
Neural Progenitor Cell Survival in Mouse Brain Can Be Improved
by Co-transplantation of Helper Cells Expressing bFGF under
Doxycycline Control

Yajie Lianga,b, Louise Ågrena,b, Agatha Lyczeka,b, Piotr Walczaka,b, and Jeff W.M.
Bultea,b,c,d,e

aRussell H. Morgan Dept. of Radiology and Radiological Science, Division of MR Research, The
Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA
bCellular Imaging Section and Vascular Biology Program, Institute for Cell Engineering, The
Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA
cDept. of Chemical &Biomolecular Engineering, The Johns Hopkins University School of
Medicine, Baltimore, MD 21205, USA
dDept. of Biomedical Engineering, The Johns Hopkins University School of Medicine, Baltimore,
MD 21205, USA
eDept. of Oncology, The Johns Hopkins University School of Medicine, Baltimore, MD 21205,
USA

Abstract
Cell-based therapy of neurological disorders is hampered by poor survival of grafted neural
progenitor cells (NPCs). We hypothesized that it is possible to enhance the survival of human
NPCs (ReNcells) by co-transplantation of helper cells expressing basic fibroblast growth factor
(bFGF) under control of doxycycline (Dox). 293 cells or C17.2 cells were transduced with a
lentiviral vector encoding the fluorescent reporter mCherry and bFGF under tetracycline-regulated
transgene expression (Tet-ON). The bFGF secretion level in the engineered helper cells was
positively correlated with the dose of Dox(Pearson correlation test; r=0.95 and 0.99 for 293 and
C17.2 cells, respectively). Using bioluminescence imaging (BLI) as readout for firefly luciferase-
transduced NPC survival, the addition of both 293-bFGF and C17.2-bFGF helper cells was found
to significantly improve cell survival up to 6-fold in vitro, while wild-type (WT, non-transduced)
helper cells had no effect. Following co-transplantation of 293-bFGF or C17.2-bFGF cells in the
striatum of Rag2−/− immunodeficient mice, in vivo human NPC survival could be significantly
improved as compared to no helper cells or co-transplantation of WT cells for the first two days
after co-transplantation. This enhancement of survival in C17.2-bFGF group was not achieved
without Dox administration, indicating that the neuroprotective effect was specific for bFGF. The
present results warrant further studies on the use of engineered helper cells, including those
expressing other growth factors injected as mixed cell populations.
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Introduction
One critical issue in stem cell transplantation for therapy of neurological disorders is the
substantial loss of transplanted cells following transplantation, which, in many cases, can be
as much as 90% of the total number of grafted cells. This dramatic cell loss has been
reported for transplants into animal models of various neurological disorders, including
stroke (Bacigaluppi, et al., 2008, Hicks, et al., 2009) and Parkinson’s disease (Politis and
Lindvall, 2012, Sortwell, et al., 2000)

The survival of stem cells is highly dependent on the local microenviroment and presence of
local growth factors. For neural progenitor cells (NPCs), basic fibrobast growth factor
(bFGF) has been found to be the one of the most important growth factors both in vitro and
in vivo (Kuhn, et al., 1997, Maric, et al., 2003, Nakatomi, et al., 2002, Zheng, et al., 2004),
playing a major role in cell survival, self-renewal, and differentiation. Thus, it has been
proposed to genetically manipulate neural progenitor cells (NPCs) for the production of
bFGF. Indeed, bFGF overexpression in neural progenitor cells enhances their potential for
cellular brain repair in the rodent cortex (Dayer, et al., 2007), and promotes perivascular
cluster formation with a neurogenic potential (Jenny, et al., 2009). However, the risk
associated with the direct genetic modification of NPCs is the random integration of the
vector in the host genome, which can result in insertional mutagenesis and genotoxicity,
potentially leading to aberrant differentiation and tumor formation (Baum, et al., 2011). A
better strategy may be to add engineered cells (referred to here as helper cells) as a provider
of growth factors in combination with unmodified NPCs. There have been many reports co-
transplanting NPCs and other types of cells, such as chromaffin cells (Schumm, et al., 2004),
olfactory ensheathing cells (Agrawal, et al., 2004), and wild-type (WT) or genetically
engineered Schwann cells (Guo, et al., 2007, Niapour, et al., 2011). However, without
genetic control, there is often not sufficient or too much production of these growth factors.
Overproduction of bFGF is particularly unwarranted as overactivation of the bFGF signaling
pathway is associated with tumorigenesis and malignancy (Wright and Huang, 1996).

