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Fibrin Glue Improves the Therapeutic Effect of MSCs
by Sustaining Survival and Paracrine Function

Inok Kim, MS,"? Sung Koo Lee, MS?2 Jung In Yoon, MS? Da Eun Kim, BS?2
Mihyung Kim, PhD? and Hunjoo Ha, PhD'

Fibrin glue has been widely investigated as a cell delivery vehicle for improving the therapeutic effects of
mesenchymal stem cells (MSCs). Implanted MSCs produce their therapeutic effects by secreting paracrine
factors and by replacing damaged tissues after differentiation. While the influence of fibrin glue on the differ-
entiation potential of MSCs has been well documented, its effect on paracrine function of MSCs is largely
unknown. Herein we investigated the influence of fibrin glue on the paracrine effects of MSCs. MSCs were
isolated from human adipose tissue. The effects of fibrin glue on survival, migration, secretion of growth factors,
and immune suppression of MSCs were investigated in vitro. MSCs in fibrin glue survived and secreted growth
factors such as the vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF) over 14 days.
VEGF and immune modulators, including the transforming growth factor (TGF)-f1 and prostaglandin E,,
secreted from MSCs in fibrin glue significantly increased under inflammatory conditions. Thus, MSCs in fibrin
glue effectively suppressed immune reactions. In addition, fibrin glue protected the MSCs from oxidative stress
and prevented human dermal fibroblast death induced by exposure to extreme stress. In contrast, MSCs within
fibrin glue hardly migrated. These results suggest that fibrin glue may sustain survival of implanted MSCs and
their paracrine function. Our results provide a mechanistic data to allow further development of MSCs with

fibrin glue as a clinical treatment.

Introduction

MESENCHYMAL STEM CELLS (MSCs) are multipotent stem
cells, which were first isolated from bone marrow and
later from other tissues, including muscle, cartilage, dental
pulp, adipose tissue, placenta, and umbilical cord blood."* In
recent years, many clinical as well as preclinical studies using
MSCs have been conducted because of their great potential to
repair tissue, including their capacity to differentiate into
various cell lineages, their ability to release soluble factors that
are crucial to cell survival, proliferation, neovascularization,
and their ability to modulate the immune response.>™®

The MSC implantation route is associated with their effi-
ciency of travel to the target organs and tissues. The most
commonly used routes for MSC transplantation are systemic
(intravenous) and local injections. Systemically implanted
MSCs migrate into damaged tissue in response to biological
signals.g’11 This route of implantation is less invasive, and a
large number of cells can be administered; however, most of
the implanted MSCs become trapped in the lung, spleen, and
liver capillaries; thus, only some of the implanted cells reach
the damaged tissue.'®!® In contrast, the local MSC implan-

tation method is more invasive, but offers improved cell
engraftment. Nevertheless, directly implanted cells have
limited cell retention and survival at the target site. There-
fore, numerous studies are being carried out to develop
further optimized implantation methods to prevent cell loss.

The fields of tissue engineering and drug delivery systems
using biomaterials such as hyaluronic acid, collagen, and
fibrin provide a proper solution to this problem. Specifically,
fibrin glue is the most commonly used biomaterial because of
its high biocompatibility, biodegradability, injectability, and
ease of handling. Furthermore, fibrin glue is nontoxic, non-
allergenic, and nonimmunogenic. Therefore, clinical appli-
cations of MSCs with fibrin glue have been employed to treat
several conditions, including Crohn’s disease, diabetic ulcers,
and cartilage defects."*'® As a cell-delivery vehicle, fibrin
glue facilitates cell attachment, proliferation, differentiation,
and ultimately, tissue formation and organization due to the
three-dimensional cell structure.'”?° Therefore, implanting
MSCs with fibrin glue could induce a synergistic effect to
repair damaged tissue.

