondroitin sulfate polysaccharides

The five CS-type GAGs studied represent a natural library of structurally diverse molecules
(Figure 1, Table 1). CSA, CSB, and CSC, and contain ~1 sulfate per disaccharide repeating
unit. In CSA and CSB, this sulfo group is located at carbon-4 of the galactosamine residue,
and in CSC it is located at carbon-6 of the galactosamine residue. CSB, commonly referred
to as dermatan sulfate, differs from CSA in that it contains an iduronic acid in place of
glucuronic acid. Thus, CSB more closely resembles heparin and chemically modified
heparin derivatives. CSD and CSE both have ~2 sulfates per disaccharide repeating unit.
CSD has sulfates at carbon-2 and carbon-6 of the N-acetyl galactosamine residue. CSE has
sulfates at carbon-2 and carbon-6 of the N-acetyl galactosamine residue.

CSB and CSE, in combination with FGF 1 and FGF 2 (Figure 4A and 4B), were capable of
promoting proliferation levels of 10 — 75% (Table 2) of that of the heparin-containing
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positive control. When CSA, CSC, and CSD were examined with FGF 1, FGF 2, and FGF 6,
they were all poor promoters of BaF3 cell proliferation (Figure 4A, 4B, & 4C) with < 6% of
the activity of the heparin-containing positive control. Only CSB showed activity in
promoting FGF 6 induced cell growth (Figure 4C, Table 2).

Experiments on FGF 8 and FGF 8b (Figure 4D & 4E, Table 2) again showed the lowest
specificity for CS GAG mediated promotion of cellular proliferation, in a manner similar to
the HS-GAG mediated experiments. CSB displayed levels of proliferation comparable to the
heparin control. CSC, CSD, and CSE all promoted similar extents of proliferation (45-47%)
with FGF 8 (Figure 4D), whereas the extent to which CSA promoted proliferation was
slightly lower (34%). In combination with FGF 8b (Figure 4E), CSD and CSE proliferation
were very similar (41-47%), and CSA demonstrated similar levels of proliferation to CSC
(29-32%).

Based on the surprising levels of proliferation mediated by CSB and CSE, we chose to do
explore a simple FGF dose response curve, on the 96-well plate platform for CSB-FGF 2
and CSE-FGF 2 (Figure 5). In these experiments, FGF 2 levels were varied between 0 and
320 nM. The half-maximal concentrations for CSB and CSE were 5.6 nM 10.1 nM,
respectively. Heparin showed a half-maximal value of 2.5 nM. These results afford
interesting information on the structure-activity relationship for optimal for cellular
proliferation. Based on the proliferation patterns observed for the HS-GAGs (Figure 3), our
expectation was that higher levels of sulfation were the primary driving force behind FGF-
GAG-FGFR interaction and subsequent proliferation. This is primarily supported by Figures
3A, 3B, and 3C, where HP, HS, and 20DSHP are substantially better promoters of
proliferation than their de-sulfated counterparts, NSH, NAcH, and CDSHP. However,
investigation of the CS-GAGs seems to alter this prediction. Robust FGF 2 signaling for
CSB (Figure 4), having IdoA but only ~1 sulfo group per disaccharide, suggests an
important role for IdoA in FGF 2 induced cell proliferation. Additional experiments will be
required to fully understand the optimal balance between IdoA and sulfate content.

Ultra-Low Molecular Weight Heparins

Two ultralow molecular weight heparins (ULMWH1 and ULMWH?2) were next examined
(Figure 1 & 6). These HS homogenous heptasaccharides were prepared using
chemoenzymatic synthesis.*® The unnatural reducing terminal disaccharide of both
ULMWHs was required for the initiation of chemoenzymatic synthesis. The last five
residues of ULMWHI are identical to the major antithrombin pentasaccharide-binding site
in pharmaceutical heparin. The last five residues of ULMWH?2 are identical to the
antithrombin pentasaccharide-binding site in the drug Arixtra®. ULMWHI differed from
ULMWRH?2 in the replacement of the non-reducing and glucosamine residue, GIcNS in
ULMWH?2 and GlcNAc in ULMWHI.