We present here a novel strategy, where the helper cell production of bFGF can be switched
on and off using the TetON (tetracycline-regulated transgene expression) system. We show
a beneficial effect for two bFGF-engineered helper cell lines (293 and C17.2), which
resulted in enhanced survival of xenografted human NPCs in vitro and in vivo following
intrastriatal xenotransplantation.

Materials and methods
Construction of lentiviral vectors

Our overall strategy is shown in Figure 1. The bFGF gene NM_002006.4 was cloned from
the lentivectorpWPI_SPbFGF (plasmid 25812, Addgene, Cambridge, MA) as previously
described (Dayer, et al., 2007). FUW-M2rtTA was also obtained from Addgene with
plasmid# 20342 (Hockemeyer, et al., 2008). TRE-CMV was first cloned from FUW-TetO-
myc(Hockemeyer, et al., 2008) provided by Addgene (plasmid# 20723) into the modified
lentivectorpSMPUW (Cell Biolabs, San Diego, CA), using EcoR1 and Fse1 to replace the
EF1a promoter. bFGF without intron was then cloned into this vector using Fse1 and
EcoRV. Finally, IRES (internal ribosomal entry site)-mCherry, courtesy of Dr. Roger Y.
Tsien, was cloned into this vector by EcoRV and Pac1, to complete the final pSM-TRE-
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bFGF-IRES-cherry construct. Each step of manipulation on lentivectors was verified by
digesting the corresponding restriction enzymes followed by sequencing. Lentivirus for both
lentivectors (FUW-M2rtTA and pSM-TRE-bFGF-IRES-mCherry) was made and
concentrated as described previously (Liang, et al., 2012).

Cell culture, transduction, and FACS sorting
C17.2 NPCs stably expressing LacZ (courtesy of Dr. Evan Y. Snyder) and 293 cells
(Invitrogen, Carlsbad, CA) were cultured as described previously (Liang, et al., 2012). For
transfection, cell lines were transduced with both lentiviral particles (FUW-M2rtTA and
pSM-TRE-bFGF-IRES-cherry). Doxycycline (Dox, Sigma-Aldrich, St. Louis, MO) was
added to transduced cells at doses of 20 ng/ml to 200 μg/ml to confirm successful
transduction, as evidenced by expression of mCherry. ReNcell CX human NPCs (ReNeuron,
Guilford, UK) were cultured in ReNcell maintenance media (Millipore, Billerica, MA)
supplemented with 20 ng/ml bFGF (Invitrogen) and 20 ng/ml EGF (Invitrogen). ReNcells
were transduced with lentivirus encoding FU-luc2-IRES-Venus (Liang, et al., 2012) and
purified by flow cytometry (FACSAria cell sorter, Becton Dickinson, Bedford, MA), For
sorting Dox-responsive cells, cells were incubated with 2 μg/ml Dox overnight, and sorted
against the background of non-Dox treated cells.

Quantification of bFGF expression and helper cell numbers
To measure the bFGF production level of the two transduced helper cell lines, 2×104 293 or
C17.2 cells were plated into 96-well plates. Cells were incubated with 20 ng/ml to 200 μg/
ml Dox for 24 hours later, after which the supernatant was collected. The amount of secreted
bFGF in the medium was measured using an ELISA kit (Pepro Tech, Rocky Hill, NJ). The
total cell numbers in each well were measured with a CellTiter 96 assay (Promega, Madison,
WI), using a calibration curve for each cell line. To this end, 1.0×105 cells were serially
diluted in 96-well plates in triplicate. The proliferation rate was calculated as the ratio of
post vs. pre-treatment cell number. The bFGF secretion per cell without and with varying
Dox concentrations was calculated by dividing the bFGF concentration with the effective
cell number in each well (the average of the number at the beginning and end of the
experiment).