Despite many animal and clinical studies, previous stud-
ies'”?!?? have focused on the effect of fibrin glue on
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proliferation and differentiation potential of MSCs, and
consequential replacement of damaged tissue. However,
the contribution of fibrin glue to the paracrine effects of
MSCs has not been examined. Considering the emerging
concept of a therapeutic effect for the paracrine mechanism
of MSCs,”?* we systemically investigated the effect of fibrin
glue on the paracrine mechanism of MSCs, including pro-
duction of growth factors and anti-inflammatory cytokines,
the antiapoptotic effect, and migration in vitro.

Materials and Methods
MSC isolation and culture

MSCs were isolated from lipoaspirates of human subcuta-
neous fat tissue obtained from healthy donors who provided
informed consent. Lipoaspirates were washed at least three
times with phosphate-buffered saline (PBS) and digested in an
equal volume of PBS containing 1% bovine serum albumin
and 0.025% collagenase type I (Invitrogen, Gaithersburg, MD)
for 80min at 37°C with intermittent shaking. Isolated cells
were cultured in the Dulbecco’s modified Eagle’s medium
(DMEMV; Invitrogen) supplemented with 10% fetal bovine
serum (FBS; Hyclone, Logan, UT) and 1ng/mL human basic
fibroblast growth factor (bFGF) and used at passage 3.

Fibrin glue preparation

The fibrin glue was from the commercially available
Greenplast kit (Greencross, Seoul, Korea), which consisted of
the aprotinin solution (1100 KIU/1.1mL), calcium chloride
solution (13.9-15.6mg/2.5mL), lyophilized human plasma
fibrinogen (126.5-256.3 mg), and thrombin (4.9-11.1 mg). The
fibrinogen and thrombin were dissolved with 1mL of the
aprotinin and calcium chloride solution, respectively. A cell
suspension was mixed with the thrombin solution at a 4:1
ratio. Then, the cell-thrombin suspension was mixed with the
fibrinogen solution at 1:1 using a Duploject applicator and
simultaneously added to each well.

MSC viability and proliferation test in fibrin glue

To determine whether MSCs were capable of surviving in
fibrin glue, MSCs incorporated into fibrin glue were prepared
at a final concentration of 5x10° cells /200 pL/well and incu-
bated in a 37°C CO, incubator. MSCs without fibrin glue were
cultured on tissue culture plates in the DMEM as a control. On
days 0 (2 h after mixing), 3, 7, and 14, they were sectioned and
stained with 10pg/mL acridine orange/ethidium bromide
(AO/EtBr). Then, the sections were analyzed under a fluo-
rescence microscope at 200 x magnification. Cell proliferation
was assessed by using 5-bromo-2’-deoxy-uridine (Roche, In-
dianapolis, IN) according to the manufacturer’s instructions.

Growth factor secretion assay

The MSC-fibrin glue mixture was prepared at final con-
centrations of 1x10°, 1x10°%, and 1x10” cells/well. One mil-
liliter of DMEM was added to each well, and the cells were
incubated in a CO, incubator. The MSC-conditioned medium
was collected every 3 days for 15 days. To assess the change in
cytokines released from MSCs with or without fibrin glue
under an inflammatory condition, 1x10° MSCs in fibrin glue
were cocultured with 5x10° peripheral blood mononuclear
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cells (PBMCs) from an unrelated MSC donor in the presence
or absence of the mitogen phytohemagglutinin (PHA, 5pg/
mL). PBMCs were isolated by Ficoll-Paque (1.077g/mL;
Amersham Biosciences, Uppsala, Sweden) density gradient
centrifugation from the peripheral blood of healthy donors
who provided informed consent. The concentrations of factors
released from MSCs, including the vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGEF),
transforming growth factor (TGF)-1, and prostaglandin E,
(PGE) were assessed using an enzyme-linked immunosor-
bent assay (ELISA) kit (R&D Systems, Minneapolis, MN) ac-
cording to the manufacturer’s instructions.

Immune inhibition assay

MSCs in fibrin glue were prepared at a final concentration
of 2.5x10” cells/well of a 48-well plate. PBMCs (5 x 10°cells /
well) were added to each well with MSCs and fibrin glue in
the presence of PHA (5ug/mL). After 48h of incubation,
supernatants were collected and analyzed for the inflam-
matory cytokine tumor necrosis factor (TNF)-oo by ELISA
(R&D Systems). To assess the proliferation rate of lympho-
cytes, the remaining cells were treated with 5-ethynyl-
2’-deoxyuridine (EdU; Invitrogen, Eugene, OR) for 20h,
harvested, stained with the anti-EdU antibody, and then
analyzed by flow cytometry.

