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Cell Injury-Induced Release of Fibroblast Growth Factor 2:
Relevance to Intracerebral Mesenchymal

Stromal Cell Transplantations

Irina Aizman,1 Deepti Vinodkumar,1 Michael McGrogan,2 and Damien Bates1

Beneficial effects of intracerebral transplantation of mesenchymal stromal cells (MSC) and their derivatives are
believed to be mediated mostly by factors produced by engrafted cells. However, the mesenchymal cell en-
graftment rate is low, and the majority of grafted cells disappear within a short post-transplantation period. Here,
we hypothesize that dying transplanted cells can affect surrounding tissues by releasing their active intracellular
components. To elucidate the type, amounts, and potency of these putative intracellular factors, freeze/thaw
extracts of MSC or their derivatives were tested in enzyme-linked immunosorbent assays and bioassays. We found
that fibroblast growth factor (FGF)2 and FGF1, but not vascular endothelial growth factor and monocyte che-
moattractant protein 1 levels were high in extracts despite being low in conditioned media. Extracts induced
concentration-dependent proliferation of rat cortical neural progenitor cells and human umbilical vein endothelial
cells; these proliferative responses were specifically blocked by FGF2-neutralizing antibody. In the neuropoiesis
assay with rat cortical cells, both MSC extracts and killed cells induced expression of nestin, but not astrocyte
differentiation. However, suspensions of killed cells strongly potentiated the astrogenic effects of live MSC. In
transplantation-relevant MSC injury models (peripheral blood cell-mediated cytotoxicity and high cell density
plating), MSC death coincided with the release of intracellular FGF2. The data showed that MSC contain a major
depot of active FGF2 that is released upon cell injury and is capable of acutely stimulating neuropoiesis and
angiogenesis. We therefore propose that both dying and surviving grafted MSC contribute to tissue regeneration.

Introduction

Transplantations of mesenchymal stromal cells
(MSC) and their derivatives are being proposed as a

treatment for various degenerative disorders of central ner-
vous system (CNS). The therapeutic effects of MSC trans-
plantation into the CNS are thought to be mostly due to the
secretion of soluble factors, which provide tissue protective,
regenerative, and immunomodulating stimuli [1–3] from
living donor cells. One of paradoxes of such an explanation is
that the engraftment rates of MSC in the CNS are low [4,5];
however, therapeutic benefits have been observed to continue
long after the grafted cells can no longer be detected. A va-
riety of conflicting data have accumulated to explain the poor
engraftment of transplanted MSC. While some reports im-
plicate triggering of an innate and subsequent adaptive im-
mune response to explain graft loss, others find similar rates
of graft cell loss irrespective of human leucocyte antigen
matching status [6,7]. Other studies have found that alloge-
neic MSC do not elicit a significant immune response (re-

viewed in [8]). It has also been reported that intracellularly
labeled MSCs, either live or dead, transplanted into the adult
brain, can transfer labels to the surrounding and distant re-
cipient’s cells, and the labels become incorporated into these
cells [9,10]. This suggests that intracellular contents of the
graft can be ‘‘recycled’’ by the surrounding tissue. How this
affects the brain microenvironment in particular, and the
therapeutic outcome in general, is unclear.

Fibroblast growth factor (FGF)2 is a major growth factor
for stem cells, one of the most potent inducers of angio-
genesis, an essential wound healing mediator, and a major
player in the development and regeneration of the nervous
system (reviewed in [11]). Five FGF2 isoforms are trans-
lated from a unique FGF2 mRNA by alternative translation
initiation: an 18 kDa low molecular weight (LMW) isoform
and high molecular weight (HMW) isoforms comprising
molecular weights of 22, 22.5, 24, and 34 kDa. LMW FGF2
is mostly cytoplasmic and is secreted, while the HMW
isoforms are predominantly nuclear, however, either form
can be found in the nucleus, cytoplasm, or extracellular
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matrix (ECM) under certain conditions. All isoforms lack a
signal peptide to direct secretion through the endoplasmic
reticulum-golgi pathway. Early studies demonstrated that
mechanically wounded monolayers of endothelial cells re-
lease high levels of FGF2 [12,13]. Based on these studies
and the lack of signal peptide for secretion, cell death, or
even sub-lethal injury has been described as a major
mechanism for FGF2 release [14]. Accordingly, FGF2 was
nominated as a ‘‘wound hormone for rapidly initiating the
cell growth required for routine maintenance of tissue in-
tegrity and/or repair after injury’’ [15].

While many reports document the expression of FGF2
mRNA by MSC and demonstrate the presence of intracel-
lular protein [11,12,16], very few reports provide measure-
ments of FGF2 secretion because the concentration of
secreted FGF2 is very low [17,18]. Perhaps for this reason,
FGF2 has not been considered to be a primary candidate
mediating the regenerative effects of implanted MSC on
surrounding neural tissue.

SB623, an MSC derivative, is currently being tested in a
Phase 1/2a clinical trial for safety and efficacy in chronic
stroke. These cells are derived from human bone marrow
MSC using transient transfection with a vector encoding the
human Notch1 intracellular domain followed by G418 se-
lection and subsequent expansion. This manufacturing pro-
cess produces a cell population that demonstrates superior
angiogenic and neuropoietic properties in vitro as compared
to the parental MSC [19–21]. The neuropoietic effects of
SB623 have been attributed to the increased expression, and
correspondingly, increased secretion, of FGF1, FGF2, and
bone morphogenetic proteins (BMPs) [19,22].