Bioluminescence of ReNcells in vitro
WT or transduced helper cells (293 and C17.2) were plated into non-coated 96 well plates at
2.5×104, 5.0×104, and 1.0×105 cells per well. 2.5×104ReNcells were added to the wells, and
cultured overnight in maintenance media. For bioluminescence measurements, the medium
was removed and 15 μg/ml luciferin in 10 mM phosphate buffered saline (PBS, pH=7.4
with calcium and magnesium) was added. The luminescence signal was measured using a
multilabel plate reader (Perkin Elmer, Waltham, MA). The number of ReNcells was
calculated from the BLI radiance values using a calibration curve.

Cell Transplantation
All animal procedures were approved and conducted in accordance with our institutional
guidelines for the care of laboratory animals. Immunodeficient male Rag2−/− mice (8–12
weeks old, Taconic, Derwood, MD) were anesthetized with 2% isoflurane, shaved, and
placed in a stereotaxic device (Stoelting, Wood Dale, IL). Helper cells and ReNcells were
harvested, washed, and suspended in PBS at a density of 1×105 cells/μL. A 2 μl cell
suspension (containing 1 μl helper cells and 1 μlReNcells) was then injected into the right
striatum (AP=0; ML=2.0; DV=3.0) at a rate of 0.5 μl/min using a Hamilton 31G
microinjection needle (Hamilton, Reno, NV). Five cohorts of animals (n=5 each) were
studied: 293-WT +Dox, 293-bFGF +Dox, C17.2-bFGF −Dox, C17.2-bFGF +Dox, and
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ReNcells only −Dox. The needle was withdrawn slowly after the injection was complete
(Liang, et al., 2012). Dox was administered subcutaneously (s.c.) at a dose of 100 mg/kg/
day, starting two hours after cell transplantation.

Bioluminescence imaging (BLI) of transplanted cell survival
BLI was performed on all animals using an optical IVIS 200 system (Caliper Life Sciences,
Hopkinton, MA) at 0–5 days after transplantation as described previously (Liang, et al.,
2012). Briefly, mice were intraperitoneally injected with 150 mg/kg of luciferin (Caliper
Life Sciences) to detect firefly luciferase activity. Mice were anesthetized with 1–2%
isoflurane and imaged at 10 min, 15 min, and 20 min after luciferin injection, with a one-
minute exposure time. Peak emission values through the observation window were used for
quantification. Images were acquired and processed using LIVINGIMAGE® software
(version 2.50, Caliper Life Sciences). For quantification, the photon signal in units of
maximum photons per second per cm square per steradian (photons/sec/cm2/sr, abbreviated
as p/s), was measured from a region of interest, which was kept constant in area and
positioning for all experiments.

Immunofluoresence staining
4% PFA-fixed tissues were cryprotected and cut into 40 μm serial sections. Every fifth
section of the transplanted cell area was collected for counting of Venus GFP-transfected
ReNcells (green). For immunostaining, sections were first rinsed with PBS, blocked with
10% goat serum, and the incubated overnight at 4°C with anti-β galactosidase antibody
(Cappel, Durham, NC) as primary antibody. Sections were rinsed with PBS and incubated
with anti-Rabbit Alexafluor 594 (Invitrogen) as the secondary antibody was. Histochemical
and immunofluorescent images were obtained using a Olympus BX51 microscope equipped
with an Olympus DP70 camera. Fluorescent images were analyzed with ImageJ for semi-
quantification of fluorescent intensity.