Cell-death protection of MSCs in fibrin glue

Human dermal fibroblasts (HDFs; CCD-986) were sus-
pended in the DMEM containing 1% FBS and seeded at a
concentration of 3x10* cells/well into the lower chamber of
a 24-Transwell plate (Corning, Corning, NY). After 24h of
incubation, the cells were washed with the DMEM. Then, the
upper chambers, including fibrin glue alone (control), 1x10°
and 1x10° MSCs with or without fibrin glue were inserted
into the 24-Transwell plate. At the same time, cells were
exposed to 100, 200, and 400 uM of tert-butyl hydroperoxide
(tbOOH) in the DMEM. After 12h of incubation, the upper
chambers containing MSCs alone or MSCs incorporated into
fibrin glue were removed and stained with AO/EtBr. A 20-
uL aliquot of WST-1 (Roche) was added into the lower
chamber and incubated for 3h to measure HDF viability. A
100-pL aliquot of the supernatants was transferred to a 96-
well microplate, and absorbance was measured at 450 nm.

Migration of MSCs in fibrin glue

The migration capacity of MSCs in fibrin glue was eval-
uated using 8-um pore size Transwell membrane filters.
MSCs (2.5x10* cells/well) with or without fibrin glue were
added to the upper chamber, and the lower chambers were
filled with PBMCs (5x10° cells/well) and stimulated with
PHA. After 2-5 days of incubation, the filters were stained
with DAPI or hematoxylin and eosin, and the cells on the
upper side of the filters were removed with a cotton swab.
Transwell filters were cut out and mounted onto a glass
slide. A randomly selected field was photographed, and
migrated cells were counted.

Statistical analysis

Data are expressed as mean+SD from three or four dif-
ferent donor-derived MSCs. The statistical analysis was
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performed using ANOVA followed by the Tukey test; a p-
value <0.05 was considered to indicate statistical significance.

Results
MSC morphology and viability inside the fibrin glue

The morphology and viability of MSCs in fibrin glue were
assessed on days 0, 3, 7, and 14. MSCs without fibrin glue were
analyzed as a control. As shown in Figure 1A, MSCs were
evenly distributed in the fibrin glue and the cells maintained a
rounded shape throughout the experimental period. More than
95% of the MSCs in the fibrin glue survived until day 14 (Fig.
1A, C). In contrast, the viability of MSCs without fibrin glue
significantly declined to 80.4%*10% on day 7 (p<0.05) and
76.7%+3.6% on day 14 (p<0.01) (Fig. 1B, C). The BrdU in-
corporation assay did not indicate any proliferation of the
MSCs within the fibrin glue (Fig. 1D) when they were cultured
under the DMEM medium without FBS.
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MSCs in fibrin glue do not migrate
to the inflammatory site

We next performed an in vitro Transwell cell migration
assay to examine whether the therapeutic effect of MSCs in
fibrin glue would be result from migrating to the injured site.
As shown in Figure 2, migration of MSCs without fibrin glue,
but not with fibrin glue, increased significantly under the
inflammatory condition compared with that of the control on
day 2 (3.6%+0.3% versus 88.7%*8.1%). However, only
1.8%+0.7% of MSCs in fibrin glue migrated from the fibrin
glue despite the inflammatory stimulation. Migration of
MSCs in fibrin glue did not increase further on day 5 (data
not shown).