Herein, we hypothesize that cell injury and the subse-
quent release of intracellular content could be of particular
relevance to the intracerebral implantation of MSC; and to
explore this hypothesis, we test the type, amounts, and po-
tency of these putative intracellular factors. Quantity of
several growth factors released from either MSCs or SB623
by secretion versus mechanical cell injury was measured
and compared. We demonstrated that contents released by
mechanical cell injury were highly active in stimulating the
proliferation of both NPC and endothelial cells. Furthermore,
the mitogenic activity of these intracellular contents was
shown to be due to release of intracellular FGF2. We mod-
eled alternative, non-mechanical cell injury that could lead to
MSC death after intracerebral implantation and demonstrated
that substantial amounts of FGF2 are also released in these
models. Finally, we showed that cocultures of mechanically
injured and live mesenchymal cells work synergistically to
change the differentiation of neural progenitors.

Materials and Methods

MSC and SB623 cell preparation

MSC and SB623 cell preparation and their characteriza-
tion were described previously [21]. MSC and SB623 from
seven donors were used in this study.

Preparation of extracts and conditioned media

MSC, SB623, or other cell lines were used for cell extract
and conditioned media (CM) preparation. The other cell lines
were as follows: human foreskin fibroblasts (HFF), purchased

from ATCC and Cellular Engineering Technologies (CET)
Inc. human embryonic cell lines ReNcell and ENStemA from
EMD Millipore, and human umbilical vein endothelial cells
(HUVEC) from Lonza and Life Technologies. Cryopreserved
cell aliquots were thawed, washed, resuspended in basal
medium for embryonic neuronal cells (NeuroBasal, NB; Life
Technologies), and washed twice. These cells were used for
both preparation of extracts and CM.

For preparation of extracts designated as E0, 2 · 106 cells
were frozen in 4 mL of NB at - 80�C for 1–2 h, and then
thawed, resuspended in a total of 10 mL NB medium, and
the suspension was cleared by centrifugation at 3,000 rpm
for 15 min. The supernatants were aliquoted and stored at
- 80�C. For preparation of CM, 2 · 106 cells were plated into
a T75 flask, in a-minimum essential medium (Mediatech,
Inc.) supplemented with 10% fetal bovine serum (FBS; Hy-
Clone) and penicillin/streptomycin (Life Technologies) and
cultured overnight. Next day, the medium was changed to NB
for 1 h, then discarded and replaced with fresh 10 mL of NB
for 24 h. The CM was removed, centrifuged at 3,000 rpm for
15 min, aliquoted, and stored at - 80�C. The flask with the
cell layer was frozen and thawed, cell remnants extracted
with 10 mL NB, centrifuged, and the supernatants were ali-
quoted and stored for CM normalization (designated as ex-
tract E1). In preliminary experiments, it was determined that
no cells survived the freeze/thaw procedure. Note that unless
indicated otherwise, E0s and CMs were produced using the
same proportion: 1 million cells/5 mL NB.

Rat embryonic cortical cell proliferation assay

Ninety six-well plates (Corning, Inc.) were coated with
Ornithine/Fibronectin (Orn/Fn; both from Sigma Aldrich) as
described in [23]. Rat embryonic E18 cortex pairs were
purchased from BrainBits; and the neural cells isolated as
described in Aizman et al. [23]. Assay medium consisted
of NB supplemented with B27 and 0.5 mM l-alanyl-l-
glutamine (GlutaMAX) (NB/B27/GLX; all from Invitrogen).
Neural cells were plated at 6.7 · 103 cells/well and various
concentrations (0%–75% range) of E0 or CM were added to
triplicate wells. In some experiments, neutralizing anti-FGF2
antibody clone bFM1 (Millipore) and control Mouse IgG1
(R&D Systems) were added at 2mg/mL. Wells containing me-
dium, but no cells, were used as blank. Neural cells were cultured
for 5 days. To quantify proliferation, 5-bromo-2-deoxyuridine
(BrdU) labeling was carried out for 2 h and the plates processed
using cell proliferation enzyme-linked immunosorbent assay
(ELISA), BrdU (Colorimetric) from Roche Diagnostics GmbH
according to the manufacturer’s instructions. Standards were
made by serial dilutions of the anti-BRDU reagent starting from
1:1,000. The highest standard value was arbitrarily set as 100 and
results of colorimetric analyses were expressed in these units.
Color development was quantified using SpectraMax Plus plate
reader (Molecular Devices).

HUVEC proliferation assay

HUVEC were cultured in endothelial growth medium,
EGMTM, supplemented with Bovine Brain Extract (both
from Lonza) and 2% FBS for 2–4 passages, aliquoted, and
stored cryopreserved. For the assay, 96-well plates were
coated with 40 mg/mL of Rat tail Collagen I from Life
Technologies for 2 h, then aspirated, dried, and washed or
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stored at - 20�C until use. The assay medium was Medium
199 (Life Technologies) supplemented with 0.5% FBS.
HUVEC, either freshly thawed or after overnight culturing,
were plated at 2.5 · 103/well in the presence of various di-
lutions of extracts and CM using NB alone as a negative
control, in triplicates. In some experiments, bFM1 and the
control mouse IgG1 were used (at 2 mg/mL), as well as re-
combinant humanVEGF165 (rVEGF; R&D Systems) and
FGF2 (rFGF2; Peprotech). After 3 days of culturing, cells
were labeled with BRDU for 2 h; and BRDU incorporation
was quantified as described above.