Statistical analysis
All data were analyzed using prism 4.03 software (GraphPad, La Jolla, CA) with the data
expressed as mean ± SEM. Using linear regression analysis, the Pearson’s correlation
coefficient was determined for the bFGF ELISA studies. For comparison of the two groups
of data in cell culture experiments, a two-tailed standard Student’s t test was used. For
comparison of more than 2 groups of data (i.e., survival ratio in culture and in vivo BLI
data), a one-way analysis of variance (ANOVA) test was used with a post hocNeuman-
Keuls’ test. In all cases, p< 0.05 was considered statistically significant.

Results
Helper cells exhibit functional transgene expression in vitro

We first evaluated the expression of mCherry in helper cells induced by Dox at various
concentrations. Increasing the dose of Dox from 20 ng/ml to 200 μg/ml resulted in an
increased expression of mCherry in both 293 and C17.2 helper cells (Fig. 2A).
Quantification of the relative fluorescent intensity revealed a positive correlation between
the dose of Dox and fluorescent intensity with correlation coefficients 0.49 and 0.55 for 293
and C17.2 cells, respectively (Fig. 2B). bFGF-engineered 293 cells expressed bFGF at much
higher baseline levels compared to WT 293 cells (64.43±5.62 vs. 7.10±1.96 fg/ml/cell,
p<0.01). C17.2 cells exhibited low baseline bFGF secretion levels, with no statistical
difference between bFGF-C17.2 and WT C17.2 cells in the absence of Dox. Dox treatment
significantly increased secretion in 293 and C17.2 cells in a dose-dependent manner (Fig.
2C), with correlation coefficients of 0.95 and 0.99, respectively. As compared to non-
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transfected WT cells in the absence of Dox, a higher proliferation rate was seen in 293-
bFGF cells (1.97±0.13 vs 1.3±0.06, p<0.01), but not in engineered C17.2 cells, compared to
WT cells (Fig. 2D). Dox increased the proliferation of C17.2 cells in a dose-dependent
manner, but it had the opposite effect on 293 cells. At 200 μg/ml, Dox significantly reduced
the cell proliferation in 293-bFGF cells as compared to a dose of 20 μg/ml (0.91±0.05 vs.
2.1±0.01, p<0.01). C17.2 cells displayed inhibition of proliferation already when the dose
was increased from 2 μg/ml to 20 μg/ml (3.2±0.20 vs. 2.1±0.01, p<0.01), with a significant
further reduction at a dose of 200 μg/ml (p<0.01) (Fig. 2D). The reduction in proliferation
rate of helper cells exposed to high concentration of Dox is likely due a toxic effect of Dox
itself rather then the secreted bFGF, since we also found a reduction in the proliferation rate
of WT helper cells in the presence of increasing doses of Dox (data not shown). Taken
together, these experiments demonstrate that genetically engineered helper cells are capable
of responding to Dox by secreting bFGF in a dose-dependent manner.

Co-culture of helper cells enhances survival of ReNcells in vitro
ReNcells, a human NPC cell line, were used to assess the potential beneficial effects of
adding helper cells. To this end, cells were cultured on non-coated 96-wells in order to
mimic non-adhesive conditions occurring in vivo following transplantation, promoting cell
death. A standard curve of BLI signal and the number of live cells was first created to verify
its linearity (R2=0.987, n=10) (Fig. 3A). In control groups without helper cells, only 28±4%
of the initial number of ReNcells survived after overnight incubation (Figs. 3B,C). Co-
culture with either 293 or C17.2 WT helper cells did not affect the survival rate of ReNcells,
although the WT helper cells formed similar colonies as those engineered with bFGF (Fig.
3D). In contrast, a significantly higher number of ReNcells survived in the presence of co-
cultured 293 bFGF helper cells, with or without adding Dox, in a dose dependent manner
(p<0.05 for comparison of each pair of groups) The protective effect of C17.2-bFGF helper
cells was smaller, and only occurred in the presence of Dox. These results suggest that, as
compared to C17.2-bFGF, 293-bFGF helper cells produce higher baseline levels of bFGF
without Dox induction.

