1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATTG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Cytotherapy. 2014 July ; 16(7): 906-914. doi:10.1016/j.jcyt.2014.01.416.

Injection of Mesenchymal Stem Cells into a Mechanically
Stimulated In Vitro Model of Cardiac Fibrosis has Paracrine
Effects on Resident Fibroblasts

Peter A. Galie and Jan P. Stegemann”
Department of Biomedical Engineering, University of Michigan, Ann Arbor

Abstract

Background—Myocardial infarction results in the formation of scar tissue populated by
myofibroblasts, a phenotype characterized by increased contractility and matrix deposition.
Mesenchymal stem cells (MSC) delivered to the myocardium can attenuate scar growth and
restore cardiac function, though the mechanism is unclear.

Methods—This study describes a simple yet robust 3D in vitro co-culture model to examine the
paracrine effects of implanted MSC on resident myofibroblasts in a controlled biochemical and
mechanical environment. The fibrosis model consisted of fibroblasts embedded in a 3D collagen
gel cultured under defined oxygen tensions and exposed to either cyclic strain or interstitial fluid
flow. MSC were injected into this model, and the effect on fibroblast phenotype was evaluated 48
hours after cell injection.

Results—Analysis of gene and protein expression of the fibroblasts indicated that injection of
MSC attenuated the myofibroblast transition in response to reduced oxygen and mechanical stress.
Assessment of VEGF and IGF-1 levels demonstrated that their release by fibroblasts was
markedly upregulated in hypoxic conditions, but attenuated by strain or fluid flow. In fibroblast-
MSC co-cultures, VEGF levels were increased by hypoxia but not affected by mechanical stimuli,
while IGF-1 levels were generally low and not affected by experimental conditions.

Discussion—This study demonstrates how a 3D in vitro model of the cardiac scar can be used
to examine paracrine effects of MSC on the phenotype of resident fibroblasts, and therefore
illuminates the role of injected progenitor cells on the progression of cardiac fibrosis.
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Introduction

The benefits of injecting adult stem cells into the myocardium post-infarction have been
widely examined, but there is little consensus on the degree, duration, and mechanism of
cardiac improvement that can be consistently achieved using such treatment [1,2].
Moreover, the success of such cell therapy can vary depending on the timing and mode of
cell delivery [3,4]. Variability in the cell source may be influenced by hypertension,
diabetes, and other pathologies that have comorbidity with heart disease. Additionally, a
myriad of biochemical and mechanical factors within the microenvironment of the post-
infarcted myocardium can affect the response of the transplanted cells. The scar
environment is characterized by dense extracellular matrix, decreased capillary density, and
the presence of contractile myofibroblasts [5,6,7]. Mechanically, the scar is stiffer than
surrounding tissue, and the degree of cyclic deformation from systole and diastole is also
reduced. It is therefore important to characterize and understand the response of injected
stem cells to these exogenous stimuli, in order to optimize cell therapy for the treatment of
heart damage.

Itis likely that transplanted adult stem cells benefit the myocardium through a paracrine
mechanism [8]. Originally, adult stem cells transplanted into the myocardium were thought
to differentiate into cardiomyocytes [9] or fuse with damaged cells to restore function [10].
However, bulk regeneration of damaged heart muscle in this manner is unlikely, as it would
require the transplanted cells to differentiate into a fully functional cardiomyocyte
phenotype, as well as to self-assemble in the correct mechanical and electrical micro-
architecture. Improperly integrated heart muscle could give rise to systolic dysfunction or
entry points for arrhythmias. More recently, there is a growing consensus that implanted
stem cells release paracrine factors that have cardioprotective and angiogenic effects on the
damaged myocardium [11]. Identification of these factors would allow their therapeutic
delivery in the absence of cells. However, it is likely that stem cell-mediated paracrine
release has both a spatial- and time-dependence, which complicates delivery of a growth
factor cocktail. Model systems are therefore required to characterize this paracrine action of
the implanted stem cells and their interaction with resident cardiac cell types.