ECM-based quantitative neuropoiesis assay

A neuropoiesis assay was done as described in Aizman
et al. [19], using CellBIND Surface 96-well plates (Corning,
Inc.) coated with MSC-derived ECM as a substrate for cell
growth. Rat nestin and glial fibrillary acidic protein (GFAP),
and human glyceraldehyde 3 phosphate dehydrogenase
(GAP) expression were quantified using quantitative reverse
transcriptase-polymerase chain reaction with TaqMan as-
says from Life Technologies [23].

Enzyme-linked immunosorbent assays

The following Quantikine immunoassays were purchased
from R&D Systems: basic FGF, high sensitivity basic FGF,
vascular endothelial growth factor (VEGF), and acidic FGF.
The MCP-1 ELISA kit was purchased from Boster Biolo-
gical Technology. ELISAs were performed according to
manufacturers’ instructions, except that in FGF2 ELISAs
the samples were incubated overnight. (This gave similar
results to the 2 h-incubation recommended by the manu-
facturer—data not shown). Optimal dilutions for FGF2 de-
tection as determined in preliminary experiments were 1/10
for E0 and 1/2 or no dilution for CM.

Lactate dehydrogenase activity assay for cell
number control

Lactate dehydrogenase (LDH) activity as a surrogate for
cell number was detected in cell extracts at 1:2 and 1:4
dilutions using an LDH Cytotoxicity Detection Kit (Clon-
tech Laboratories) and averaged. Bovine LDH (Sigma Al-
drich) was used to make standards on each plate.

Cytotoxicity assays

Peripheral blood mononuclear cells (PBMC) were obtained
from buffy coat preparations of whole blood, which were
purchased from the Stanford Blood center. After purification
using Ficoll-Paque Plus (GE Healthcare) according to the
manufacturer’s instruction, the lymphocyte/monocyte/platelet
fraction was collected and washed using slow speed cen-
trifugation (600 rpm for 20 min) to remove the majority of
platelets. PBMC were cultured for either 1 or 7 days with or
without interleukin (IL)2 (10 ng/mL). PBMC served as ef-
fectors in the cytotoxicity assays, where they were cocultured
with mesenchymal cells at either 10- or 30-fold excess for 5
or 18 h. PBMC alone and MSC or SB623 alone, and the
medium only served for background measurements. MSC or
SB623 alone were also plated for determination of total LDH
activity. All conditions were repeated five times. After cul-

turing, the plate was centrifuged at 1,000 rpm for 5 min and
25mL/well of supernatant were removed in three out of five
replicas for measurement of LDH activity using LDH Cyto-
toxicity Detection Kit. The cytotoxicity was assessed as a
specific release of LDH activity in effector-target cocultures
and expressed as percentage of total LDH activity released by
target cells lysed in 1% Triton according to the formula
provided in the manufacturer’s protocol. The remaining du-
plicates were used in the FGF2 Quantikine assay and the
percent specific release of FGF2 was calculated the same way
as percent specific release of LDH described above.

Model of high cell density/hypoxia/
insufficient nutrients

To model the intracerebral microenvironment post-im-
plantation, MSC or SB623 cells were plated in round-bottom
wells of 96-well plate in NB/B27/GLX at 0.35 · 106/350 mL/
well and tightly sealed with PCR tape, which prevents gas
exchange. The medium became rapidly acidic indicating a
hypoxic environment. The vast majority of cells remained
non-adherent. The contents of the wells were harvested at
various time points and centrifuged. Supernatants were col-
lected (300 mL/well, designated here as CM), pellets were
harvested into 300 mL of NB (for the release of intracellular
content); and all samples were frozen. After all time points
were collected, all samples were then thawed and cleared at
200 g for 10 min in an Eppendorf centrifuge. LDH activity and
FGF2 concentrations were determined in the CMs and ex-
tracts. Note that in this instance, CM and extracts were gen-
erated using 1 million cells/1 mL NB proportion.

Immunofluorescence

Glass coverslips (Fisher Scientific) were coated with Orn/Fn
as described above. Rat cortical cells were plated onto the
coverslips at 2.5 · 104 cells/well in 24-well plates, in NB/B27/
GLX. SB623-derived extract (20%) was added or not. Cells
were grown for 7 days, and then labeled with 10mM of BRDU
(Sigma-Aldrich) for 4 h. Cultures were then fixed with 2%
paraformaldehyde for 20 min, permeabilized with 0.5% Tri-
tonX100 and treated with DNase (MP Biomedicals) in the
buffer containing 150 mM NaCl and 4.2 mM MgCl2 for 1 h at
37�C. The cultures were then post-fixed with cold methanol,
blocked, and incubated with anti-BRDU monoclonal antibody
(BD Pharmingen), and with either goat antibody to rat nestin
(R&D Systems) or to doublecortin (Dcx; Santa Cruz Tech-
nologies) overnight at 4�C. Then, cultures were washed and
incubated with Cy3-conjucated AffiPure donkey anti-mouse
IgG and DyLight 488-conjugated AffiPure donkey anti-goat
F(ab¢)2 fragments (both from Jackson Immunoresearch),
washed and mounted with ProLong Gold antifade reagent
containing 4¢,6-diamidino-2-phenylindole (Life Technolo-
gies). Fluorescent microscopy was carried using Eclipse50i
(Nikon) and a Nikon DXM1200C digital camera.

