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Abstract
Macrophages play a critical role in mediating not only normal tissue healing, but also the host
reaction against biomaterial scaffolds. There is increasing interest in regenerative medicine to
combine mesenchymal stromal/stem cells (MSCs) with biomaterial scaffolds to modulate
inflammatory response while restoring tissue architecture. The objective of the current study was
to investigate the interaction between MSCs, encapsulated in hyaluronan–based hydrogel, and
differentiating macrophages as measured by extracellular matrix (ECM) gene expression and
cytokine, chemokine and growth factors concentrations. Gene expression was analyzed using real-
time PCR from MSCs embedded in Carbylan-GSX after 7 days of co-culture with or without
CD14+ cells. Protein concentrations were measured using a Bio-plex assay from cell culture
supernatants on days 3 and 7 of all conditions. Following seven days, we identified upregulation
of collagen-I, collagen-III, pro-collagen, and matrix metalloproteinase-9 genes compared to
control conditions. We demonstrate increased concentrations of immunoregulatory cytokines
(IL-1β, TNF-α, MIP-1α, IFN-γ, IL-12, IL-10) and remodeling growth factors (VEGF, HGF) in
MSC-3D constructs co-cultured with macrophages compared to control conditions, with some
temporal variations. Our results indicate an alteration of expressions of ECM proteins important to
tissue regeneration and cytokines critical to the inflammatory cascade when 3D constructs were
cultured with differentiating macrophages.
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Introduction
A major challenge for cell based therapy has been finding a suitable cell source that can
fulfill the function of replacing or remodeling injured tissue and further predicting how that

**Corresponding Authors: Susan L. Thibeault, PhD, Otolaryngology Office, WIMR 5107, 1111 Highland Avenue, Madison, WI
53705-2725, thibeaul@surgery.wisc.edu, Tel: (608) 263-6751, Fax: (608) 263-6199. Peiman Hematti, MD, Hematology Office,
WIMR 4033, 1111 Highland Avenue, Madison, WI 53705-2725, pxh@medicine.wisc.edu, Tel: (608) 265-0106, Fax: (608) 262-1982.
*These authors contributed equally to this work.

Conflict of Interest: No benefit of any kind will be received either directly or indirectly by the author(s).

NIH Public Access
Author Manuscript
J Biomed Mater Res A. Author manuscript; available in PMC 2015 March 01.

Published in final edited form as:
J Biomed Mater Res A. 2014 March ; 102(3): 890–902. doi:10.1002/jbm.a.34746.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cell will interact within the complex milieu of that wounded tissue bed. Mesenchymal
stromal/stem cells (MSCs) are multipotent progenitor cells that as defined by criteria
established by the International Society for Cellular Therapy can be derived from several
tissue sources such as bone marrow (BM), adipose tissue (AT), and vocal folds (VF)1, 2.
MSCs hold promise for clinical applications due to their unique immunomodulatory
properties, ability to differentiate into multiple tissue lineages and ease of culture expansion.
These cells are also thought to be “immune privileged” and therefore can be rapidly
expanded in vitro for “off the shelf” allogeneic transplantation 3–5. In addition, MSCs
secrete a spectrum of bioactive molecules that can alter the tissue microenvironment by
regulating angiogenesis, inflammation and native cell growth 3, 6.

MSCs together with biomaterial scaffolds have the potential to enhance the regeneration of
injured tissues by modulating both the inflammatory response and reparative phases of
wound healing. Biocompatible polymers, such as hyaluronan (HA) hydrogel scaffolds are of
interest for tissue engineering approaches because they can be modified to mimic the unique
properties of the extracellular matrix (ECM) 7 and support cellular attachment, proliferation
and engraftment of an injured tissue 8–10. In addition, HA has been demonstrated to
participate in the inflammatory cascade by recruiting immune cells to the site of wounded
tissue leading to repair and remodeling 8. The dual role of HA in tissue healing could
compliment the many functional mechanisms of MSCs. Thus, the use of MSCs together
with injectable HA hydrogel scaffolds may provide synergistic effects needed to restore
normal tissue function in patients with chronic debilitating soft tissue injuries.

Macrophages play a pivotal role in the host reaction not only to wounded tissue but also
against methods to address such defects, including biological scaffolds, dressings, or cell-
based therapies. Macrophages exhibit functional plasticity, which allows them to adapt their
response to a changing microenvironment 11 such as the implantation of a material or
device, and differentiate into distinct immunophenotypes that can either drive or resolve
inflammation 12. These polarizations are referred to as “classically activated” macrophages
(M1) that upregulate pro-inflammatory cytokines, such as interleukin (IL)-1β, tumor
necrosis factor (TNF), and IL-6, or “alternatively activated” macrophages (M2) that produce
anti-inflammatory cytokines, such as IL-1013. As with any physiological response, these
broad characterizations are not static and there is overlap among many of the cells, cytokines
and growth factors involved in wound healing, inflammation, and foreign body reaction.

