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Chapter 5

Loss of gene expression in lentivirus- and
retrovirus- transduced neural progenitor cells is
correlated to migration and differentiation in the
adult spinal cord
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Adult NPC lose transgene expression

ABSTRACT

Gene transfer into multipotent neural progenitor cells (NPC) and stem cells may pro -
vide for a cell replacement therapy and allow the delivery of therapeutic proteins into
the degenerating or injured nervous system. Previously, murine leukemia virus-based
retroviral vectors expressing GFP from an internal EF-1alpha promoter, and lentiviral
vectors expressing GFP from a hybrid CMV/B-actin promoter have been described to
be resistant to stem cell specific gene silencing. Therefore, we investigated whether
these viral vectors allow stable in vivo gene expression in genetically modified NPC
isolated from the adult rat spinal cord. In vitro, NPC genetically modified to express
GFP using the described retroviral vector showed strong GFP expression in undiffer -
entiated NPC. However, in vitro differentiation resulted in the loss of GFP expression
in 50% of cells. Grafting of BrdU prelabeled NPC to the spinal cord resulted in a loss
of GFP expression in 70% and 95% of surviving NPC at 7 and 28 days post grafting,
respectively. The loss in gene expression was paralleled by the differentiation of NPC
into a glial phenotype. Transgene downregulation although less profound was also ob
served in cells modified with lentiviral vectors, whereas in vivo lentiviral gene transfer
resulted in stable transgene expression for up to 16 months. Thusjn vivo gene expres-
sion in genetically engineered neural progenitor cells is temporally limited and mostly

restricted to undifferentiated NPC using the viral vectors tested.

1. INTRODUCTION

Gene therapy holds great potential for the
treatment of several central nervous sys -
tem (CNS) disorders. Delivery of therapeu
tic molecules by gene therapy has been
shown to halt or delay the progression of
neurodegenerative diseases ' or to aug-
ment the regenerative capacity after CNS
injury 4°.

Different cell types including Schwann
cells, fibroblasts, astrocytes and neural
progenitor cells (NPC) have been used for
ex vivo gene delivery 25101 'NPC are
particularly interesting due to their ability
to give rise to both new neurons and glia
and thus to replace lost spinal cord tissue
in an organotypically appropriate manner
1213 Adult NPC can be isolated from the
patient’s own neural tissue by minimally
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invasive biopsies ', propagated in vitro
6 and serve as autologous cell grafts in
the lesioned spinal cord 7. Cellular deliv-
ery of therapeutic genes via NPC grafts
will likely require long-term transgene
expression for the treatment of genetic
deficiencies or chronic neurodegenera -
tive diseases. In contrast, short-term,
transient gene expression might be more
desirable under certain conditions, e.g. to
induce differentiation of grafted NPC into
a specific phenotype that is able toen -
hance regeneration in the injured spinal
cord '8,

To genetically modify NPC, MLV-based
retroviral and lentiviral vectors have been
used in several studies as these viruses
allow stable integration of the transgene
into the host genome '*20. We and others
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have previously shown that MLV-based
retroviral vectors can efficiently trans -
duce primary adult rat NPC in vitro 1321,
However, the downregulation of gene ex-
pression is a major obstacle for the per -
sistent gene transfer into stem cells and
adult NPC for long-term gene delivery
21-28_ Retroviral silencing has been attrib -
uted to reduced transcriptional initiation
at the promoter caused by the binding of
trans-acting factors to silencer elements
that are located in the viral long terminal
repeats (LTRs). Furthermore, chromatin
condensation caused by de novo cyto -
sine methylation of CpG sequences lo -
cated within LTRs may also contribute to
transgene downregulation 2224, The con -
struction of viral vectors lacking silencer
elements, the inclusion of improved posi-
tive regulatory elements 25 and the use of
internal promoters have been reported to
improve duration of gene expression 26,
Lentiviruses could potentially be suscep -
tible to the same silencing mechanisms
as retroviruses ?’. However, recent reports
have indicated that lentiviral vectors are
more resistant to stem cell specific gene
silencing in various types of stem cells 2%
2. The ability of lentiviral vectors to induce
stable transgene expression in adult NPC
has not been investigated to date.