Statistical analysis

Error bars indicate standard deviations. Two sample equal
variance unpaired t-test was used to calculate P-values. The
difference between two values was considered statistically sig-
nificant when P < 0.05. No multiple comparison adjustments
were made.
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Results

Release of FGF2 upon mechanical cell injury
versus secretion

The release of FGF2 from SB623 and their parental MSC by
either secretion or mechanical cell rupture was measured. Figure
1 represents averaged results from cell lots obtained from seven
donors. Cryopreserved MSC and SB623 were thawed, washed,
and subjected to one freeze/thaw cycle. The released cell con-
tents were extracted (E0 extracts); and the amount of FGF2 was
quantified (Fig. 1A). On average, 3.9 and 7.2 ng of FGF2 were
released from 106 MSC and SB623, respectively. One freeze/
thaw cycle was sufficient to kill all the cells (as tested with
Trypan blue and cell plating), while each additional freeze/thaw
cycle decreased FGF2 concentration by about 20% (not shown).
CM conditioned by the same number of either MSC or SB623
cells contained only*0.02 ng of FGF2 (Fig. 1B). To control for
potential differences in cell metabolic activity, LDH was mea-
sured in E0 and also in cell extracts obtained after the production
of CM by plated MSC and SB623 (E1) (Fig. 1C). LDH activity
differed between E0 and E1 (0.3 vs. 0.13 U/106 cells, respec-
tively), but not between MSC and SB623, indicating that met-
abolic activity dropped in starving cells compared with cells
ruptured after cryopreservation, but was similar between MSC
and SB623. The comparison between FGF2 contents of CM and
E0 indicated that FGF2 was predominantly intracellular, while
very little was secreted. This difference appeared to be true for
FGF1, but not for VEGF and MCP1 (Table 1).

FGF2 contents were also tested in other mesenchymal
(HFF and HUVEC) and non-mesenchymal (neural stem cell
line, ENStem-A) human cells. As shown in Table 2, HFF
released more FGF2, while HUVECs and human neural
stem cell lines released less FGF2, than MSC.

Cell extracts promote neural cell proliferation

Rat embryonic cortical cell populations contain a large pro-
portion of NPC that proliferate in response to FGF2. Therefore,
we stimulated rat cortical cells with dilutions of MSC-derived E0
and CM varying from 0% to 75% and conducted proliferation

assays using BRDU incorporation (Fig. 2A). The proliferation
was increased by E0, but not by CM in a concentration-
dependent manner. The proliferative response to E0 was
diminished in the presence of the neutralizing anti-FGF2 (bFM1)
mAb, while the control antibody had no effect (Fig. 2B).

Besides NPC, the embryonic rat cortical cell population
contains immature neurons. To identify, which subpopula-
tion proliferated in response to extracts, the cells were cul-
tured with or without SB623 extract for 5 days and then
labeled with BRDU. The subsequent immunostaining (Fig.
2C, D) revealed that in treated cultures, there was no in-
crease in DCX + - or BRDU + /DCX + cells; in contrast, there
was a drastic increase in NPC numbers (Nestin + cells) and
practically all of them were also BRDU + . We concluded
that after 5-day culturing, NPC were the main subpopulation
proliferating in response to the extracts.

Extracts promote HUVEC proliferation

FGF2 is a very potent angiogenic factor. Therefore, ex-
tracts were tested for their ability to induce proliferation of
HUVEC. On day 2, MSC-E0 strongly induced proliferation
of HUVEC, while MSC-CM and NB medium had no effect
(Fig. 3A). In a separate experiment, HUVEC were incubated
with rVEGF, rFGF2, or SB623-E0 (15%) with or without
FGF2-neutralizing and control antibodies (Fig. 3B). The
response to E0 was inhibited by neutralizing bFM1, but not
by control mouse IgG1, indicating that HUVEC prolifera-
tion in this assay was driven by FGF2. Notably, the activity
of both native and recombinant FGF2 was similar in this
assay; indeed, when the background was subtracted, the
response induced by 15% E0 (which corresponded to the
final FGF2 concentration of 0.2 ng/mL in this E0 prepara-
tion) was approximately four times less than the response
induced by 1 ng/mL rFGF2.

Neuropoiesis assay: comparison to activity
of extracts and dead and live cells

The neuropoiesis assay [23] quantifies growth and dif-
ferentiation of rat embryonic cortical cells promoted by