Given the known immunomodulatory effects of MSCs, combining these cells with
biomaterials may provide an approach for restoring injured tissues and suppressing
inflammation. Our research group has previously developed a unique co-culture system in
which differentiating macrophages were directly cultured on three dimensional constructs of
MSCs encapsulated in an HA based hydrogel. We have shown that following seven days of
co-culture, macrophages displayed a more anti-inflammatory phenotype including decreased
expression of CD16 and human leukocyte antigen (HLA) – DR and increased expression of
CD 20614. In this study we further investigated interactions between macrophages and
MSCs derived from different tissue sources while embedded in the hydrogel constructs by
analyzing ECM gene expression and cytokine and growth factor concentrations in this
unique co-culture system.

Materials and Methods
Human mesenchymal stromal cell isolation

Human MSCs were isolated from BM, AT, and VF of healthy donors based on protocols
approved by the University of Wisconsin-Madison Health Sciences Institutional Review
Board (IRB) and fully characterized as previously described 2, 15. Two MSC tissue donors
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were used per source. Cells were cultured at 37° C in a humidified 5% CO2 incubator and
media was changed every three days [alpha minimum essential media (α-MEM)
supplemented with 10% fetal bovine serum (FBS-Hyclone, Logan, UT, USA), 1X non-
essential amino acids (NEAA, Sigma Aldrich, St. Louis, MO, USA), and 4 mM L-glutamine
(Sigma Inc.), 100U/mL penicillin, and 0.01 mg/mL streptomycin sulfate (Sigma Inc.)]. VF-
MSCs were cultured in Dulbecco’s modified essential medium (DMEM) with 10% FBS,
100U/mL penicillin, 0.01 mg/mL streptomycin sulfate and 1X NEAA (all from Sigma Inc).
Cells were expanded until passages four to seven, at which time they were used for this
study.

Human monocyte isolation
Human peripheral blood mononuclear cells were isolated from buffy coat samples obtained
from three normal healthy donors (Interstate Blood Bank, TN) and isolated by density grade
centrifugation as previously described 14, 16. An AutoMACS Pro Separator (Miltenyi
Biotech) was used to derive a pure population of CD14+ cells according to manufacturer’s
instructions. This isolation method can yield >95% cell purity, as previously shown through
flow cytometry analysis 16. Cells were stored at −80°C.

Hyaluronic Acid Hydrogel preparation
A chemically modified HA – gelatin hydrogel (Carbylan – GSX) was developed in
collaboration with the Center for Therapeutic Biomaterials at the University of
Utah 10, 17, 18. The Carbylan-GSX consists of 8.2% polyethylene glycol diacrylate (PEG-
DA, MW 3.4kDa), 1.4% crosslinked thiol-modified HA (HA-DTPH) and 1% thiol-modified
gelatin (Gtn-DTPH) and was prepared as previously described 9, 10.

Cell Culture
To analyze the immunomodulatory properties of MSC hydrogel constructs, we embedded
MSCs derived from BM, AT, or VF in Carbylan – GSX at a final concentration of 2 × 106

cells/mL as previously described 14. For 3D conditions, 500μL of the mixture was seeded on
a transwell permeable support (3.0 μm pore size, Corning, Lowell, MA). The hydrogels
were incubated for fifteen minutes at 37° C with 5% CO2 to allow for gel formation and
then cell culture medium (phenol red free RPMI – 1640 supplemented with 10% FBS, 2 mM
L-glutamine-alanine, 1% sodium pyruvate and 1% NEAA) was added. Isolated CD14+ cells
(1 × 106 cells) were thawed, washed, added to each well and cultured for seven days at 37°
C in 5% CO2 humidified atmosphere. Three control conditions were included in this study:
CD14+ cells cultured on tissue culture polystyrene (TCPS), CD14+ cells cultured on
Carbylan-GSX without MSC and MSC encapsulated in Carbylan – GSX without CD14+
cells. Media was changed on day four. After 7 days, macrophages were harvested from the
hydrogels and analyzed with flow cytometry for surface marker activation including CD14,
CD16, CD206, and HLA-DR as previously described 14.

Gene Expression
To directly compare extracellular matrix gene expression of BM, AT and VF MSC hydrogel
constructs co-cultured with CD14+ monocyte derived macrophages (MQ), we measured
genes involved in the synthesis and degradation of tissue remodeling. Following seven days
of culture, media was aspirated from each well and adherent MQ were harvested from the
surface of the hydrogel using previously described methods 14. Total cellular RNA was
isolated from MSC-hydrogel constructs cultured with and without MQ using Rneasy Mini
Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. First strand cDNA
was synthesized from 1μg of total RNA by using an Omniscript Reverse Transcription Kit
(Qiagen). mRNA levels were derived using fold change methods by real-time polymerase
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chain reaction (RT-PCR) with the LightCycler System and FastStart DNA Master SYBR
Green I kit (Roche), as described previously 10, 15. mRNA from the cDNA samples were
amplified with specific primer pairs for collagen I α-2 (Col I), pro-collagen (pCol), collagen
III (Col III), fibronectin (FN), hyaluronic acid synthase 2 (HAS2), hyaluronidase 2
(HYAL2), elastin, matrix metalloproteinase (MMP) -2 and -9, and vascular endothelial
growth factor (VEGF). Amplification of β-actin was used as an internal control. The
specificity of each primer pair was confirmed by melting curves and PCR reactions, which
showed a single peak and the appropriate sized DNA band for each gene product. The
primer sequences, gene bank access number, and expected PCR product sizes are listed in
Table 1 for HAS2, HYAL2 and MMP-9. All others have been previously described 10, 15.
Exact amplification efficiencies of target and reference genes were assessed by LightCycler
software and specificity of each pair of primers was confirmed by melting curves. To
normalize the gene expression of each source of MSC-hydrogel construct, ΔCt values were
derived for each sample by calculating the difference between gene of interest and the
housekeeping gene. The log scale of the difference in ΔΔCt values of experimental and
control samples derived the fold change in gene expression. A diluted PCR product was
used to assess the PCR replication efficiency for all genes.