A variety of methods have been used to examine the paracrine effects of transplanted stem
cells on cardiac cells. A common approach involves culturing cardiomyocytes or cardiac
fibroblasts in conditioned media from adult stem cells [12,13], and conditioned media from
human mesenchymal stem cells (MSC) has also been injected into animal models to analyze
its effect on infarcted heart function [14]. Although useful for studying the potential for stem
cell-mediated benefit, these experiments cannot capture the full spectrum of molecular
communication between injected stem cells and cardiac cell types. To address this issue, cell
co-culture systems have been created [15]. Such systems yield insight into the effect of stem
cells on cardiomyocytes, and also illuminate how the presence of myocytes affects stem cell
response. However, these simple systems typically do not include the potentially very
important effects of mechanical and biochemical stimuli present in microenvironment of the
native myocardium.
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Animal models have also been used to study the paracrine effects of injected stem cells.
These experiments have the advantage that they include the relevant myocardial
architecture, presence of cardiomyocytes, fibroblasts, and vascular cell types, as well as
mechanical stresses during systole and diastole. A recent study showed that MSC injected
into the myocardium improved wall thickness and left ventricular ejection fraction by
stimulating angiogenesis [16], and improvement in left ventricular function has also been
observed in human studies [17], as well as following intracoronary cell delivery [18]. MSC
delivered by intramyocardial injection were shown to increase the presence of
myofibroblasts in the scar region [19], while intracoronary delivery of MSC embedded in
alginate attenuated the presence of myofibroblasts [20]. Genetic modification to induce
overexpression of key paracrine factors such as VEGF [21], Akt [22], CXCR4 [23] and Wnt
[24] has yielded some insight into the mechanisms of therapeutic action. However, isolating
the effects of specific cell-to-cell interactions and discerning the responses to particular
exogenous stimuli remains a challenge when using animal models.

The goal of the present study was to create a co-culture system that mimics key features of
the myocardial scar environment, but still allows resolution of the stem cell response to
specific mechanical and biochemical stimuli. Our focus in this study was on the paracrine
effects of MSC on resident cardiac fibroblasts, since this interplay has direct relevance to the
etiology and treatment of cardiac fibrosis. Fluorescently labeled mesenchymal stem cells
(MSC) were injected into a cardiac fibroblast-seeded 3D collagen gel to create a co-culture
system, and these tissue constructs were then exposed to defined levels of fluid shear, solid
stress, and hypoxia. The effect of MSC injection on the phenotype of the resident fibroblasts
was evaluated using immunohistochemistry and analysis of gene expression at a distance of
250 um from the injection site. Secretion of vascular endothelial growth factor (VEGF) and
insulin-like growth factor (IGF) by the both the injected MSC and resident fibroblasts was
also examined by immunoassay. These studies provide insight into how stem cells injected
into the myocardium interact with resident cardiac fibroblasts, under mechanical and
biochemical conditions that are found in the heart.

Materials and Methods

Cell culture and collagen gel fabrication

Cardiac fibroblasts were isolated from the ventricles of 2-3 day old Sprague-Dawley rats
using procedures approved by the Institutional Animal Use and Care Committee at the
University of Michigan. Briefly, isolated ventricles were minced and digested in 0.125%
trypsin and 0.15% pancreatin (Sigma-Aldrich, St. Louis, MO) at 37 °C in consecutive 15-
minute steps. Fibroblasts were separated from myocytes in a pre-plating step and were
culture expanded. Fibroblasts to be used in experiments were cultured in M199 containing
5% fetal bovine serum and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO) for
one week.

Three-dimensional (3D) collagen hydrogels were fabricated using acid solubilized bovine
collagen type | (MP Biomedicals, Solon, OH) using techniques similar to previous studies
[25]. Briefly, isolated cardiac fibroblasts were suspended at a concentration of 5.0 x 10°
cells/ml in a gel precursor solution composed of collagen Type | (2.0 mg/ml), 10 % FBS,
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DMEM, and 0.1 M NaOH at physiological pH. Gelation was then initiated by incubation at
37 °C in a humidified 5% CO> incubator for 45 minutes. The resulting collagen hydrogels
had an open fibrillar structure with cells embedded directly inside the matrix, as
characterized in previous studies [26,27]. In this study, fibroblast-seeded gels were prepared
in custom-made polydimethylsiloxane (PDMS, Dow Corning, Midland, MI) wells, which
prevented compaction of the gel matrix by the resident cells. This culture system has been
developed and characterized previously and allows controlled application of 5% cyclic strain
and/or perfusion with 10 pL/min cross flow [28]. These values of strain are relevant for cells
in the heart wall in both rodent and human models, and are comparable values have been
used in previous studies [29,30].