FIG. 1. Fibroblast growth factor (FGF)2 content of mesenchymal stromal cells (MSC) and SB623 cell extracts and con-
ditioned media (CM). Total amounts of FGF2 in extracts (A) or CM (B) obtained from 1 million cells were calculated based on
FGF2-enzyme-linked immunosorbent assay (ELISA) (A) or high sensitivity (HS)-FGF2-ELISA (B). (A) *P < 0.05; No sta-
tistically significant difference in (B). (C) Lactate dehydrogenase (LDH) activity released from 1 million cells into extracts
prepared from cryopreserved cells (E0) or from cells that were cultured to produce CM (E1). No statistically significant
difference between MSC and SB623. Bars represent the average across seven cell lots. Error bars represent standard deviation.
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small numbers of human MSC in direct cocultures. This
sensitive assay was used to (i) assess the activity of extracts
and (ii) compare the activity of extracts to the activity of live
and dead cells. For these experiments, a working suspension
of either MSC or SB623 in NB was divided into three ali-
quots. One aliquot was left intact; cells were alive (denoted
‘‘A’’). Two aliquots were frozen and then thawed, which
made them suspensions of dead cells (denoted ‘‘D’’). One of
these two aliquots was then cleared by centrifugation, be-
coming the extract (denoted ‘‘E’’). All three aliquots were
plated at identical dilutions, which corresponded to 500,
250, and 125 of live MSC or SB623 cells/well. Cortical cells
(5,000 cells/well) were added to all wells. After culturing,
expression of rat nestin, rat GFAP, and human GAP were
determined (Fig. 4A–C, correspondingly). It should be noted
that extracts in this experiment had 40 times lower strength
than our standard extract preparations: indeed, an extract
from 500 cells in 100mL culture medium corresponded to
2.5% dilution of E0 prepared as described in the section
‘‘Materials and Methods’’ (106 cells/5 mL medium).

As expected, Nestin expression was induced by extracts;
however, the response was substantially lower than that
elicited by the corresponding live cell suspension (Fig. 4A).
The suspension of dead cells induced slightly stronger
Nestin response than did the suspension of live cells. In
contrast, GFAP was induced by live cells, but not by ex-
tracts, and only slightly by dead cells (Fig. 4B). The absence
of human GAP expression in cultures with dead cells con-

firmed that there were no surviving human cells (Fig. 4C).
These differences in Nestin expression can be explained by
our prior observation that MSC coculture triggers incre-
mental Nestin expression by supporting the proliferation of
Nes + GFAP + precursors [23]. While extracts are an abun-
dant source of easily extractable cytosolic FGF2, dead cell
preparations contain also cell remnants (nuclei, for exam-
ple), which may further release FGF2 and provide additional
stimulation of cell proliferation and Nestin expression. The
extract-mediated induction of Nestin expression observed in
Fig. 4A likely reflects an increase in numbers of Nes +

GFAP - NPC (presumably stimulated by high levels of
FGF2 in the extract); while, in contrast to cultures with live
cells, differentiation and proliferation of Nes + GFAP + pre-
cursors did not take place.

Since it is known that shortly after intracerebral implan-
tation the majority of grafted cells die, we tested an ‘‘im-
plantation-relevant combination’’: dead (D) and live cell (A)
samples were mixed, 3:1 (D/A), and this mixed sample was
used in comparison with D and A samples (same total cell
numbers). As expected, Nestin expression was induced
similarly by all three samples (data not shown). The GFAP
induction driven by D/A sample, however, showed a syn-
ergy between corresponding A and D samples (Fig. 4D).
This was not caused by excessive presence of live human
cells in mixed D/A preparation as demonstrated by similar
human GAP levels (Fig. 4E). This synergy was observed
with both MSC- or SB623-derived samples. Thus, live MSC
or SB623, their extracts, or cell suspensions of cells killed
by a single freeze/thaw cycle could all promote neural
precursor growth; while robust astrogenesis required the
presence of live MSC or SB623.

FGF2 is released in cytotoxic injury mediated
by PBMC

The data above suggested that MSC or SB623 contain
large amounts of intracellular FGF2, and that this FGF2 is
biologically active when released by a membrane rupture due
to a freeze/thaw procedure. However, it was unclear whether
mesenchymal cells can release substantial amounts of intra-
cellular FGF2 due to other types of cell injuries that may be
incurred naturally following intracerebral implantation.

When cells are injected into the brain, damage to small
brain vessels may occur. This disruption of the vasculature
may result in exposure of the implanted cells to local PBMC
and subsequent cytotoxic effects. Preliminary experiments
were conducted to establish in vitro conditions, in which
PBMC cytotoxicity toward MSC could be observed. Al-
though there was high degree of variability in the cytotoxic
effect of PBMC with different MSC or SB623 lots, we
observed that in all assays, cytotoxicity was stronger at 18 h
than at 5 h post exposure and also greater when PBMCs
were pre-cultured for 7 days, as opposed to 1 day. The
presence of IL2 in PBMC cultures did not affect their cy-
totoxicity. Therefore, PBMC-mediated cell lysis and target
cell release of FGF2 were assessed in 18 h-cocultures of
PBMCs (pre-cultured for 7 days without IL2) and target
cells (either MSC or SB623). An example of these data is
shown in Fig. 5A. The specific cell lysis was directly de-
pendent on PBMC:target cell ratios and varied from 30% to
90% at 30:1 PBMC/target cell ratio for different donors of

Table 1. Detection of Various Mesenchymal

Stromal Cells Factors in Conditioned

Media and Freeze/Thaw Extracts (E0)

CM E0
Difference
(E0/CM)

Average
(ng/106 cells)

CV
(%)

Average
(ng/106 cells)

CV
(%) Fold

FGF2 0.017 94 3.9 64 230

FGF1 LLD — 1.1 49 —

VEGF 0.4 121 0.002 23 0.005

MCP1 0.003 85 0.001 89 0.3

Amounts of factors produced by 1 million MSC. Average
measurements of seven cell lots are shown for FGF2 and of two cell
lots are shown for other factors.