Protein Expression
To determine differences in cytokine, chemokine and growth factor protein expression from
BM, AT and VF MSC-hydrogel constructs co-cultured with CD14+ cells, a Bio-Plex assay
was performed according to the manufacturer’s protocol (Bio-rad Laboratories, Inc., CA).
The following human analytes were measured: Interluekin (IL) -1β, IL-6, IL-8, IL-10, IL-12,
basic fibroblast growth factor (FGF), granulocyte macrophage colony-stimulating factor
(GM-CSF), IFN-γ, macrophage inflammatory protein (MIP)-1α, TNF-α, monocyte
chemotactic protein (MCP)-1, VEGF, hepatocyte growth factor (HGF), macrophage colony
stimulating factor (M-CSF), SDF-1α, vascular cell adhesion protein (VCAM), and inter-
cellular adhesion molecule (ICAM). Briefly, 50μL of cell-free culture supernatants from
days 3 and 7 were incubated with 50 μL of coupled magnetic beads in a 96-well microtitre
plate for 30 minutes. All incubations were done at room temperature on a shaker at 300 rpm.
The filter plate was then washed three times using a MultiScreen Vacuum Manifold
(Millipore) and 25μL of detection antibodies was added. After 30 minutes of incubation, the
plate was washed three times and 50μL streptavidin-phycoerythrin (PE) added for 10
minutes. After three washes, the beads were re-suspended in each well with 125 μL of assay
buffer and plates were read on the Bio-Plex Suspension Array System. Data were then
analyzed with Bio-plex Manager software version 5.0.

Statistical Analysis
Independent experiments were performed for each condition in duplicate, using three
separate CD14+ cell donors. For each MSC source, two individual donors were used. Data is
expressed as the mean ± standard deviation (SD). Statistical comparisons between gene
productions of BM, AT, and VF MSC-hydrogel constructs was performed by one-way
analysis of variance (ANOVA). A repeated measure ANOVA was used to analyze
differences in protein expression between group, day and group by day interaction. If the F-
test revealed significant differences at the 0.05 level, pairwise comparisons were used to
determine statistical differences between samples (least squares means). A Spearman rank
correlation coefficient was used to analyze the relationship between mean CD206 expression
and the seventeen secreted proteins. Mean CD206 expression was obtained from previous
study 14. A p-value of <0.05 was considered significant. Mean and SD values represent
differences across biologic replicates. Statistical interpretations were made using SAS
version 9.1.3 (SAS Institute, Cary, N.C.).
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Results
Following seven days of co-culture in which CD14+ monocytes were plated in direct contact
with HA hydrogel constructs with or without encapsulated MSCs, supernatant was removed
and analyzed for protein concentration via Bio-plex assay, macrophages were studied with
flow cytometry for surface marker expression (previously reported 14), and MSCs were
extracted from the gels and analyzed via RT-PCR. Our interest was in comparing expression
of mRNA encoding for ECM proteins and proteolytic enzymes important in tissue
remodeling, pCol, Col I, Col III, FN, HAS2, HYAL2, elastin, MMP -2 and -9, and VEGF.
Additionally, to see if the inflammatory profile demonstrated during CD14+ monocyte to
macrophage differentiation was associated with a functional difference, we looked at
cytokines and growth factors important in the balance of inflammation and tissue
regeneration, including IL-1β, IL-6, IL-8, IL-10, IL-12, FGF, GM-CSF, IFN-γ, MIP-1α,
TNF-α, MCP-1, VEGF, HGF, M-CSF, SDF-1α, VCAM and ICAM, from supernatant
collected at days three and seven. In the following results, growth factors, proteins and
cytokines are categorized based on their predominant physiological role in wound healing
and inflammation, though there is certainly overlap among these subgroups, as follows:
tissue remodeling, early phase inflammatory cytokines, chemotactic cytokines,
immunoregulatory cytokines, growth factors, and adhesion molecules.

The results include studies containing 3D MSCs Carbylan-GSX constructs co-cultured with
CD14+ macrophages (MSC-3D+ MQ), MSC-Carbylan – GSX controls without
macrophages (MSC-3D), CD14+ macrophages cultured on Carbylan-GSX without MSCs as
the macrophage – hydrogel control (MQ-2D), and CD14+ macrophages cultured on
polystyrene (MQ-TCPS) as the unstimulated macrophage control. Co-cultured MSC-
macrophage control experiments on polystyrene dishes were performed in these studies;
however, these groups could not be adequately standardized to account for MSC
proliferation, overcrowding, and other factors that would affect cell viability, paracrine or
autocrine signaling, and misrepresent these conditions as a true control.