Rat mesenchymal stem cells were purchased from Invitrogen and cultured to passage 4.
MSC for use in experiments were plated in T-75 tissue culture flasks at a density of 3.3 x
103 cells/cm?2. To achieve transduction with eGFP, lentiviral-mediated gene transfer was
initiated by adding viral particles to DMEM media containing 5 ug/mL Polybrene (Santa
Cruz Biotech, Santa Cruz, CA) for 14 hours. Viral particles were added at a density of 4.4 x
103 particles/cm?, resulting in an MOI of 1.33. After the viral incubation, the medium was
replaced with fresh DMEM and the cells were allowed to proliferate for three days before
being frozen in liquid nitrogen prior to injection at passage 5.

Mesenchymal stem cell delivery

A micromanipulator was used to assure that MSC injections were accurate and consistent in
quantity and location in the 3D collagen constructs. MSC injection was performed 12 hours
after fabrication of the collagen hydrogel. A 1 mL syringe equipped with a 1-inch 25 gauge
needle was mounted on the manipulator at an angle of 30 degrees from the gel surface. The
3 axis manipulator allowed for axial displacement control, so the needle tip penetrated 5 mm
into the gel. A schematic of the dimensions of the injection is shown in Figure 1. Once the
needle reached its desired position, 40 UL of 6.25 x 102 cells/mL MSC solution was injected
into each gel, resulting in the addition of 250,000 MSC. Gels were then incubated for one
hour at 37 °C before being returned to culture medium.

Mechanical stimulation and hypoxic culture

The apparatus used to apply cyclic mechanical strain and interstitial fluid flow to cell-seeded
3D collagen constructs has been described and characterized previously [28,31]. Briefly,
constructs were cultured at 37 °C with 100% humidity and 5% CO,, for 24 hours after gel
polymerization (and 12 hours following MSC injection). Constructs analyzed at this 24 hour
point served as initial controls, while the remaining constructs were transferred to the
mechanical strain/flow apparatus or to an oxygen-controlled incubator set at 2.5% O,
(hypoxia) for an additional 48 hours. Parallel constructs transferred to an incubation bath but
not exposed to loading served as the control condition. Mechanically stimulated constructs
were exposed to either 5% strain at a frequency of 1 Hz or 10 uL/min of interstitial fluid
flow.
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Immunofluorescence

Constructs were fixed, permeabilized, and stained using previously described protocols [5].
Briefly, gels were fixed in 3.7% paraformaldehyde (Sigma-Aldrich) for 10 min at room
temp, washed with PBS, and permeabilized in 0.2% Triton X-100 (Sigma-Aldrich) for 10
min. Immunostains included fluorescent DAPI (1:50 dilution) and phalloidin conjugated to
Texas Red (1:50). Cells were visualized using confocal microscopy, with a focus on a plane
250 um from the MSC injection site. Projection image Z-stacks of approximately 50 pm
were collected using a confocal microscope. To quantify cell migration, ImageJ was used to
quantify the distribution of GFP-fluorescing cells, and the migration line was drawn when
fluorescence had diminished to 2% of the value within the cone.

Quantitative reverse transcription PCR

A guanidium thiocyanate-phenol-chloroform extraction protocol (TRIzol, Invitrogen Inc.)
was used to isolate mRNA from the cells within 3D constructs. Briefly, gels were
homogenized and dissolved in TRIzol. mMRNA was further purified with chloroform,
precipitated and washed with isopropanol and then ethanol, and then dissolved in RNAse-
free water. Reverse transcription of mMRNA was carried out with a high-capacity cDNA
Archive kit (Applied Biosystems, Foster City, CA) in combination with a C-1000
Thermocycler (Bio-Rad, Hercules, CA).

Quantitative PCR was then performed using TagMan gene expression assay kits (Applied
Biosystems, Foster City CA), and the housekeeping gene GAPDH using a 7500 Fast
Sequence Detection system (Applied Biosystems, Foster City CA). Collagen type I, collagen
type 111, TGF-B, and a-SMA were examined as markers of the cardiac fibroblast phenotype
[23]. Data are expressed in fold change relative to the initial control samples, calculated
based on the AACt method. Duplicates of each sample were analyzed.