CM, conditioned media; FGF, fibroblast growth factor; VEGF,
vascular endothelial growth factor; LLD, lower limit of detection;
CV, coefficient of variation; MSC, mesenchymal stromal cells.

Table 2. Fibroblast Growth Factor 2 Content

in Extracts from Different Cell Types

Average
(ng/106 cells)

Standard
deviation n lots

Human NPC
lines

0.5 0.08 2 (ReNcell, ENStem)

HUVEC 0.7 0.04 2
HFF 8.9 1.1 2
MSC 3.9 2.5 7
SB623 7.2 2.7 7

NPC, neural progenitor cells; HUVEC, human umbilical vein
endothelial cells; HFF, human foreskin fibroblasts.
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MSC, SB623, and PBMC. Specific FGF2 release was ex-
pressed the same way as was the specific cell lysis. The
percentage of specific FGF2 release was lower than that of
LDH by about 2–2.5 times, but nevertheless correlated well
with the specific cell lysis. Although in this experiment
specific lysis in MSC-PBMC cocultures was higher than that
in SB623-PBMC cocultures, more FGF2 was released in

latter case, due to higher intracellular levels in SB623 (Fig.
5B). This together with higher spontaneous release of FGF2
from SB623 cells in the absence of PBMC lead to approx-
imately equal specific FGF2 release for MSC- and SB623-
PBMC cocultures. The result showed that substantial
amounts of FGF2 can be released by both MSC and SB623
as a result of the cytotoxic effects of PBMC.

FIG. 2. Proliferative response of cortical Nestin-positive cells to extracts and the role of FGF2. (A) Proliferation in response
to various concentrations of extract (E0) and CM from MSC. (B) Effect of FGF2 neutralization on cell proliferation stimulated by
SB623-derived E0 at either 15% or 5% (equivalent to 0.2 and 0.07 ng/mL FGF2, respectively). *P < 0.05; **P < 0.01. Neu-
tralizing anti-FGF2 (clone bFM1) or isotype control (mouse IgG1) were added at 2mg/mL. (C, D) Immunostaining of rat cortical
cells stimulated or not with 20% SB623-derived extract. After 7 days, cells cultures were labeled with 5-bromo-2-deoxyuridine
(BRDU) and stained for either BRDU and Doublecortin (Dcx) (C) or for BRDU and Nestin (Nes) (D). We concluded that cells
predominantly labeled with BRDU and increased in numbers in extract-treated cultures were nestin-positive cells.
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FIG. 3. Proliferative response of human umbilical vein endothelial cells (HUVEC) to extracts and the role of FGF2. (A)
HUVEC proliferation in response to various dilutions of either MSC extract (E0), CM, or neurobasal medium after 2 day-
culturing. (B) Proliferative responses of HUVEC to 15% SB623-extract (E0) (final FGF2 concentration 0.2 ng/mL), rVEGF
(10 ng/mL), and rFGF2 (1 ng/mL), and to FGF2-neutralization in E0. bFM1 and IgG1 are anti-FGF2 neutralizing antibody
and mouse isotype control antibody, respectively, both at 2 mg/mL. *P < 0.05. No statistically significant difference between
E0 alone and E0 + IgG1.

FIG. 4. Neuropoietic activity
of extracts in comparison to the
activity of dead and alive cells.
Neuropoiesis assay was per-
formed with rat cortical cells.
Rat cells were plated into cell-
derived extracellular matrix-
coated wells and incubated with
SB623-derived samples. The
samples were produced as fol-
lowing: the SB623 cell sus-
pension was aliquoted; one
aliquot was used as live cells
(A, alive), another was used
after freeze/thaw (D, dead), and
another was cleared after
freeze/thaw by centrifugation
(E, extract). Numbers of human
cells or their equivalent per well
are indicated on X-axis. After
culturing, relative expression of
genes was accessed using quan-
titative reverse transcriptase-
polymerase chain reaction: rat
Nestin (A), rat glial fibrillary
acidic protein (GFAP) (B),
and human glyceraldehyde
3 phosphate dehydrogenase
(GAP) (C) expression levels
were analyzed from the same
wells. In another experiment
(D, E), cell suspensions of live
and dead cells were mixed in
indicated proportions and their
effect on rat GFAP expression
was compared to effects of live
or dead cells alone. *P < 0.005.
(E) Human GAP expression
was analyzed in same wells as
in (D) to confirm relative
numbers of live human cells.
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FGF2 is released in high cell density/hypoxia/
insufficient nutrients cultures

When MSC or their derivatives are transplanted into a
peri-infarct zone, they are deposited at high density into a
hostile environment with limited diffusion of oxygen and
nutrients. To model this environment in vitro, MSCs or
SB623 cells were plated at very high density in round-bot-
tom wells of 96-well plates in NB/B27/GLX and incubated
sealed to prevent gas-exchange. The media became rapidly
acidic indicating a hypoxic environment. Cells tended to
adhere homotypically and very few cells were able to attach
to the bottom of the well. Of note, even after 5 days of
culturing in this harsh environment, these cultures still
contained a few living cells that were able to attach, grow,
and proliferate, if replated under normal growth conditions
(data not shown). The contents of the wells were harvested
at several time points, centrifuged to separate CM from cells
and debris, and the pellets were freeze/thawed to release the
intracellular contents from surviving cells. Measurement of
FGF2 and LDH in medium (‘‘CM’’) and after mechanical
damage (‘‘intracellular’’) showed that while intracellular
FGF2 content quickly dropped within 20 h of initial plating,
levels of released FGF2 (in CM) were quite steady between