ECM remodeling is upregulated in MSCs encapsulated in Carbylan – GSX co-cultured with
macrophages

Gene expression was analyzed using RT-PCR in MSCs extracted from construct digests
following seven days of co-culture. Results from mRNA expression of BM, AT and VF
MSCs are shown in Figure 1. Data are shown as the fold change, comparing the ratio of the
gene expression levels in the control group MSCs Carbylan – GSX hydrogel (MSC-3D) and
co-culture conditions of MSC – Carbylan – GSX hydrogels with CD14+ (MSC-3D+MQ).
Collagen homeostasis is a hallmark of the remodeling phase of wound healing and
characterized by variable expression of pCol, Col I and Col III, as well as MMP-9
responsible for protein degradation. Co-cultures containing BM –MSCs demonstrate
significantly higher expression of pCol, (fold change 2.504, p<0.0025, p<0.001), Col I
(2.168, p< 0.004, p<0.003), Col III (3.691, p <0.015, p<0.01), and MMP-9 (9.684; p<0.001,
p<0.001) compared to AT – (0.757) and VF – (1.012) MSC groups, respectively.
Additionally, AT-3D+MQ conditions had significant upregulation of HYAL 2 (1.9442)
compared to BM (p<0.02) and VF (p<0.04) MSC-3D+MQ conditions. Of the remaining
genes investigated, all of the 3D co-culture conditions showed increased expression of
VEGF (BM 2.805, AT 5.234, VF 7.009), elastin (BM 2.628, AT 2.453, VF 2.210) and
HAS2 (BM 6.912, AT 7.574, VF 4.313) compared to MSC-3D controls (p<0.05); there were
no significant differences in expression between MSC subtypes.
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Early phase inflammatory cytokines demonstrate temporal variation in co-culture studies
Inflammation is initiated by early expression of several cytokines, leading to a complex,
coordinated signaling cascade with downstream regulation and multiple feedback loops,
both positive and negative. Predominantly pro-inflammatory cytokines include: IL-1β, TNF-
α, IFN – γ and MIP-1α. These are early phase proteins released by activated macrophages.
Mean concentrations of these cytokines (± standard deviation) from supernatant taken at
days three and seven are shown in Table 2 and graphically in Figure 2. There are
differentially expressed concentrations of all four predominantly pro-inflammatory
cytokines at days three and seven. IL-1β concentrations (Figure 2A) increased early (day 3)
in the MSC-3D+MQ culture groups compared to macrophage 2D controls (BM p<0.01, AT
p<0.001, VF p<0.001), TCPS controls (BM p<0.01, AT p<0.001, VF p<0.001) and
MSC-3D controls (BM p<0.001, AT p<0.01, VF p<0.001). These concentrations
significantly decreased with time in MSC containing groups, MSC-3D+MQ (BM p<0.01,
AT p<0.001, VF p<0.001) and MSC-3D (BM p<0.001, AT p<0.001, VF p<0.001) and there
was a similar significant increase in the macrophage 2D hydrogel control (p<0.03). By day 7
there was no difference between BM, AT and VF – MSC-3D+MQ groups though BM
(p<0.01) and AT (p<0.02) conditions remained slightly higher than MQ-2D controls.
Concentrations of MIP-1α (Figure 2B) were significantly elevated at day 3 in all MSC-3D
+MQ groups compared to macrophage 2D controls (BM p< 0.002, AT p< 0.001, VF p<
0.001), TCPS controls (BM p< 0.002, AT p< 0.001, VF p< 0.001) and MSC controls (BM
p<0.001, AT p<0.002, VF p<0.001) and remained significantly higher at day 7 (BM p<
0.03, p<0.001, p<0.001; AT p< 0.03, p<0.001 p<0.001; VF p< 0.03, p<0.001 p<0.001).
There was no statistical difference between BM, AT and VF MSC subgroups. There was a
significant increase in concentrations observed in the MQ-2D controls at day 7 (p<0.02) that
approached concentrations of the MSC-3D+MQ groups though this remained significantly
less.

There was temporal variation in concentration of TNF-α, with a significant increase at day
3, primarily in the AT (p< 0.001) and VF (p< 0.001) MSC-3D+MQ groups compared to
controls and BM MSC-3D+MQ groups (Figure 2C). By day seven, however, these values
normalize and there was no statistical difference between MSC-3D+MQ subgroups and
MQ-2D hydrogel controls. Finally, IFN – γ concentrations remained low in the MQ-2D
hydrogel and VF MSC-3D controls at days 3 and 7, similar to unstimulated macrophage
controls (MQ-TCPS) (Figure 2D). Interestingly, BM and AT MSC-containing groups (i.e.
MSC-3D controls as well as the MSC-3D+MQ co-culture groups) demonstrated expression
patterns independent of macrophages with no significant differences found across culture
conditions whereas VF MSC-3D controls had significantly lower expression than their
MSC-3D+MQ cultures (day 3: p<0.002; day 7: p<0.01). Statistical differences were also
found between BM and VF MSC-3D+ MQ at day 7 with BM co-culture conditions having
high expression levels (p<0.01)