Enzyme-Linked Immunosorbent Assays (ELISA)

Quantikine ELISA assays purchased commercially (R&D Systems, Minneapolis MN) were
used to quantify the levels of VEGF and IGF-1 in the supernatants from the co-culture
hydrogels. After removal of the constructs from the PDMS wells, the remaining 100-150 pL
of supernatant culture medium were used for cytokine analysis. This solution was collected
and stored at —20 °C until ELISA was performed.

Statistical analysis

Results show sample sizes of three to eight separate experiments, with data expressed as
mean +/- standard deviation. An unpaired Student’s t test was used to determine statistical
significance for comparisons of two groups, with p<0.05 considered significantly different.

Results

The effect of MSC injection on fibroblast activation

This study was designed to examine the paracrine interactions between injected MSC and
resident cardiac fibroblasts in a mechanically stimulated 3D model of cardiac tissue. The
primary indicator of these interactions examined was the level of activation of the resident
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fibroblasts. In our previous work, we showed that fibroblasts seeded into 3D collagen
hydrogels exhibit a baseline level of activation, as indicated by increased expression of
collagens I and 111, TGFp, and aSMA, and that this level of activation is augmented by fluid
flow and hypoxia [32]. We examined fibroblasts in a plane 250 um from the injection site by
immunostaining for aSMA, a marker of the activated myofibroblast phenotype, as shown in
Figure 2. The morphology of the cardiac fibroblasts was similar for all time points and
stimulation conditions, though the cells exposed to hypoxia were less spread with fewer cell
processes extending into the extracellular matrix. Staining for aSMA was somewhat
stronger at the initial time point and in the flow condition, compared to the other samples.
However, none of the conditions exhibited prominent stress fibers and high levels of aSMA
staining, suggesting that the fibroblasts were not strongly activated.

In order to further quantify the fibroblast response to injected MSC, portions of the hydrogel
approximately 250 um to either side of the injection site were homogenized to examine gene
expression, as shown in Figure 3. All markers of fibroblast activation were significantly
reduced relative to initial control levels under all treatment conditions, except the level of
aSMA message in constructs under flow, which remained unchanged. Interestingly, the
presence of flow caused a significant decrease in collagen | and 111 message, compared to
control. Hypoxia strongly attenuated TGFp levels in these co-culture constructs. The gene
expression levels observed in this study contrast significantly with the levels produced by
gels seeded with fibroblasts alone and exposed to the identical experimental treatments [32].
Overall, these results suggest that not only does the addition of MSC attenuate fibroblast
activation, but it may reverse the fibroblast to myofibroblast transition.

MSC migration in response to mechanical and biochemical stimulation

In this study, MSC were injected as a bolus of 250,000 cells. Once implanted, the MSC
resided in the injection cone created by needle insertion, and subsequently began to attach to
either the surrounding collagen gel and/or neighboring cells. Over time, MSC migrated out
of the injection cone and into the surrounding collagen matrix. Images of fluorescent
staining of the interface between the injection cone and the collagen gel at the initial time
point (12 h after MSC injection) and at the 48 h time point under specific treatment
conditions are shown in Figure 4. This figure shows the nuclei of all cells in the constructs
(DAPI, first column), the labeled MSC (eGFP, second column), and the actin cytoskeleton
of all cells in the construct (phalloidin, third column). The dashed line in the second column
indicates the migration front of the injected MSC. The migration distance of MSC for these
conditions was quantified and the results are shown in Figure 5. As seen in both the
immunofluorescence images and quantified data, hypoxic conditions resulted in the greatest
migration distance. Interestingly, mechanical stimulation by both interstitial fluid flow and
cyclic strain produced statistically the same levels of migration. All treatment stimuli
resulted in significantly higher migration distances than both control and initial conditions.
The highest migration distance approached 500 um, which translates to an average cell
velocity of about 10 um/h. Interestingly, this is approximately the same average velocity as
the initial time point, which migrated about 100 um in a time of 12 hours. This result
suggests that initial migration velocities decrease under most conditions, but are maintained
under hypoxic conditions.
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Release of VEGF and IGF-1 in stimulated co-cultures

Having demonstrated that the injected MSC affect fibroblast activation, studies were
conducted to identify the paracrine factors responsible for this effect. Analysis of the
supernatant from cultured constructs was used to examine the levels of two growth factors
commonly associated with the paracrine signaling by MSC: VEGF and IGF-1. Both
fibroblast-MSC co-cultures and fibroblast-only constructs were examined, in an effort to
determine the relative influence of both cell types. The data are presented as levels of
expression by co-cultures with the levels from fibroblast-only gels subtracted (as an
estimation of the contribution of the injected MSC), and the fibroblast-only levels are
provided for reference (Figures 6 and 7). This normalization does not directly yield the
amount of growth factor produced by the MSC, because the presence of MSC may affect
fibroblast release. However it provides an overall measure of the effect of MSC on total
paracrine release by these two cell types.