4 h and 2 days; with substantially higher FGF2 levels re-
leased from SB623, than from MSC (around 2 vs. 0.5 ng/1
million cells, respectively) (Fig. 6). A decrease in the level
of FGF2 in the CM levels was detected on day 5. The LDH
pattern was different to that of FGF2: intracellular LDH
activity remained high longer than did FGF2. This result
indicated that dying cells release high levels of intracellular
FGF2 when placed in harsh culture conditions, while sur-
viving cells reduce their intracellular FGF2 levels. It ap-
peared that FGF2 released into the media remained stable
for some time despite these conditions. We also noticed that
SB623 typically survived better than MSCs in these harsh
conditions as judged by higher levels of intracellular LDH at
later time points.

Discussion

Our in vitro data provide support for the notion that
damage and death of MSC during or soon after intracerebral
implantation can provide a major regenerative stimulus
to endogenous cells within the surrounding brain tissue.
This appears to be largely due to the release of FGF2-rich

FIG. 5. Peripheral blood mononuclear cells (PBMC)-
mediated cytotoxic injury of MSC and SB623, and FGF2
release in cocultures. (A) MSC (M) or SB623 (S) were co-
cultured with 10- or 30-fold excess of PBMC (10 · P or 30 · P,
correspondingly). Release of LDH and FGF2 into the culture
medium by these cocultures or by separately plated mesen-
chymal cells or PBMC was measured. Calculations of specific
LDH release (ie, specific cell lysis) and specific FGF2 release
were done the same way. (B) FGF2 concentrations measured
for calculating specific FGF2 release (in A) are shown.

FIG. 6. FGF2 release by MSC and SB623 in high cell
density/hypoxia/insufficient nutrients cultures. MSC or
SB623 were plated in round 96-well plates at 1 · 106 cells/
mL, 350 mL/well, and tightly closed to prevent gas ex-
change. At the indicated time points, the well contents were
collected. FGF2 (A) and LDH activity (B) were measured in
both culture medium (CM) and cells (intracellular) after
releasing intracellular contents by freeze/thaw treatment.
The results are expressed per million cells.
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intracellular contents from the donor cells. When ruptured,
both MSCs and their derivative, SB623, release intracellular
FGF2 at levels that were hundreds of times higher than
levels released into CM by secretion (Fig. 1A vs. B). FGF2
levels released by mechanical injury from MSC and SB623
were much higher than those released from several other cell
types, including endothelial cells and embryonic stem cell
derivatives.

Importantly, MSC extracts were active in terms of their
effect on relevant types of endogenous CNS cells. Specifi-
cally, the extracts induced concentration-dependent prolif-
eration of both neural progenitors and endothelial cells.
Both neuropoiesis and angiogenesis are essential for re-
generation of ischemic brain tissue (reviewed in [24]). The
activity of extracts was remarkable: extracts diluted to 5%–
15% or less could induce significant cell proliferation in our
assays. Since we were extracting 1 million damaged cells in
5 mL of medium, this suggests that the intracellular content
of 1 million MSCs could be still mitogenic even when di-
luted in volumes as large as 100 mL. Conversely, damage to
even a low percent of implanted cells could produce a strong
mitogenic signal for endogenous cells. FGF2-neutralizing
antibody prevented the proliferation of both neural pro-
genitors and endothelial cells stimulated by MSC extracts
(Figs. 2 and 3) suggesting that these effects are largely
mediated by FGF2. An early study on the distribution of
1 ng of 125I-FGF2 injected into the rat striatum highlights the
fate of the exogenous FGF2 in the brain [25]. The radio-
active FGF2 was found to diffuse through the injection site,
quickly accumulating in the ependymal cell layer of ipsi-
lateral and even contralateral ventricles, along adjacent fiber
tracks, in the corpus callosum, and bound to the basement
membrane of the vasculature. Remarkably, the radioactive
label remained stable and disappeared slowly during a 7-day
observation period. Together with our data these observa-
tions may imply that FGF2 from damaged MSC transplants
could diffuse long distances in a short time, where it can
induce proliferation of local or distant neural precursor cells
and stimulate angiogenesis.

The proliferation of endothelial cells is an important part
of angiogenesis (reviewed in [26]). We found that FGF2
appeared to be more potent than VEGF (a hallmark an-
giogenic factor secreted by MSC [27,28]) in inducing
HUVEC proliferation, either in recombinant (Fig. 3B) or
native forms (as a component of the cell extract). This was
evidenced by the observation that CM containing around
80 pg/mL of VEGF (Table 1) did not induce HUVEC
proliferation, while an extract diluted to*70 pg/mL FGF2
did (Fig. 3A).

Thus, we have demonstrated that a lethal mechanical cell
injury such as freeze/thawing, releases highly active FGF2
from MSC and SB623. In vivo, some MSCs would certainly
be injured during implantation. Extrapolating from data in
Fig. 2A, injury to only 1% of the grafted MSCs would result
in the immediate release of about 0.2–0.4 ng FGF2 (as-
suming 5 million cells/graft).