Chemotactic cytokines are equivalent among co-culture studies
The initiation of an inflammatory response, through IL-1β and TNF-α among others, is
followed by chemotaxis and activation of both circulating and resident tissue cells. This is
led in part by IL – 6, IL – 8, SDF – 1 and MCP – 1. In addition to recruiting neutrophils and
macrophages to the wounded tissue, these cytokines signal endothelial progenitor cells,
fibroblasts and keratinocytes as a wound bed transitions from acute inflammation to
granulation and remodeling 19. Mean concentrations of these cytokines (± standard
deviation) from supernatant taken at days 3 and 7 are shown in Table 3 and graphically in
Figure 3. While there were increased expression of IL – 6, IL – 8, and SDF – 1a in the
MSC-3D+MQ and MSC-3D control conditions these did not achieve statistical significance
with any group. Concentrations of MCP – 1 were significantly different between MSC
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subtypes at day 3, with AT MSC-3D+MQ conditions having the highest expression
compared to similar conditions with BM- (p<0.04) and VF MSC (p<0.04). Significant
elevation was also found at day 7 in the MSC-3D+MQ conditions compared to MSC-3D
controls (BM p<0.03, AT p<0.01, VF p<0.05), however these were comparable to both
macrophage control groups (MQ-2D and MQ-TCPS) (Figure 3H).

Regulatory cytokines are elevated in co-culture studies
IL – 10 is thought to be the primary signal along an anti-inflammatory pathway. While
traditionally considered a pro-inflammatory cytokine, IL – 12 has been shown in vitro to
influence stromal cell interactions and matrix remodeling as well as angiogenesis. This has
largely been demonstrated in anti-tumor immunity and the exact interactions in tissue
healing are less well-known 6. The mean concentrations of these cytokines (± standard
deviation) from supernatant taken at days 3 and 7 are shown in Table 4 and graphically in
Figure 4. Both macrophage control groups, MQ-2D and MQ-TCPS, had very low
concentrations of IL – 10 and IL – 12 over seven day cultures. There were significantly
higher concentrations of IL – 10 at day 3 and 7 in only the AT-3D+MQ conditions
compared to macrophage 2D controls (p< 0.01, p< 0.03) and TCPS controls (p< 0.01, p<
0.02), while IL – 12 was significantly elevated in AT- and VF- MSC-3D+MQ containing
groups compared to macrophage 2D control (AT p<0.005, p<0.01; VF p<0.01, p<0.03) and
TCPS controls (AT p<0.005, p<0.01; VF p<0.01, p<0.03) (Figure 4J). Significantly elevated
expression of IL -10 and -12 was seen at day 3 with AT MSC-3D+MQ conditions compared
to similar conditions with BM (p<0.02; p<0.003) and their MSC-3D controls (p<0.04).

Stromal growth factors are elevated in co-culture studies
In addition to inflammatory markers, we analyzed stromal and hematopoietic growth factors.
VEGF concentrations were significantly elevated in BM and AT MSC– 3D controls
(p<0.001, p<0.01) and their co-culture groups (MSC-3D+MQ) (p<0.001, p<0.02) compared
to macrophage 2D and TCPS controls (Figure 4K). Of note, the BM MSC-3D+MQ
condition was significantly higher than similar conditions with adipose or vocal fold MSC
(p<0.02, p<0.002). There were no statistically significant temporal differences found with
VEGF. HGF was increased early (day 3) in all MSC-groups, however, only in the vocal fold
cultures, both VF MSC – 3D and VF-3D+MQ conditions, was this statistically significant at
days 3 and 7 compared to other MSC groups (all p<0.001) and macrophage controls (all
p<0.002) (Figure 4L). Minimal amounts of basic FGF were detected across all conditions
and no significant differences were found (Table 5).

Hematopoietic growth factors are elevated in co-culture studies
As the name implies, M – CSF and GM – CSF are responsible for recruitment and activation
of monocytes and granulocytes, a role vital to the inflammatory phase of wound healing.
The mean concentrations of these factors (± standard deviation) from supernatant taken at
days 3 and 7 are shown in Table 6 and graphically in Figure 5. M – CSF concentrations were
variable among all groups with significance increases found in only the VF MSC-3D co-
culture conditions compared to similar conditions with other subtypes of MSCs (AT p<0.01,
BM p<0.03) and their VF and macrophage controls (all p<0.01)(Figure 5M). No statistically
significant temporal differences were found. GM – CSF concentrations in the control groups
- MQ-TCPS, MQ-2D and MSC-3D - remained low during the seven day cultures. AT and
VF MSC-3D+MQ conditions expressed significantly higher protein concentrations of GM-
CSF compared to controls (day 3: all p<0.001; day 7: AT p<0.01, VF p<0.001), again with
the VF-3D+MQ group demonstrating the highest levels at day 7 (BM p<0.001; AT p<0.01)
(Figure 5N). The BM -MSC-3D+MQ were significantly higher than controls at day 7 (all p<
0.03), though they remained lower than the VF- MSC-3D+MQ values (p<0.001).
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Adhesion molecules varied in co-culture studies
Adhesion molecules ICAM and VCAM are involved in cell-to-cell interaction and
transmigration throughout the phases of wound healing and tissue remodeling. Mean
concentrations of these factors (± standard deviation) from supernatant taken at days 3 and 7
are shown in Table 6 and graphically in Figure 5. While there was elevated expression levels
of ICAM observed in all conditions, AT MSC-3D had significantly higher expression at day
3 compared to macrophage controls (p< 0.01) and AT MSC-3D+MQ condition (p< 0.02).
Conversely, VF MSC-3D+MQ had significantly higher expression on day 3 (p< 0.03) and
day 7 (p< 0.02) compared to their MSC-3D control. VCAM concentrations were only
statistically elevated in the BM – MSC containing conditions, at day three BM MSC-3D
+MQ co-cultures were significantly higher than similar conditions with AT and VF- MSCs
(p< 0.03), while BM MSC-3D controls were statistically higher at day 3 (p<0.01) and day 7
(p<0.02) compared to all other groups (Figure 5P).