MSCs in fibrin glue continually secreted growth factors

We then examined whether MSCs in fibrin glue function
for long-term culture. We incorporated 1x 10°/well of MSCs
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Survival and proliferation of mesenchymal stem cells (MSCs) in fibrin glue. (A, B) MSCs with or without fibrin were

stained with acridine orange/ethidium bromide (AO/EtBr) on days 0, 3, 7, and 14 of incubation and visualized by fluo-
rescence microscopy (Green: live cells [AO], red: dead cells [EtBr]). (C) Percentage of surviving MSCs with or without fibrin
glue. At day 0, no differences were observed in the survival rate of MSCs with or without fibrin glue. Survival of MSCs in
fibrin glue was sustained for 14 days, while the survival rate of MSCs without fibrin glue significantly decreased. Data are
expressed as mean = SD of three different donor-derived MSCs. *p <0.05, **p <0.01 versus on day 0. (D) MSCs with or without
fibrin glue were treated with BrdU for 20 h in a CO, incubator, and then stained with the anti-BrdU antibody. MSCs with or
without fibrin glue did not stain with anti-BrdU. Inset picture shows a positive control of BrdU staining in MSCs cultured
under the Dulbecco’s modified Eagle’s medium (DMEM) containing 10% of fetal bovine serum. FG, fibrin glue. Color images
available online at www liebertpub.com/tea
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FIG. 2. Migration of MSCs in fibrin glue. A Transwell migration assay was performed. (A) MSCs with or (B) without fibrin glue
were cultured in the upper Transwell chamber in the presence or absence of inflammation in the lower chamber. After 2 days of
incubation, migrated cells that remained on the lower face of the filters were stained with DAPI or hematoxylin and eosin (H&E)
stain and counted. (A) MSCs in fibrin glue barely migrated when they were exposed to the inflammatory condition, whereas (B)
most of the MSCs incubated without fibrin glue migrated. Color images available online at www liebertpub.com/tea

into fibrin glue and incubated them in the DMEM. Super-
natants were collected every 3 days for 15 days and assessed
for secretion of VEGF and HGF from the MSCs. All of the
studies were performed using three or four different donor-
derived MSCs. The baseline levels of secreted growth factors
differed for each donor cell, and the data were expressed as the
mean relative increase. As shown in Figure 3A, both VEGF and
HGF were secreted continuously from the MSCs in fibrin glue
for 15 days, while the levels of these factors secreted from MSCs
without fibrin glue significantly decreased. Different numbers
of MSCs in fibrin glue, 1x10°, 1x10° and 1x10” MSCs/well
were incubated in the same culture conditions to determine that
the growth factor secreted from the MSCs in fibrin glue was
correlated with the cell number. The MSCs in fibrin glue se-
creted VEGF and HGF in a cell number-dependent manner for
15 days (Fig. 3B).

The effect of inflammation on secretion of soluble
factors from MSCs in fibrin glue

As damaged tissues are often accompanied by inflam-
mation, implanted MSCs may also be exposed to an in-
flammatory condition. Therefore, we assessed the influence
of an inflammatory condition on the release of soluble fac-
tors, including VEGF, HGF, TGF-B1, and PGE, from MSCs in
fibrin glue. The baseline levels of VEGF, HGF, TGF-$1, and
PGE, secreted from MSCs in fibrin glue were 120.9+54.1,
614.5+2954, 19.8+8.8, and 367.71158.2pg/105 cells, re-
spectively, and those secreted from MSCs without fibrin glue
were 114.8+30.9, 264.1+57.9, 15.0+8.8, and 91.5i13.0pg/
10° cells, respectively. These factors were not detected in fi-
brin glue alone, PBMC alone, and PBMC + PHA. When MSCs
with or without fibrin glue were exposed to an inflammatory
environment, the levels of each factor increased markedly
(Fig. 4). Specifically, TGF-B1 and PGE,, which are major
immune modulators secreted from MSCs,>>?® increased at
least 3- and 10-fold, respectively.

MSCs in fibrin glue suppress the immune reaction

Increased release of HGF, TGF-f1, and PGE, from MSCs
supports an immunosuppressive effect of MSCs; therefore,
we investigated whether the immunosuppressive function of
MSCs in fibrin glue was exerted on lymphocyte proliferation
and secretion of TNF-a.. As shown in Figure 5, PHA-medi-
ated proliferation of lymphocytes was significantly inhibited
by MSCs in fibrin glue (50.4% *21.8%) and by MSCs alone
(92.8%+£3.2%). The TNF-a levels also decreased >90% in
MSCs with or without fibrin glue.