In combination with FGF 1, FGF 2, and FGF 6 the ULMWHI1 and ULMWH?2 were
incapable of promoting substantial levels of cell BaF3 proliferation (Figure 6). The low
levels of proliferation observed with FGF 1 and FGF 2 are likely the result of the limited
chain length rather than the extent of sulfation. Literature reports that in the cases of FGF 1
and FGF 2, the most effective binding is seen at HS oligosaccharides of 8 residues in length
or greater.?> The absence of FGF 6 induced BaF3 cell proliferation by ULMWHs (Figure 6)
is consistent with the low activity observed for HS and modified heparins (Figure 3). FGF 8
and FGF 8b (Figure 6) again showed less stringent requirements for BAF3 cell proliferation.
Both ULMWHs promoted cellular proliferation to >50% the level observed for heparin.
Surprisingly, despite their short chain length, these ULMWHSs were potent promoters of
BaF3 cell growth.
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On-Chip Results — Interleukin-3 Growth

After testing the small library of HS and CS GAGs in combination with various FGFs and
FGFR3c in a microtiter plate, our focus shifted to improving assay throughput by moving to
a 3D-chip platform. This platform also decreases the amount of reagents required to assess
activity. Cellular proliferation on the 3D-chip platform was first compared to Erlenmeyer
flask growth. Growth in the presence of interleukin-3 was monitored on-chip. The doubling

time of the BaF3 cells expressing FGFR3c, in shake flasks, has been reported to be ~ 20-22
h.24

Four slides were printed with the BaF3 cells suspended in 3D in alginate to monitor the
growth of the cells on chip, in the presence of interleukin-3, (Figure 2 & 7). One slide was
immediately stained with Calcein AM and ethidium homodimer, dried, and scanned to
determine the original cell density. The other three slides were submerged in RPMI-1640
solution with G418 and 1 ng/mL interleukin-3. At time intervals of 29, 48, and 56 h, the
slides were removed from the RPMI-1640 media solution, washed with CaCl,/NaCl solution
to eliminate residual media, and stained with Calcein AM and ethidium homodimer. The
slides were then dried overnight and scanned to determine the cell density within the
alginate spots.

The BaF3 cells displayed continuous growth over a 56 h period with a small percentage of
cell death (Figure 7). Starting at 100 cells per spot (3.3 x 10° cells/mL), the cells grew to
over 1200 cells per spot (4.0 x 107 cells/SPH) at the 56 h time point. The doubling time of
these cells in the 3D platform was calculated to be 16 h, slightly faster than the doubling
time of the cells in the shake flasks.

On-Chip Results — HS-GAG and CS-GAG Mediated Growth

After the on-chip printing and cellular proliferation was confirmed in the presence of
interleukin-3, HS- and CS-GAGs were next tested on the chip in combination with FGFs.
These on-chip experiments were limited to FGF 1, FGF 6, and FGF 8, as these three FGFs
had provided a range of proliferation in the 96-well plate assay. FGF 1 was capable of
promoting growth with highly sulfated, high IdoA content GAGs, but proliferation levels
dropped for GAGs with low sulfation and low IdoA content (Figure 3A, Table 2). FGF 6
promoted lower levels of proliferation than FGF 1, regardless of the GAG examined, while
FGF 8 again demonstrated the lowest specificity for GAG structure. Since only eight
combinations can be tested on a single chip, our comparisons were only be made between
GAGs and a single type of FGF in Figure 8. Preliminary experiments were run to compare
heparin-FGF mediated cell growth to a GAG-deficient control in an effort to validate the 3D
chip platform (Figure S4). Using a standard student t-test, FGF 1 (Figure S4A), FGF 6
(Figure S4B), and FGF 8 (Figure S4C) mediated cell growth were all significantly different
(p <0.001) greater than their GAG deficient controls.