In the present study we compared 3 dif -
ferent viral vector systems for their abil -
ity to mediate stable gene expression in
NPC after engraftment into the adult spi -
nal cord. Under these conditions NPC are
known to differentiate into glial pheno -
types. MLV-based retroviral vectors con -
taining a Xenopus EF1a enhancer/pro -

moter or a 5’ LTR to express the reporter
gene green fluorescent protein (GFP), or a
lentiviral vector containing a hybrid CMV/
B-actin promoter were used to modify pri
mary adult NPC. Two of these viral vec -
tors have previously been described to be
resistant to stem cell specific gene silenc-
ing in embryonic neural precursors 26 and
mouse embryonic stem (ES) cells, respec
tively 28, Our data indicate that the inves -
tigated viral vectors allow stable gene ex-
pression in undifferentiated NPC in vitro,
whereas the vast majority of neural pro -
genitor cells lose transgene expression
after engraftment into the spinal cord. In
contrast, in vivo lentiviral gene transfer re-
sults in long-term, stable GFP expression
in the adult rat CNS.

2. MATERIALS AND METHODS

2.1 Animal subjects

Adult female Fischer 344 rats weighting
160-200 g were housed under standard
laboratory conditions with 12 h light dark
cycle. All experiments were carried out in
accordance with institutional guidelines
for animal care. Animals had  ad libitum
access to food and water throughout the
study. All surgical procedures were per -
formed under anesthesia using a cocktalil
of ketamine (62.5 mg/kg; WDT, Garbsen,
Germany), xylazine (3.175 mg/kg; WDT,
Garbsen, Germany) and acepromazine
(0.625 mg/kg, Sanofi-Ceva, Disseldorf,
Germany) in 0.9% sterile saline solution.

2.2 Preparation of adult NPC

Adult NPC were isolated and cultured as

described 18, Briefly, rats were deeply
121
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anesthetized and killed by decapitation. The2.3 Production of viral vectors

region of the complete cervical enlargement The retroviral plasmid pLXSN-GFP (Fig.
(spinal cord level C3 through T1) was dis- 1A) is based on the plasmid pLXSN (Clor+
sected. After removal of the dura, the tissue tech, Heidelberg, Germany) and was con-
was minced, washed in sterile Dulbecco’s structed and used to transduce NPC as
phosphate buffered saline/D-glucose (4.5g/ldescribed 3. GFP expression in this plas-
PAA Laboratories, Linz, Austria) and digest mid is driven by the 5’LTR, and a neomy -
ed in a solution of papain (0.01%; Worthing cin resistance gene driven by an internal
ton Biochemicals, Lakewood, USA), neutral SV 40 promoter allows for the selection of

protease (0.1%; Roche, Mannheim, Ger -
many), DNase | (0.01%; Worthington Bio-
chemicals) and 12.4 mM MgSQ, dissolved
in Hank’s balanced salt solution (HBSS;
PAA Laboratories, Linz, Austria) for 30 min
at 37°C. The digested tissue was washed
three times in DMEM-HAMS F12 (Pan Bie
tech, Aidenbach, Germany), supplemented
with 10% fetal calf serum (FCS; Pan Bio -
tech, Aidenbach, Germany). The cells were
transferred to culture dishes containing
serum-free growth medium (Neurobasal
medium with B27 supplement (Gibco, Karl
sruhe, Germany), 2 ug/ml heparin (Sigma)
20 ng/ml recombinant human FGF-2 (R&D

transduced cells. The retroviral plasmid
pCLE-GFP (Fig. 1B) is based on the plas-
mid pCLE (generous gift from N. Gaiano,)
% This plasmid contains the human cyto-
megalovirus enhancer-promoter fused to
the Moloney murine leukemia virus LTR at
the TATA box in the 5’ U3 region®® and an
Xenopus EF-1 alpha regulatory element
as internal promoter to drive transgene
expression. To allow selection of cells
that stably integrated the transgene, the
internal ribosome entry site and the hu -
man placental alkaline phosphatase gene
of pCLE were replaced by the SV40 pro -
moter and a neomycin resistance gene.

System, Wiesbaden, Germany), 20 ng/mkre The GFP coding sequence was cloned

combinant human EGF-2 (R&D System, Wi

esbaden, Germany). Until the first passage,

cells were grown in uncoated cell culture

into the multiple cloning site resulting in
the plasmid pCLE-GFP.
For retrovirus production, 293T cells were