Relationship between CD206 expression and protein secretion levels
We have previously described our model co-culturing CD14+ monocytes on MSCs
embedded in Carbylan–GSX over a 7 day period, demonstrating an anti-inflammatory
macrophage immunophenotype with increased expression of CD 206 and decreased
expression of CD 16 and HLA-DR. To further characterize this interaction, we compared
gene expression profiles of MSCs encapsulated in HA hydrogel after seven days of co-
culture with macrophages and analyzed soluble factors secreted in the culture supernatant at
days 3 and 7. In comparing the mean macrophage surface marker expression of CD206 at
day 714{{}} to the mean protein concentrations found in our current cell culture supernatant,
we found significant positive correlation between expression of CD206 and secretion levels
in IL-10 (0.810, p<0.015) and IL-1β (0.762, p<0.03).

Discussion
Macrophages play a pivotal role in mediation of both engraftment and foreign body reaction
to biomaterials. The balance of inflammatory and regenerative molecules secreted by
macrophages after biomaterial implantation is of significance in these physiological
processes. Because of this, there is great interest in developing material that influence
macrophage differentiation, tissue construct engraftment, and tissue remodeling 12, 20. MSCs
have independently been shown to modulate macrophages to an alternative activated
phenotype and are an ideal cell type for allogeneic cell therapies 14, 16, 21. In a recent study,
we have shown that encapsulation of MSCs in an injectable modified hyaluronan based
hydrogel, Carbylan – GSX can reduce macrophages inflammatory profile resulting in low
CD16, low HLA-DR and high CD206, which is compatible to an alternatively activated
phenotype 14. While much of the work regarding MSCs immunoregulation of macrophage
activation and inflammatory response refers to dichotomies of classic and alternative or pro-
and anti-inflammatory macrophages, the outcome of inflammation and remodeling with
biomaterials is unique and further encapsulation of MSCs only adds to the complexity of
signals being coordinated in the local environment. In the current study, we investigated the
effect of interactions between macrophages and MSCs derived from different tissue sources
while embedded in the hydrogel constructs on secreted protein expression and MSCs gene
profiles. We found differences in protein expression profiles across all conditions, as well as
modulation in MSCs gene profiles.

Recent evidence suggests that MSCs can accelerate wound healing by secreting a rich
source of growth factors and ECM molecules, thereby promoting angiogenesis, cell
migration and ECM synthesis and remodeling 19, 22, 23. Encapsulating BM -, AT -, or VF -
MSCs in chemically modified HA hydrogels can potentially influence their
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immunoregulation, differentiation, proliferation and motility during contact with
macrophages at the site of implantation. Similarities were found in gene expression profiles
of MSC hydrogel constructs co-cultured with macrophages promoting genes involved in
ECM production (elastin), cell proliferation and migration (hyaluronan) and angiogenesis
(VEGF) while BM-MSCs promoting collagen homeostasis (pCol, Col I, Col III and
MMP-9) and AT- MSCs stimulating greater breakdown of HA (hyaluronidase). Further
investigation is needed to determine the functional implications of these changes induced in
the gene expression profile of MSCs 24.

Macrophages’ rapid response to implanted biomaterials promotes the production IL – 1β,
TNF – α, IFN – γ, and MIP – 1α pro-inflammatory cytokines, which are also involved in
host defense, biomaterial degradation, tissue regeneration, and scar formation 25–27. We
found elevated concentrations of these markers in our in vitro co-cultures. While initially
higher concentrations of IL – 1β and TNF – α inflammatory cytokines were observed in the
AT- and VF- MSC-3D hydrogel – macrophage co-cultures, by day 7 these and MIP – 1α
levels were similar to conditions with BM-MSC and only slightly higher than the
macrophage 2D hydrogel controls, indicating perhaps that MSCs encapsulated in the
constructs do not further promote inflammation. The time dependent increase in expression
found with these cytokines is likely associated with MSCs interaction with macrophages 28

or monocyte to macrophage differentiation rather than the result of a foreign body
response 3. Our results demonstrate that BM- MSC hydrogel constructs co-cultured with
macrophages expressed the lowest concentrations of pro-inflammatory cytokines (i.e. IL –
1β, TNF – α, IL-12) at day 3 compared to similar conditions with other MSC subtypes,
while no statistical significant differences were found with inflammatory cytokines IFN-γ
and IL-6. This could suggest BM-MSCs could have a more favorable profile as a cell
therapy product for certain clinical indications.