Expression of VEGF is shown in Figure 6. VEGF release increased with time in the MSC,
as evidenced by the increase in control expression levels over the initial levels. Hypoxia
stimulated markedly increased VEGF release from fibroblasts and from implanted MSC,
relative to controls. Interestingly, mechanical stimulation in the form of both interstitial fluid
flow and cyclic mechanical strain resulted in decreased VEGF levels, relative to controls.
These stimuli completely abrogated the release from fibroblast-only constructs, and the
levels from combined constructs were also low. The results suggest that increasing VEGF
release is an important mediator in response to hypoxia, but not mechanical stimulation.

Figure 7 shows IGF-1 levels in both combined fibroblast-MSC and fibroblast-only
constructs. The production of IGF-1 by fibroblasts alone mirrored the release profile of
VEGF stimulated by the treatment conditions. However, absolute levels of IGF-1 from
fibroblast-MSC cultures were considerably lower than VEGF levels, and no treatment
condition produced more than 100 pg/mL. Fibroblasts alone secreted higher levels, and in
response to hypoxia produced very high (> 600 pg/mL) levels of this growth factor. Under
control conditions (no strain, no hypoxia), IGF-1 levels in the combined constructs increased
significantly over initial conditions. However, this increase was not evident in the other
experimental treatments. These results suggest that IGF-1 production is generally
downregulated in fibroblast-MSC co-cultures, and is not stimulated by either hypoxia or
mechanical stimulation.

Discussion

The present study describes a 3D co-culture system in which isolated MSC can be injected
into a rudimentary model of fibrotic myocardial tissue. Our focusin the present work ison
thefirst 48 h following cell injection, which isa critical phase in the function of MSC
transplants. Our model allows for examination of the response of injected MSC to specific
biochemical and mechanical stimuli, and also allows characterization of the effect of MSC
implantation on cardiac fibroblast phenotype. The results of this study indicate that the
presence of MSC significantly inhibits the fibroblast to myofibroblast transition that is a
characteristic of the fibrotic response in the heart. This effect was observed under all
experimental treatments, and was supported by a decrease in message levels of collagens |
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and 111, TGFB, and aSMA, relative to uninjected controls. Interestingly, the behavior of the
injected MSC was affected by the applied experimental conditions. Hypoxia resulted in
increased cell migration, which supports recent findings that HIF-1alpha improves MSC-
mediated repair [33]. Levels of VEGF and IGF-1 were essentially unaffected by mechanical
stress, though hypoxia had a substantial effect on VEGF production in fibroblast-MSC co-
cultures. Gels seeded only with fibroblasts also produced significant VEGF and IGF-1 levels
under hypoxic conditions, indicating that fibroblasts themselves contribute to the paracrine
environment in the ischemic myocardium.

The co-culture model presented in this study provides a relative simple yet robust platform
to study the interaction of implanted stem cells with the fibrotic environment in the heart.
Injected stem cells are surrounded in three dimensions by cardiac fibroblasts, which allows
for crosstalk between the cell types. The model therefore adds key components
representative of the cellular microenvironment in tissues, but it does not match the full
complexity of the in vivo environment. Our model focuses on the resident fibroblasts in
cardiac scar tissue, because of their central role in mediating the fibrotic response. However
fibrotic tissue in the heart also includes other cues, including potential signals from smooth
muscle cells and endothelial cells in the local vasculature, and/or immune cells that are
recruited to the injury site. These cells and signals can influence the local environment and
modulate stem cell function and response. While this additional complexity is not captured
by the present model, it may be possible to create more physiologically relevant models by
incorporating additional cell types or extracellular matrix components in a 3D protein
hydrogel system.