In co-cultures of ReNcells and WT helper cells, ReNcells were loosely attached to the plate
surface at low densities (Fig 3D, helper cells-WT). In contrast, when ReNcells were co-
cultured with 293-bFGF or C17.2-bFGF helper cells in the presence of Dox, they grew into
distinct clusters (Fig. 3D, helper cells-bFGF+Dox). ReNcells appeared to interact differently
with the two types of helper cells: ReNcells grew within the center of 293-bFGF cells
(arrows in Fig. 3D), while they formed rings surrounding the C17.2-bFGF cells (arrowheads
in Fig. 3D).

Co-transplantation of helper cells enhances survival of ReNcells in vivo
To further assess the pro-survival effect of engineered helper cells, ReNcells were co-
transplanted with 293 or C17.2 cells in the striatum of immunodeficient (Rag2−/−) mice. The
survival of implanted ReNcells was monitored with BLI serially over time. Substantial cell
death occurred in all transplanted cell groups (Figs. 4A). By five days after transplantation,
the BLI signal went to background levels for all transplanted cohorts (Fig. 4B). However,
normalization of BLI data revealed a short but significant improvement of ReNcell survival
for the group with co-transplanted of C17.2-bFGF +Dox lasting for two days after cell
transplantation (Fig. 4B and 4C). On day 1, the BLI signal in this cohort was 2.18±1.26 fold
higher than the initial signal immediately after transplantation, which is in sharp contrast to
the other cohorts where the signal was below 50% of the starting value (p<0.001) as is
shown in Fig. 4C. A non-normalized plotting of BLI signal (Fig. 4B) also revealed the initial
increase in the C17.2-bFGF +Dox group one day after transplantation (C17.2-bFGF+Dox
group vs. each of the other groups, p<0.001). These data indicate that ReNcells proliferated
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only in the C17.2-bFGF +Dox group and only for about 24 hours. On day 2, the BLI signal
from this helper group went down to 0.49±0.29 of the starting BLI signal (Fig. 4C), which
was still significantly higher than all the other groups (p<0.001). Instead, co-transplantation
of WT 293 helper cells did not improve the survival of ReNcells at any time point.

Histological analysis of cell transplants
Following the last BLI time point, mice were sacrificed and examined for
immunofluorescence. Consistent with BLI data, there were few surviving ReNcells at 5 days
after implantation in all the 5 transplantation cohorts (Fig. 5A), with no significant
differences between each pair of groups (Fig. 5B). A qualitative comparison of the mCherry
fluorescence showed that the transgene expression in C17.2-bFGF cells could be controlled
well by Dox administration (Fig. 5C). Daily s.c.administration of Dox resulted in a robust
expression of mCherry, while a single injection of Dox lead to a much weaker expression of
mCherry. No expression could be detected when Dox was not administered. In contrast,
293-bFGF cells did not display a Dox-dependent expression of mCherry, which was
maintained at a relatively high level compared to that seen in C17.2-bFGF +Dox cells. It is
apparent that both helper cells survived well after transplantation despite the fact that very
few ReNcells were viable. This validates the use of Rag2−/− mice as a suitable recipient for
sustaining of allografts (mouse C17.2 cells) and xenografts (human HEK cells), despite the
poor survival of xenografted human NPCs.

Discussion
Limited cell survival following intracerebral transplantation remains one of the critical
issues in cell-based therapy. In this study, we have developed a novel system that allows the
controllable expression of bFGF in helper cells, and investigated their survival-enhancing
effects on NPCs in vitro and in vivo. We provide here, for the first time, direct evidence that
co-transplantation of helper cells exhibiting tunable bFGF expression are beneficial for
xenografted human NPCs.

bFGF binds to the high-affinity transmembrane FGF receptors (FGFR1–4). Upon binding, it
triggers the activation of cytoplasmic signal transduction pathways, such as the Ras/ERK
pathway (responsible for proliferation and differentiation), the Akt pathway (associated with
cell survival), or the protein kinase C pathway that is associated with migration (Dorey and
Amaya, 2010). For each specific cell type, the subtype of FGFR determines which pathway
is to be activated. For many lineages of stem cells, including NPCs, bFGF has been shown
to be a potent mitogenic cytokine. Thus, bFGF has been used extensively to propagate
neuroepithelial cells in vitro (Rao, 1999).