The influence of fibrin glue on preventing MSC death

We finally examined whether incorporated MSCs in fibrin
glue could prevent cell death from microenvironmental
stress. No significant difference was observed between MSC
viability with or without fibrin glue (94.8%+3.9% vs.
91.2%*2.3%) when MSCs were exposed to low (100 pM)
concentrations of tbOOH. MSC viability decreased to
82.6%+2.3% and 0%, respectively, when MSCs alone were
exposed to 200 or 400 uM tbOOH (Fig. 6A). However, MSCs
in fibrin glue showed good viability of 94.9% +0.8% under
severe oxidative stress (400 uM of tbOOH). These results
indicate that fibrin glue protected MSCs from severe oxida-
tive stress.

We further investigated whether MSCs in fibrin glue could
protect other surrounding cells from a noxious environment
such as oxidative stress. HDFs were exposed to tbOOH in
the presence of 1x10° or 1x 10° MSCs with or without fibrin
glue, cell morphology was observed under a microscope,
and viability was assessed by the WST-1 assay. HDFs de-
tached from the culture plate and became rounded and
shrunken after tbOOH treatment. Cell injury became more
severe as the tbOOH concentration was increased (Fig. 6B).
In contrast, HDFs treated with MSCs alone or MSCs in fibrin
glue were relatively less seriously injured, and they main-
tained their spindle-like shape in the presence of 200 M
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FIG. 3. Growth factors secreted from MSCs in fibrin glue. (A) MSCs with or without fibrin glue were incubated for 15 days
in the DMEM. Supernatants were collected every 3 days and assessed for the vascular endothelial growth factor (VEGF) and
hepatocyte growth factor (HGF). The levels of VEGF and HGF secreted from MSCs in fibrin glue were sustained throughout
the experimental period. In contrast, levels of these factors were significantly lower at all times for MSCs cultured without
fibrin glue. Data are expressed as the relative changes from levels of MSCs in fibrin glue during the first 3 days. *p <0.05,
*p<0.01, **p<0.001 versus on day 3. (B) MSCs in fibrin glue were plated at 1x10°~1x 10" cells/well and incubated for 15
days. MSCs in fibrin glue secreted VEGF and HGF in a cell number-dependent manner. Results of one representative

experiment are shown.

tbOOH. The HDFs maintained their normal shape only in
the presence of fibrin glue containing 1x10° MSCs when a
higher (400 uM) tbOOH concentration was tested (Fig. 6B).

When HDF survival was assessed by the WST-1 assay, no
significant differences were observed among the nontreated
(control), 1x10°> MSCs alone, and the 1x10° and 1x10°
MSCs in fibrin glue-treated cells exposed to 100 uM tbOOH.
At 200 uM tbOOH, the HDF survival rate increased 1.8+0.6,
1.9+0.6, and 2.3 +0.7-fold, respectively (p<0.001), compared
to that in the control when they were treated with 1x10°
MSCs alone, 1x10° or 1x10° MSCs in fibrin glue. When
cells were exposed to a 400 UM tbOOH, the survival rate of
HDFs treated with 1x10° MSCs in fibrin glue increased
3.7£0.7-fold compared to that in the control (p<0.001). In
contrast, treatment with 1x10°> MSCs alone or MSCs in fibrin
glue did not protect HDFs from severe oxidative stress. We
could not assess the effect of 1x 10° MSCs without fibrin glue
because it was impossible to load the MSCs into the upper
chamber.

Discussion

Our results suggest that fibrin glue may prolong the
therapeutic function of MSCs by sustaining the microenvi-
ronment through secretion of growth factors, cytokines, and

immunomodulatory factors as a result of their increased
survival rate.