The results of on-chip experiments closely matched those obtained in the microtiter plate. In
the case of HS GAGs (Figure 8A, 8B, & 8C), HS and 20DSHP again were the most
significant promoters of cellular proliferation, as compared to the heparin control. In the
cases of FGF 1 and FGF 6, the GAGs of low sulfation and low iduronic acid content again
failed to promote cellular proliferation. In the case of FGF 8, the pattern again appeared
showed HS and 20DSHP to be significant promoters of cellular proliferation, with the other
GAGs being low to moderate promoters. The only on-chip conditions where the FGF —
GAG interaction did not closely match the micro-titer plate experiments was in the case of
CDSHP and FGF 8 mediated growth. Our expectation was for growth to be ~67% of the
positive control, but in these experiments growth was observed at ~25% of the positive
control (Figure 8C).
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The results of the CS-like GAGs on-chip experiments (Figure 8D, 8E, & 8F) also closely
resembled the data previously obtained in microtiter plates. CSB continued to be the best
promoter of BaF3 cell proliferation, relative to heparin, with all FGFs tested. CSE was the
only other promoter of FGF 1 or FGF 6 cellular proliferation. In the case of FGF 8, all of the
CS GAG:s tested were capable of promoting BaF3 cellular proliferation with CSB showing
the highest activity.

Common FGF and GAG induced proliferation patterns were observed on both platforms
suggesting that the on-chip platform is a good candidate for the future development of high
throughput cell-based bioassays. Additionally, this platform allows for a substantial
reduction in the overall materials requirements for these bioassays. One block of 48
replicates requires less than 100 pL of solution, whereas 48 replicates in a 96-well plate
would require over 5 mL of solution.

Conclusions

Highly sulfated HS-type GAGs, particularly ones with IdoA residues, were the best
promoters of proliferation in all experiments. However, in the case of CS GAGs, the GAG
showing the highest levels of proliferation was CSB, the only CS GAG containing iduronic
acid residues. FGF 8 and FGF 8b displayed low specificity requirements for GAG
promotion of cellular proliferation. ULMWHs showed little or no FGF 1, FGF 2, and FGF 6
promotion of BaF3 proliferation, however, these ULMWHs were capable of promoting
proliferation through FGF 8 and FGF 8b.

The microarray platform outlined in this paper represents a major step-forward in the high
throughput study of growth factors, growth factor receptors, and GAGs. The microarray
platform allows unique experiments, performed in replicate, that are required to study FGF
and GAG combinations for just one FGFR. The development of this microarray based
platform also facilitates the testing of numerous combinations in parallel on a single chip,
allows an increased number of replicates, and decreased amounts of reagent. Future work
concerning this platform involves making the platform more high-throughput, to allow for
hundreds of unique combinations to be performed in parallel with even more substantial
reductions in material requirements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NSH N-sulfoheparosan

NAcH heparosan

20DSHP 2-O-desulfated heparin

CDSHP completely desulfated heparin

Deca unmodified decasaccharide

CS(A-E) chondroitin sulfate (A-E)

ULMWH ultra-low molecular weight heparin

IdoA iduronic acid

GlcA glucuronic acid
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Figure 1.

The major disaccharide-repeating units of heparin, HS, NAcH, NSH, and CS-type
glycosaminoglycans are shown together with the structures of decasaccharide and
ULMWHI1 and ULMWH2. Note that heparin HS, NSH, and CS-type glycosaminoglycan
chains also typically contain many other minor structures, i.€., heparin contains GlcNAc and
GIcA residues with and without C-2 O-sulfo groups as well as glucosamine residues without
C-6 without O-sulfo groups and with C-3 O-sulfo groups.
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Figure 2.

Mechanism of FGF-FGFR-GAG signal transduction and methods to measure this activity.
(A) Ternary complex assembly of fibroblast growth factor (FGF), fibroblast growth factor
receptor (FGFR), and surface bound heparan sulfate proteoglycan (HSPG). In the case of
BaF3 cells, the surface of the cell is devoid of HSPGs and HS-type or CS-type GAGs can be
added in combination to mediate the formation of the ternary complex and initiate cellular
proliferation. (B) Outline of the procedure to microarray cells. Acid-washed glass slides are
first coated with 0.1% polystyrene co-malic anhydride (PSMA) and dried overnight. Next, a
solution of BaCl, and poly-L-lysine (PLL) is arrayed to the slide and dried. Finally, the
viscous solution of 1% alginate with BaF33c cells is arrayed on top of the dried BaCl,:PLL
spots. Appropriate media solutions are added to the slide and are incubated at 37°C, 5%
COa;. (C) Following incubation, the slides are Live/Dead stained with calcein AM and
ethidium homodimer and left to dry. The dried slides are scanned to measure cellular
proliferation.
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Results from a 96-well plate assay of combinations of HS-type GAGs with FGFs and
FGFR3c. Each of the five graphs is representative of an individual FGF tested across seven
unique HS-type GAGs. Each FGF-GAG combination was tested in 8x replicate to confirm
assay accuracy and repeatability. Following incubation, plates were assayed for cell viability
using a standard MTT assay. All cellular proliferation percentages are relative to the FGF
1:heparin positive control (100%). Panels A—E show FGF1, FGF2, FGF6, FGF8 and FGF8b,