We have chosen ReNcells as our transplant paradigm, a human neural progenitor cell line
derived from the cortical region of human fetal brain, immortalized by retroviral
transduction with the c-myc oncogene. It is able to differentiate into neurons and glial cells
(Donato, et al., 2007), with a stringent dependence on bFGF and EGF for propagation in cell
culture. Due to the lack of major components in the immune response (Shinkai, et al., 1992),
Rag2−/− mice have been widely used as a recipient mouse strain for cell xenotransplantation
studies (Berman, et al., 2011, Ito, et al., 2012). In our initial in vivo transplantation studies
without helper cells, we found poor survival of ReNcells (>90% cell loss) during the first
few days after transplantation into Rag2−/− mice, though C17.2 cells or 293 cells could
readily survive in the same setting (Fig. 5C). Other studies have also found, using BLI as
readout, a rapid reduction of viability of grafted NPCs during the first few days after
transplantation (Okada, et al., 2005, Sher, et al., 2009).Our histology confirmed the poor
survival of ReNcells, which lies in the lower range of survival rate from compared to
transplantation studies using NPCs (Barker, et al., 1996, Kallur, et al., 2006, Sortwell, et al.,
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2000). CTX0E03, another NPC cell line that is also commercially available from the same
company, has been reported to exert protective effects in an experimental model of stroke
(Pollock, et al., 2006, Stroemer, et al., 2009), though surviving cells were only found in 37%
of all recipient animals (Stroemer, et al., 2009).

While the BLI signal is commonly used as a measure to probe in vivo cell proliferation, the
emitted signal may exhibit variability between identically transplanted animals. The
underlying basis for these variations may be derived from small differences in the
stereotaxic coordinates of transplantation, the presence of post-surgical blood products, and
the detection sensitivity of BLI for each specific setting (Bradbury, et al., 2007). However,
comparing the surviving cell number in a within-subjects manner (corrected for baseline
values) provides a more reliable means of determining the number of transplanted
progenitors that are surviving. In our experimental setup, cells were transplanted into
striatum at a depth close to the range of the detection limit of optical imaging (2–3 mm),
resulting in less sensitivity compared to cell transplantation into more superficial places such
as the subcutaneous space. This may explain the discrepancy at the end timepoint between
the in vivo BLI data and the histological counting of a few hundred surviving cells. With the
BLI signal being near the level of the background noise, quantification of those low cell
numbers is not possible using BLI.

It is known that the in vitro survival of NPCs, be it primary cells or cells derived from
embryonic and induced pluripotent stem cells, is highly dependent on the presence of
specific growth factors, requiring stringent protocols for differentiation and maintenance in
vitro (Cai and Grabel, 2007, Osakada and Takahashi, 2011). Therefore, the substantial loss
of live implanted NPCs during the early days of transplantation may result from a lack of
sufficient growth factors in the host environment as compared to the preceding conditions in
cell culture. In addition, lack of adhesion may result in anoikis-induced cell death, i.e., a
form of programmed cell death that is induced by anchorage-dependent cells detaching from
the surrounding extracellular matrix. To simulate the context of stem cell transplantation, we
developed a model of stem cell death in culture by deprivation of cell adhesion and growth
factors. Under these conditions, ReNcells underwent substantial cell death (around 70% of
total population) after overnight incubation. This model could further serve as an in vitro
assay for screening cells and agents with pro-survival property.