One of the main challenges in developing consistent and effective stem cell-based therapies
is the inherent variability in stem cell function caused by the age and disease state of the
donor, among other factors. A consistent 3D, multicellular in vitro model that incorporates
physiological stimuli may therefore be useful as a screening tool to identify populations of
cells that are most likely to produce a beneficial effect upon transplantation. However, the
elements of MSC function that are important to their therapeutic potential remain unclear.
Our results show that MSC migration rate can be influenced by hypoxia and mechanical
stimuli, but cell migration may also lead to alterations in the complex microstructure of the
heart tissue that can lead to undesired sequelae such as arrhythmias. The utility of 3D culture
models will increase as the relationships between the component cell types and the applied
stimuli are more fully understood.

The results of this study also support the concept that the paracrine action of implanted MSC
and the effect on resident cells is a time-dependent and cell-orchestrated process. The need
for such dynamic and responsive delivery of growth factors in healing heart tissue provides
support for cell-based therapies, since the transplanted cells can sense and respond to the
local tissue environment. The system used for this work allows these dynamics to be
characterized and studied. Migration and change in the differentiated state of injected MSC
took place over time after implantation, and in this study were evaluated at the 48 hour time
point. Levels of VEGF and IGF-1 also changed over time, as would be expected in a
remodeling and healing environment, and this system could also be used to study other
paracrine factors known or hypothesized to be involved in phenotype transitions in the heart.
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The ability to observe both the spatial location of the cells and the temporal profile of
growth factor release provides insight into the interplay between cell types that leads to
tissue remodeling and regeneration.

Taken together, these studies demonstrate that a 3D in vitro model of the cardiac scar can be
used to examine the paracrine effects of implanted MSC under relevant physiological
conditions. Our findings show that environmental stimuli affect both the resident fibroblasts
and the injected MSC, as well as the interactions between these cell types. Such studies have
the potential to illuminate the cellular interactions that are involved in repair of cardiac
tissue, and may have relevance to the cell-based treatment of cardiac fibrosis.
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Figure 1.

Schematic of injection placement within the 3D fibroblast-seeded model of the cardiac scar.
A micromanipulator was used to consistently inject MSC at a 30° angle from the gel surface.
The dotted lines show where the gels were sectioned to analyze the fibroblast response.
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Figure 2.
Immunofluoresence of cardiac fibroblasts at a position approximately 250 pm from the MSC

injection site. Each image is 300 x 300 um. DAPI (blue) indicates cell nuclei; phalloidin
(red) indicates the actin cytoskeleton; anti-a-SMA antibody (green) indicates smooth muscle
actin expression. Images best viewed in color.

Cytotherapy. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Galie and Stegemann

Page 14
05 0.8
o
g 04 < 7
== = 06
o= =
v
& 03 Q 05
[ >
= F 04
o =
gy 92 v 03
© (=2}
= = 02
0.1 o B
N O o
0.8 control  hypoxia flow strain 00 control  hypoxia flow strain
0.6 1.0
Qos 2 os
— <C
04
©
g 2 06
Q03 ©
w S 04
Q_ 5
B 0.2 ]
0.1 0.2
0.0 0.0

control  hypoxia flow strain

control  hypoxia flow strain

Figure 3.
Quantification of message levels of cardiac fibroblasts at a position approximately 250 um

from the MSC injection site. Four markers of the fibroblast to myofibroblast transition were
measured and compared to initial control levels. * denotes significance from the control test
condition; all levels are significant from initial levels except aSMA in response to flow.
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Figure 4.
Immunofluorescence imaging of a region near the edge of the MSC injection cone (bottom

of each image) under different experimental conditions. DAPI (blue) indicates cell nuclei;
eGFP (green) indicates the cytoplasm of transfected MSC; phalloidin (red) indicates the
actin cytoskeleton. Dotted lines represent the calculated penetration distance of MSC into
the surrounding matrix. Images best viewed in color.
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Quantification of the penetration distance of MSC from the wall of the injection cone into
the surrounding collagen matrix at 48 hours after the initial time point.
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Figure 6.
VEGF release by MSC injected into the collagen gel model. Upper plot shows contribution

to VEGF levels by injected MSC, estimated by subtracting the levels in fibroblast-only gels
(lower plot) from the combined fibroblast-MSC cultures.
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Figure 7.
IGF-1 release by MSC injected into the collagen gel model. Upper plot shows contribution

to IGF levels by injected MSC, estimated by subtracting the levels in fibroblast-only gels
(lower plot) from the combined fibroblast-MSC cultures.
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