Chemokines and adhesion molecules secreted by MSCs and macrophages via paracrine or
autocrine signaling patterns can promote re-epithelialization and modulate inflammation by
stimulating the infiltration of monocytes, neutrophils and T cells to the implant site 6. Our
results demonstrated fluctuations in the expression of monocyte chemoattractants (MCP-1)
with higher concentrations being found in AT-MSC hydrogel co-culture conditions. Close
proximity with immune cells is also thought to be one of the primary mechanisms of MSC
mediated immune suppression 29, where high concentrations of bioactive molecules
produced by MSCs can modulate their phenotype. In our study, BM-MSC hydrogel
constructs demonstrated constitutively high expression of vascular adhesion molecules
whereas conditions with AT- and VF-MSCs had minimal measureable quantities.
Fluctuations in expression of intracellular adhesion molecules were found within MSC
groups between their 3D control and co-culture condition. Induced expression was found
with VF-MSC-3D co-cultures compared to mono-cultures whereas the opposite effect
occurred with AT-MSC-3D co-cultures expressing lower levels compared to their controls.
MSCs are known to express high amounts of surface adhesion molecules and chemokines in
response to inflammatory cytokines, suggesting that these differences in patterns across
mono- and co-culture conditions may be a result of macrophages regulating MSCs function.

The restoration of the tissue architecture after an injury requires a number of growth factors
to stimulate neovascularization, remove granulation tissue and synthesize new ECM
components. Our findings demonstrated that MSCs embedded in hydrogel construct
constitutively expressed angiogenesis and morphogenesis factors, however individual
differences in their rate of expression were apparent such as high expression of HGF by VF-
MSCs. Further investigation into the long-term effects of high constitutive expression of
HGF with VF-MSCs is necessary prior to their clinical use.
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Recent evidence has suggested that macrophages activated by biomaterials exhibit unique
phenotypes not inclusive to classical or alternative activated states 30. The present study
demonstrates increased concentrations of pro-inflammatory cytokines by day 7 in
macrophages cultured on the hydrogel alone, including TNF-α, IL-1β, MIP-1α, and MCP-1,
while IL-10, IL-12, IFN-γ, VCAM, HGF and VEGF remained low. When macrophages
were cultured on HA hydrogel containing MSC, we found increased expression with these
inflammatory cytokines and chemokines, however we also found increased concentrations
of several immunosuppressive and growth factors as well. Individual findings during co-
culture conditions with hydrogel constructs included BM-MSC + MQ producing greater
collagen homeostasis (pCol, Col I & III, MMP-9), cell adhesion (VCAM), and angiogenic
(VEGF) molecules, AT-MSC + MQ producing greater tissue repair (HYAL), increased anti-
inflammatory molecules (IL-10) and chemokines (MCP-1) and VF-MSC +MQ producing
more growth factors (HGF, M- CSF, GM-CSF). These differences may be of clinical
importance in distinguishing a subtype of MSC to use within a hydrogel construct during
inflammatory stages of wound healing as a potential therapeutic agent for soft tissue
augmentation and tissue regeneration. Given the complexity of the inflammatory response to
injectable or implantable biomaterials, the in vivo interaction of these MSC hydrogel
constructs merits investigation to further elucidate the role of such novel cell-based therapies
in regenerative medicine.

There are significant limitations to the current study that warrant further discussion. First,
the experimental design is based upon previously published work, demonstrating that MSC
mediated immunosuppression requires direct cell-cell contact to induce various autocrine
and paracrine signaling loops 16. Previous studies have analyzed the effects of a foreign
body response to cell-biomaterial constructs using different exogenous agents (i.e.
lipopolysaccharide, inflammatory cytokine) alone or in combination with macrophages,
which researchers have shown to be overly simplified and inaccurate models 31. We, on the
other hand, studied the effects of macrophage interaction with MSC hydrogel constructs
undergoing un-stimulated monocyte differentiation to macrophages, as this is more
applicable to determining the direct effects of cell-to-cell and cell-to-biomaterial interactions
that would occur in vivo. In doing such, cells and constructs were plated in direct contact
limiting our ability to clearly identify the cell source of protein production. Additionally, for
many of the cytokines and growth factors studied, both MSCs and macrophages could be
responsible for their secretion. While we recognize that this limits our conclusions, we were
interested in using the isolated cells for characterization specific to that cell type (i.e.
macrophages immunophenotype, MSCs ECM production). Macrophage-HA and MSC-HA
controls were included, allowing us to extrapolate data that are related to the presence or
absence of MSCs, hydrogel, or macrophages for the cytokines that are produced by both.
Second, donor dependent differences can influence the functional characteristics of the cells.
Attempts were made to control for this variation by using biologic replicates for each MSC
tissue source (two donors each) and CD14+ cell (three donors). However, it stands to reason
that differences still may exist. Further studies are needed, with a greater number of MSC
donors per tissue source to discern between small differences in protein and gene
expression.