Several reports have shown a beneficial effect of growth factor production from genetically
engineered NPCs in improving the survival of implanted cells (Dayer, et al., 2007, Park, et
al., 2006) as well in improving the behavioral outcome after cell therapy (Bakshi, et al.,
2006, Jenny, et al., 2009, Suzuki, et al., 2007). In our in vitro PTSCD model, we found that
co-culture of bFGF-expressing helper cells in the presence of Dox not only improved the
survival of ReNcells, but they also increased the total number of ReNcells as compared to
the initial numbers (1×105 cell group, Fig. 3). In vivo, we observed a protective effect when
ReNcells were co-grafted with bFGF-expressing cells into the brains of immunodeficient
mice (Fig. 4). The fact that the protective effect observed in vivo was not as robust as seen
in vitro may be explained by the less favorable host microenvironment surrounding grafted
cells, i.e. presence of hostile factors, such as limited nutrients and oxygen (due to the
absence of vasculature), and inflammation-related factors including free radicals, cytokines,
and natural killer cells (Laflamme, et al., 2007). This discrepancy between in vitro and in
vivo protection was also reported for grafted dopamine neurons (Marchionini, et al., 2003).
In addition to bFGF, other neurotrophic factors, such as GDNF, BDNF, NT3, and NT4 may
therefore be needed for further improvement of cell survival.

We found that 293-bFGF helper cells produced more bFGF as compared to C17.2 (Fig. 2).
The baseline, non-Dox induced bFGF secretion was also higher. Thus, in vitroReNcells
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were better protected in all 293-bFGF groups (Fig. 3). It is unclear why 293-bFGF helper
cells then did not provide a better protective effect in vivo. Assuming that bFGF alone is not
sufficient to provide complete protection, it could be that C17.2, being a neural stem cell
line, may secrete other growth factors, such as such as GDNF, BDNF, and NGF (Lu, et al.,
2003, Niles, et al., 2004, Yan, et al., 2004) that are critical under in vivo conditions.

Finally, we observed a distinct morphologic pattern of the interaction of ReNcells with
helper cells. We hypothesize that C17.2 cells, being from neural origin, secrets additional
factors that promotes the spread of ReNcells, reflecting favorable culture conditions in non-
coated plates. The choice of 293 and C17.2 cells as helper cells was designed to provide a
proof-of-principle evidence that our strategy is viable for both a neural and non-neural cell
line. In summary, we have shown that bFGF-engineered helper cells can improve survival of
primary cells used in cell transplantation therapy.
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Highlights

• Helper cells produce bFGF upon addition of Dox in a dose-dependent manner

• bFGF helper cells significantly improve survival of human NPCs cultured in
vitro

• Co-transplantation of bFGF helper cells prolongs survival of xenografted human
NPCs
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Figure 1.
Schematic representation of strategy to improve survival of transplanted NPCs. A TetON
system, consisting of M2rtTA driven by the human ubiquitin C (hUbC) promotor and the
target genes (bFGF and mCherry) driven by a TRE promoter, are cloned into a lentivector
for transduction of 293 and C17.2 helper cells. NPCs and helper cells are co-engrafted and at
certain time points after transplantation, Dox is administered to induce target gene
expression in helper cells. bFGF is then being produced, triggering activation of signaling
pathways that enhance NPC survival.
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Figure 2.
Dox-induced transgene expression and survival of helper cells. (A) Genetically engineered
293 and C17.2 cells were exposed to different concentrations of Dox for 24 hours. The
expression of mCherry increases with increasing Dox concentration. Images were acquired
at the same exposure time for each group of cells. Scale=200 μm. (B) The relative
fluorescent intensity against the background level was semi-quantified using ImageJ
software. (C) Measurements of bFGF secretion levels in helper cell culture supernatant
show a significant difference between 293-bFGF and 293-WT cells (p<0.01, n=4), but not
for C17.2 cells. Addition of Dox at a concentration of ≥20ng/ml increased bFGF secretion
level in genetically engineered 293 cells (p<0.05, n=4). A significant increase of bFGF
secretion (p<0.01, n=4) was also observed for C7.2 cells at a Dox concentration of 2 μg/ml
or higher. (D) A significant difference exists between the proliferation rate of 293-bFGF and
293-WT cells, even without the addition of Dox (p<0.01, n=4). The addition of Dox at 200
μg/ml significantly reduced the proliferation rate of both 293-bFGF and C17.2-bFGF helper
cells (p<0.01, n=4) while for C17.2 cells,Dox at 20 μg/ml also reduced the proliferation rate
(p<0.01, n=4). (*, p<0.05; **, p<0.01; ***, p<0.001)
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Figure 3.
Helper cells enhance the survival of ReNcellsin vitro. (A) BLI calibration curve shows a
linear correlation of signal with increasing cell concentration (R2=0.987, n=10). 293 (B) and
C17.2 (C) helper cells were co-cultured overnight with luciferase-expressing ReNcells at
different cell densities (2.5×104, 5×104, and 1×105 helper cells per 96-well; Dox was given
at 2 μg/ml). The ReNcell ratio was calculated by dividing the cell number of pre-treatment
by post-treatment, using the standard curve in (A). Data are expressed as mean±S.E.M.
(n=4). For 293-bFGF cells (B), a significant difference in BLI signal exists between groups
with different density of engineered 293 helper cells, whether or not Doxis.added. For
C17.2-bFGF cells (C), all three helper cell densities were found to improve the survival of
ReNcells in the presence of Dox (p<0.001). Without Dox, only the highest cell density was
benificial (p<0.05). (D) Representative microscopic images acquired at a density of 5×104