In the present study, we carried out using MSCs isolated
from adipose tissue because they are easy to harvest and
yield a large number of cells, and we have confirmed their
therapeutic effects through preclinical and clinical stud-
ies.'>1>1¢ Implanted MSCs should stably and functionally
survive for a sufficient time to have a therapeutic effect at the
damaged or wound site. We showed that MSCs within fibrin
glue survived >14 days at 37°C without additional nutrients
such as FBS or growth factors, whereas the viability of MSCs
without fibrin glue decreased gradually. This result is con-
sistent with previous reports.'®” The reason for the high
survival rate of MSCs in fibrin glue may be the suitable
matrix environment, such as temporary retention space, cy-
toprotective effects, and cell-matrix interactions provided by
the fibrin glue. However, we could not observe evidence of
MSC proliferation within fibrin glue in a BrdU incorporation
assay, which was different from a previous study.”® This
discrepancy could be explained by the fact that Ho et al.*
used growth factors or serum in their experiments. Con-
sidering that implanted cells to a damaged site practically do
not get sufficient nutrients due to obstructed blood vessels,
our study design is considered to be more representative of
in vivo conditions. In addition, the fibrinogen concentration is
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FIG. 4. The influence of inflammatory condition on soluble factors secreted from MSCs in fibrin glue. MSCs with or without
fibrin glue were cultured in the presence or absence of an inflammatory stimulus such as human peripheral blood mono-
nuclear cells (hPBMCs) and phytohemagglutinin (PHA) (5 ng/mL). Soluble factors secreted from MSCs in fibrin glue were
measured after 3 days of incubation. The levels of VEGF, HGF, transforming growth factor (TGF-B1), and prostaglandin E,
(PGE,) secreted from MSCs in fibrin glue or MSCs alone increased when they were exposed to an inflammatory condition.
Data are expressed as mean+SD of three or four donor-derived MSCs. *p<0.05, **p <0.01, **p <0.001 for significant dif-
ferences between normal and inflammatory test conditions. N, normal culture conditon; I, inflammatory culture condition.

important for cell morphology, proliferation, and migration.
An undiluted high concentration of fibrin glue has a longer
degradation time compared to that of diluted fibrin glue,
which forms a denser mass with smaller pore sizes and
thicker fibrin fibers compared with diluted fibrin glue.28
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FIG. 5. Immunosuppressive effect of MSCs in fibrin glue.

hPBMCs were cocultured with MSCs with or without fibrin
glue in the presence or absence of the inflammatory stimu-
lus, PHA (5pg/mL). The PHA-mediated proliferation of
lymphocytes was significantly inhibited by MSCs in fibrin
glue (50.4%*21.8%) and by MSCs without fibrin glue
(92.8%+£3.2%). Levels of tumor necrosis factor (TNF)-a se-
creted from PBMCs were decreased >90% by addition of
MSCs with or without fibrin glue. Data are expressed as
mean+SD of four different donor-derived MSCs.

Thus, a lower fibrin glue concentration (10mg/mL) pro-
motes cell proliferation relatively more than a higher fibrin
glue concentration.'”*® In the present study, we used an
undiluted high concentration of fibrin glue (126256 mg/mL)
to keep the MSCs incorporated into fibrin glue at the im-
planted site. For the same reason, MSCs in fibrin glue hardly
migrated during the 5 days of incubation, whereas most of
the MSCs without fibrin glue migrated to the inflammatory
site in vitro. During the experimental period, fibrin glue did
not degrade in vitro. However, as stated above, it is biode-
graded by plasmin in vivo within 1-2 weeks depending on its
formulation and is then eliminated by the kidneys. These
results suggest that MSCs implanted into damaged tissue
with fibrin glue could effectively survive without cell mi-
gration for at least 1-2 weeks during fibrin glue degradation.