respectively.
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Figure 4.

Results from a 96-well plate assay of combinations of CS-type GAGs with FGFs and
FGFR3c. Each of the five graphs is representative of an individual FGF tested across five
unique CS-like GAGs. Each FGF-GAG combination was tested in 8x replicate to confirm
assay accuracy and repeatability. Following incubation, plates were assayed for cell viability
using a standard MTT assay. All cellular proliferation percentages are relative to the FGF
1:heparin positive control (100%). Panels A—E show FGF1, FGF2, FGF6, FGF8 and FGF8b,
respectively.
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Figure 5.

Half-maximal growth curve of chondroitin sulfate B (CSB) and chondroitin sulfate E (CSE)
with FGF 2. Experiments were run in a 96-well plate and samples were assayed for cell
viability using a standard MTT assay. FGF 2 concentrations were varied from 0 to 320 nM
in solution and run in 8x replicate. CS-GAG concentrations were held constant at 4.9 pg/
mL.
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Figure 6.

Results from a 96-well plate assay of combinations of ultra low molecular weight heparins
(ULMWHs) with FGFs and FGFR3c. Each FGF-GAG combination was tested in 8x
replicate to confirm assay accuracy and repeatability. Following incubation, plates were
assayed for cell viability using a standard MTT assay. All cellular proliferation percentages
are relative to the FGF 1:heparin positive control (100%). Panels A—E show FGF1, FGF2,
FGF6, FGF8 and FGF8b, respectively.
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Figure 7.

Measurement of on-chip growth of BaF33c cells in the presence of interleukin-3 as a
mediator of growth is continuous over a 56-h period. Suspended in an alginate hydrogel, the
cells appear to grow well with little cell death over this time period. Four slides were printed
with BaF33c cells and incubated at 37°C and 5% CO,. At 0, 29, 48, and 56 h, a slide was
removed from incubation, washed, and stained for cell viability. Cell viability was tested
using a Calcein AM/ethidium homodimer live/dead assay kit (Life Technologies).
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Figure 8.

On-chip proliferation of BaF33c cells in combination with GAGs and FGFs. HS-type GAGs
appearing in Panels A-C are FGF1, FGF6, and FGFS, respectively. CS-like GAGs
appearing in Panels D-F are FGF1, FGF6, and FGFS, respectively. Forty-eight replicates
can be tested on-chip with the same amount of solution required for one replicate on the 96-
well plate platform.
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Major sulfation patterns and iduronic acid content of HS-type and CS-type GAGs tested in combination with
FGFR3c and multiple FGFs

Name N-substitution | Iduronic acid | 2S 6S 3S
Heparosan (NAcH) Ac - - — _
N-sulfo heparosan NSH) SO;- - - - -
Heparan sulfate Ac/ SO5- —/+ —+ | =1+ | -+
Completely desulfated heparin [CDSHP] H + - - -
2-O-desulfated heparin [20DSHP] SO;5- + - + —/+
Heparin SO;- + + + | -+
Name N-substitution | Iduronic acid | 2S 4S 6S
Chondroitin sulfate A (CSA) Ac - - + -
Chondroitin sulfate B (CSB) Ac + - + -
Chondroitin sulfate C (CSC) Ac - - - +
Chondroitin sulfate D (CSD) Ac - + - +
Chondroitin sulfate E (CSE) Ac - - + +
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