helper cells showing the morphology of ReNcells (Venus GFP, green) and helper cells
(mCherry, red). ReNcells co-cultured with 293-WT or C17.2-WT cells are loosely scattered
after overnight incubation on a non-coated surface (first column). Bright field images show
clusters of helper cells (second column). Helper cells expressing bFGF and mCherry
interacted with ReNcells in a distinct pattern (ReNcells/green channel=third column, helper
cells/red channel= fourth column, overlay=fifth column with sixth column as higher
magnification inset). Scale bar=200 μm. (*, p<0.05; **, p<0.01; ***, p<0.001)
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Figure 4.
In vivo survival of ReNcells after transplantation into Rag2−/−immunodeficient mice. (A).
BL images of representative animals transplanted with 1×105ReNcells with or without
helper cells show strong BLI signal on the same day after transplantation, which decreases
progressively over the following days. (B) Quantification of BLI signal for each group (n=5
each), with the intensity expressed as photon/sec/cm2/sr. (C) Estimation of percent donor
cell survival plotted as % signal activity (normalized to day 0) over the 5-day period
following transplantation. In (B), on day 1, there was a significant difference between the
BLI signal from the C17.2-bFGF+Dox group and the other four groups (p<0.001). On day 2,
p<0.05 between C17.2-bFGF+Dox and 293-bFGF+Dox, and p<0.001 for C17.2-bFGF+Dox
vs. each of the rest three groups. In (C), on days 1 and 2, there was a significant difference
between the BLI signal from the C17.2-bFGF+Dox group and the other four groups
(p<0.001). (*, p<0.05; **, p<0.01; ***, p<0.001)
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Figure 5.
Immunohistological analysis at Day 5 after transplantation. (A) Mice were sacrificed on day
5 after BLI for histological analysis of living ReNcells (green). (B) Stereological counting of
ReNcells. Data are expressed as mean±S.E.M. (n=5). (C) Red channel (mCherry)
fluorescent images showing the relative expression level of the transfected genes in each
helper cell group. All images were acquired using the same exposure time (1/10 sec). C17.2-
bFGF with daily administration of Dox showed the strongest gene expression, whereas the
absence of Dox resulted in negligible expression of mCherry. A single Dox injection
resulted in a discernable expression of mCherry, although it was weak compared to the daily
Dox injection. Further graft morphology was examined by anti-β
galactosidaseimmunostaining as marker for C17.2 cells. 293 cells expressed mCherry with
or without Dox administration. 293-WT cells are shown as control lacking transgene
expression. Scale bar=200 μm.
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