Conclusions
In summary, we offer evidence of unique cytokine, chemokine and growth factor expression
across different MSC tissue sources embedded in HA hydrogel constructs co-cultured with
macrophages. Of particular interest was MSCs stimulation of bioactive molecules involved
in chemotaxis, cell adhesion, and immunosuppression, which could promote local
accumulation of immune cells near areas of high concentrations of anti-inflammatory and
growth factor molecules. Our previous study established that MSC hydrogel constructs can
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modulate macrophages to a more anti-inflammatory like phenotypes, however MSCs
immunosuppressive and regenerative abilities across different tissue sources were
unclear 14. The present study lends support to distinctive differences in the preserved
regenerative capacity of MSCs derived from multiple tissue sources while embedded in the
hydrogel.
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Figure 1.
BM, AT, and VF MSC in Carbylan-GSX produce unique gene profiles after 7 days co-
culture with macrophages (MSC-3D+ MQ). Y-axis is the fold change of the target gene
normalized by the housekeeping gene, β-Actin, relative to the untreated control (MSC-2D).
The dashed line represents controls. Letters represents a statistical significance of p<0.05
when compared to b = bone marrow, a= adipose, or v = vocal fold MSC-3D+MQ.
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Figure 2.
BM, AT or VF MSC embedded in Carbylan-GSX co-cultured with macrophages (MSC-3D+
MQ) secrete more pro-inflammatory cytokines compared to hydrogel only conditions. Data
from days 3 and 7 are presented as the mean ± SD of the following analytes: (A) IL-1β, (B)
MIP-1α, (C) TNF-α, (D) IFN-γ. Symbols represents a statistical significance of p<0.05
when compared to * = MQ-TCPS, ** = MQ-2D, and # = MSC-3D (no CD14+ cells). Letters
represents a statistical significance of p<0.05 when compared to b = bone marrow, a=
adipose, or v = vocal fold MSC-3D+MQ and T = days 3 and 7 are compared within
treatment groups.
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Figure 3.
BM, AT or VF MSC embedded in Carbylan-GSX co-cultured with macrophages (MSC-3D+
MQ) secrete more hematopoietic growth factors and adhesions molecules compared to
hydrogel only conditions. Data from days 3 and 7 are presented as the mean ± SD of the
following analytes: (E) IL-6, (F) IL-8, (G) SDF-1α, (H) MCP-1. Symbols represents a
statistical significance of p<0.05 when compared to * = MQ-TCPS, ** = MQ-2D, and # =
MSC-3D (no CD14+ cells). Letters represents a statistical significance of p<0.05 when
compared to b = bone marrow, a= adipose, or v = vocal fold MSC-3D+MQ and T = days 3
and 7 are compared within treatment groups.
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Figure 4.
BM, AT or VF MSC embedded in Carbylan-GSX co-cultured with macrophages (MSC-3D+
MQ) secrete more regulatory cytokine and stromal growth factors compared to hydrogel
only conditions. Data from days 3 and 7 are presented as the mean ± SD of the following
analytes: (I) IL-10, (J) IL-12, (K) VEGF, (L) HGF. Symbols represents a statistical
significance of p<0.05 when compared to * = MQ-TCPS, ** = MQ-2D, and # = MSC-3D
(no CD14+ cells Letters represents a statistical significance of p<0.05 when compared to b =
bone marrow, a= adipose, or v = vocal fold MSC-3D+MQ and T = days 3 and 7 are
compared within treatment groups.
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Figure 5.
BM, AT or VF MSC embedded in Carbylan-GSX co-cultured with macrophages (MSC-3D+
MQ) secrete more chemokines compared to hydrogel only conditions. Data from days 3 and
7 are presented as the mean ± SD of the following analytes: (M) M-CSF, (N) GM-CSF, (O)
ICAM, (P) VCAM. Symbols represents a statistical significance of p<0.05 when compared
to * = MQ-TCPS, ** = MQ-2D, and # = MSC-3D (no CD14+ cells). Letters represents a
statistical significance of p<0.05 when compared to b = bone marrow, a= adipose, or v =
vocal fold MSC-3D+MQ and T = days 3 and 7 are compared within treatment groups.
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Table 1

Primer Sequence and Products of Real-Time Polymerase chain reaction (RT-PCR)

Gene GenBank # Forward Primer Reverse Primer Size of PCR

MMP9 NM_004994 5′-ATTTCTGCCAGGACCGCTTCTACT-3′ 5′-CAGTTTGTATCCGGCAAACTGGCT-3′ 195bp

HAS2 NM_005328 5′-CCCTTTGCATCGCTGCCTATCAAG-3′ 5′-GGCTGATTTGTCTCTGCCCATGAC-3′ 176bp

HYAL2 NM_003773 5′-AACGTGTGGAGCACTACATTCGGA-3′ 5′-ACCGGCGATACACATCTTTGTCCT-3′ 117bp
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