FGF2 release as a result of various, lethal and non-lethal,
cell membrane injuries has been demonstrated in various
cell types of predominantly mesenchymal origin. Beside
classical works that have demonstrated that endothelial cells
release FGF2 upon mechanical injuries [12,13,15], endo-
thelial cells have been shown to release FGF2 upon irradi-

ation [29], osmotic shock [30], and treatment with complement
proteins [31]. Vascular smooth muscle cells have been shown
to release FGF2 upon strong mechanical strain [32] or nitric
oxide [33]; skeletal myofibers released it upon puncture
[34], and cardiomyocytes upon beating [35]. In all of these
studies the released FGF2 was implicated in autocrine
growth stimulation. The use of MSC and their derivatives in
various implantation procedures brings them into direct
contact with other tissues. This has two important implica-
tions: (i) the surrounding microenvironment can be a source
of nonmechanical cell injury and (ii) this cell injury can
release FGF2 that has a potent paracrine effect on the en-
dogenous tissues.

We attempted to model the conditions of the microenvi-
ronment into which MSCs and SB623 are implanted to
observe whether biologically relevant amounts of FGF2
would be released. Damage of cerebral microvessels during
implantation can expose the grafted cells to PBMC-mediated
cytotoxicity [36,37]. Therefore, cytotoxicity detected in
PBMC-MSC cocultures may serve as a model of implan-
tation-associated MSC damage. We found that 20%–70%
of MSCs or SB623 may be killed as a result of PBMC-
mediated cytotoxicity and thus a proportional percentage of
intracellular FGF2 could be released this way (Fig. 5). When
we compared the percentage of total FGF2 released to the
percentage of cell death (as evidenced by released LDH
activity), the former was lower. This disparity could be
explained by the possibility of higher FGF2 protein turnover
than LDH and/or due to the fact that percentages were
calculated based on two different parameters: protein con-
tent (FGF2) and enzymatic activity (LDH).

Another possible mechanism of cell damage following
intracerebral implantation could be related to local condi-
tions of high cell density, hypoxia, and insufficient nutrients
diffusion to cells in the injection bolus. This is a likely
scenario given the fact that highly metabolically active cells
are implanted into the peri-infact area; a region of the brain,
which is characterized by chronic hypoperfusion [38,39].
Our in vitro model of these conditions (Fig. 6) demonstrated
that: (i) FGF2 was released into the medium at high levels;
(ii) despite massive cell death in these conditions, a number
of mesenchymal cells were able to survive preserving some
FGF2 intracellularly until day 5; (iii) despite these harsh
culture conditions, massive cell death, and presumably as-
sociated proteolysis, FGF2 could still be detected in the CM
at high levels past day 2.

In summary, these data suggest that when MSCs die soon
after implantation, they release high levels of FGF2. The
importance of FGF2 for treating cerebral ischemia has been
demonstrated in multiple animal studies. Cells genetically
modified to enhance FGF2 secretion were shown to be more
efficient than nonmodified controls in improving neurolog-
ical outcome after middle cerebral artery occlusion [40,41]
and recombinant FGF2 or FGF2-encoding vector delivered
by various routes improved neurological outcome [42–44].
However, in a clinical trial for acute stroke, recombinant
FGF2 (Trafermin) failed to show statistically significant
improvement [45], which underlines the importance of de-
livery route, therapeutic window, and the context, in which
factor is presented.

In addition to the importance of route and timing of ad-
ministration it appears that cell dose may also be critical for
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therapeutic efficacy. In a recent meta-analysis of preclinical
studies of MSC for ischemic stroke Vu et al. showed that
behavioral effect sizes for MSC administration are consis-
tently very high and that there is an inverse correlation
between behavioral effect size and MSC dose [46]. At least
in some instances this could be explained by very high
amounts of FGF2 released from dying MSC and saturating
response levels at higher doses. Conversely, lower doses
may provide both sufficient FGF2 to trigger the regeneration
response and better cell survival, which could augment the
astrogenic response seen with combinations of dead and
alive cells in our experiments.

Various studies have demonstrated clinically relevant
biological activity of cell-free preparations of MSCs. Some
of these studies have shown positive effects of MSC lysates
or extracts for liver and kidney failure and wound healing
[47–49] and apoptotic MSC for hypertrophic scare preven-
tion [50], however, none of these studies measured levels of
FGF2 in these preparations. Although we observed profound
stimulating effects of cell-free extracts, we also noticed
that a small numbers of surviving MSC may work in
concert or even synergize with the dying majority of im-
planted cells by providing differentiating stimuli to the
progeny of the proliferating neural precursors. In particu-
lar, we demonstrated a synergistic effect on astrocytic
differentiation of a subpopulation of live cells within a
population of dead cells (Fig. 4D). This synergy could be
explained by a delayed stimulation that live cells could
provide, presumably mediated by BMPs [19,23], to pre-
cursors generated in response to the intracellular FGF2
content from freeze/thawed (dead) MSC.

A better understanding of how implanted MSC mediate
their regenerative effects on endogenous nervous tissue can
help optimize the parameters for successful clinical out-
comes. Here, we provide in vitro data supporting the notion
that one of major stimuli for neuroregeneration could be
produced by damaged transplanted cells due to the release of
FGF2-rich intracellular content into the surrounding neural
tissue. In vivo testing should establish if this cell injury-
induced release of FGF2 is indeed an important mechanism
by which MSC exert their neuroregenerative effects, in
addition to the secretion of soluble and insoluble factors by
living cells.
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