We also analyzed the amounts of VEGF and HGF, these
well recognized angiogenic and antiapoptotic factors se-
creted from MSCs.** We found that MSCs in fibrin contin-
uously secreted VEGF and HGF in a cell number-dependent
manner for 15 days without sufficient nutrients or stimula-
tion. On the other hand, as time passed, those levels signif-
icantly decreased in MSCs alone, suggesting that MSCs
implanted into damaged tissue with fibrin glue could pro-
duce a long-lasting therapeutic action through longer sur-
vival. In addition to these factors, we assessed TGF-f1,
insulin-like growth factor (IGF), and bFGF. TGF-B1 was de-
tected less than 50 pg/mL per 10° cells, but bEGF and IGF
were not detected regardless of fibrin glue under our
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FIG. 6. The influence of MSCs in fibrin glue on oxidative stress-induced cell death. Human dermal fibroblasts (HDFs) were
plated into the lower chamber of a Transwell and incubated for 24 h. Following adhesion of the HDFs, the upper chambers,
including fibrin glue alone (control), 1x 10°, or 1x10° MSCs with or without fibrin glue were inserted into the Transwell, and
then incubated with tert-butyl hydroperoxide (tbOOH) for another 12 h. (A) Inserts were removed and stained with AO/EtBr,
and (B) the remaining HDFs in the lower chamber were observed by microscopy and (C) HDFs were quantified by the WST-1
assay. (A) MSCs in fibrin glue maintained a high survival rate under severe oxidative stress and (B, C) protected the HDFs
from severe oxidative stress. Data are expressed as mean+SD of three different donor-derived MSCs. **p <0.01, ***p <0.001
versus control culture at each concentration of tbOOH. Color images available online at www .liebertpub.com/tea

experimental condition (data not shown). These factors have
been reported to be expressed in MSCs,*' but some studies
have shown that bFGF and EGF were not expressed in
MSCs.** This discrepancy is due to the use of different cell
culture conditions, such as the culture medium, serum, and
growth factors.*

Inflammation is a common finding in most wound sites
and various diseases. Therefore, MSCs implanted into a
wound or disease site are exposed to an inflammatory en-
vironment and are activated by interferon (IFN)-y, TNF-o,
interleukin (IL)-1a, or IL-1B. Thus, we examined the influ-
ence of these conditions on MSCs in fibrin glue by mimicking
the inflammatory condition in vitro. The baseline levels of
each soluble factor secreted from MSCs depending on the
presence of fibrin glue were different. HGF and PGE, se-
cretion increased in the presence of fibrin glue, but no dif-
ferences were observed for VEGF and TGF-B1 secretion in
the presence of fibrin glue. However, each factor dramati-
cally increased when MSCs were exposed to the inflamma-
tory condition regardless of the presence of fibrin glue,
suggesting that MSCs in fibrin glue could effectively activate

at a wound or disease site. Moreover, TGF-f1 and PGE,
levels increased at least 3- and 10-fold, respectively, from the
normal condition.

HGF, TGF-B1, and PGE; are anti-inflammatory mediators
that prevent proliferation of T cells, inhibit production of
TNF-o and 1L-12, and downregulate major histocompatibil-
ity complex-Il on the macrophage surface.**>® Consistent
with these results, MSCs in fibrin glue effectively inhibited
excess immune reactions (Fig. 4). Fibrin glue contains
countless pores that may allow the passage of soluble factors
secreted from MSCs (e.g., HGF, TGF-B1, or PGE,) or PBMCs
(e.g., TNF-a or IEN-v). Inhibition of lymphocyte proliferation
by MSCs in fibrin glue was less than MSCs without fibrin
glue, although the exact reason for this decrease is not clear,
but a direct inhibition between MSCs and PBMCs may
require full inhibitory activity.***° TNF-u released by PHA-
stimulated PBMCs was effectively inhibited by MSCs in
fibrin glue.

Cells undergo apoptosis and/or necrosis resulting from
injuries or infections. MSCs also suffer from an adverse en-
vironment after they are implanted to disease sites. We
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showed that fibrin glue effectively protected MSCs from se-
vere oxidative stress by tbOOH, resulting in the prevention
of fibroblast death during exposure to extreme stress. These
results are consistent with the study of Guo et al.'” who
showed that MSCs cultured in fibrin glue resist apoptosis
and necrosis by inducing oxygen and glucose deprivation.

In conclusion, the present in vitro data demonstrated that
MSCs in fibrin glue sustain functional survival and paracrine
function and suggest further development of MSCs with fi-
brin glue as a clinical treatment. The influence of fibrin glue
on MSC paracrine function in vivo requires further investi-
gation.
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