flasks to form neurospheres. Neurospheres grown in Iscove’s Modified Dulbecco’s

were then dissociated using Acccutase (lh  Medium (IMDM; Pan Biotech, Aidenbach,
novative Cell Tech, San Diego, USA) and theGermany), with 10% FCS and were trans-
NPC were subsequently grown as adherent fected with the retroviral plasmid (pCLE-
monolayer cultures on poly-I-ornithin/lam  GFP and pLXSN-GFP, respectively) and 2
inin (P-Orn/Lam) coated cell culture flasks, packaging plasmids coding for the vesic -
Cell culture medium was changed twice per ular stomatitis virus (VSV) envelope and
week. Cell cultures were passaged after the retroviral gag/pol sequences. Retro -
reaching confluence, approximately every virus-containing supernatants were col -
other week. lected, filtered through a 0.45 pm syringe
filter and stored at -80°C.
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A. pLXSN-GFP I i
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Figure 1: Schematic representation of viral constructs. (A) In the retroviral vector pLXSN-GFP, reporter gene
expression is driven by the promoter/enhancer sequences of the Moloney murine leukemia virus derived 5’
LTR. (B) In contrast, the retroviral vector pCLE-GFP uses the Xenopus EF-1alpha regulatory elements (EF1a)
as an internal promoter. Furthermore, pCLE-GFP contains a hybrid 5’ LTR that consists of the immediate early
region of the human cytomegalovirus enhancer-promoter fused to the Moloney murine leukemia virus long
terminal repeat at the TATA box in the 5’ U3 region. Both pLXSN-GFP and pCLE-GFP contain a neomycin
resistance gene (NeoR) under control of the SV40 early promoter (SV40), which allows selection of transduced
cells. (C) The lentiviral vector pLV-GFP contains the compound chicken B-actin cytomegalovirus enhancer/
promoter (CAG) followed by a B-globin intron for GFP expression. Furthermore, pLV-GFP contains a central
polypurine tract of HIV-1 (ppt), a woodchuck hepatitis virus posttranscriptional response element (WRPE) and

a self-inactivating deletion in the 3’LTR.

For lentiviral vector production, a self-
inactivating lentiviral plasmid 3! derived
from pRRL 32 was used. The plasmid pLV-
GFP (p156sinRRLpptCAG-GFP-PRE, Fig.
1C) containing a GFP expression cassette
driven by the CMV/B-actin hybrid pro -
moter (CAG) * has been described pre -
viously 28. This plasmid also contains a
woodchuck posttranscriptional response
element (WPRE) to increase gene expres-
sion 3. For lentivirus production a third
generation lentivirus packaging system
was utilized as previously described
Viral supernatants were concentrated by
ultracentrifugation. Titers of GFP express
ing virus were determined by transduc -
tion of 293T cells using serial dilutions.
Viral vector stocks were also assayed for
p24 antigen levels using an HIV-1 p24
specific ELISA kit (DuPont). Titers of GFP
expressing virus were 5 x 10 8 [U/ml (231
pg/ml p24). For in vitro transduction, GFP
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expressing lentivirus was diluted as de -
scribed below.

2.4 Transduction of NPC with

retroviral and lentiviral vectors
Adult NPC were genetically modified to
express the reporter gene GFP as previ -
ously described 3. Briefly, adult NPC from
passage number 4 to 6 cultures were
plated in sub-confluent densities (10,000
cells/cm?) on P-Orn/Lam coated cell cul -
ture flasks. The cells were incubated for 8
hrs on two consecutive days with retro -
virus containing supernatants (pCLE-GFP
or pLXSN-GFP) supplemented with 1 ug/
ml Polybrene (Sigma). Approximately 60%
of all cells displayed GFP fluorescence 2
days following the transduction. To select
for GFP expressing cells that integrated
the retroviral vector, G418 (500 pg/ml ac-
tive concentration; Gibco Karlsruhe, Ger -
many) was added to the growth medium
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for 6 weeks. This concentration has pre -
viously been determined to completely
eliminate all untransfected NPC within 3
weeks. Successful incorporation of the
transgene into all NPC was confirmed by
GFP fluorescence using an inverted fluo -
rescence microscope (Olympus IX 70).
Following G418 selection, cells were cul -
tivated in the absence of G418.

For the transduction of NPC with lentivi -
ral vectors (pLV-GFP), low passage NPC
were split 1:3 into coated T-75 flasks (5.4 x
10¢ cells/flask). On the following day GFP
expressing lentiviral vectors were added
and cells were cultivated for 2 days, when
GFP expression was sufficient for fluores-
cent activated cell sorting (FACS). Flow
cytometry analysis and fluorescence mi -
croscopy indicated that 80% of the cells
were positive for GFP before FACS and
over 99% expressed GFP after FACS.
Following FACS, cells were kept in culture
and passaged twice before transplanta -
tion.

2.5 Immunocytochemistry of cultured
NPC
Cells of monolayer cultures were detached
using Accutase (Innovative Cell Tech, San
Diego, USA) and plated on P-Orn/Lam
coated glass coverslips in growth medi -
um. To induce differentiation, NPC were
incubated for up to 21 days in differen -
tiation medium (Neurobasal medium with
B27 supplement and 5% FCS, Pan Bio -
tech, Aidenbach, Germany, '3 3,
The following antibodies were used to
analyze the differentiation pattern of adult
NPC in vitro: rabbit-anti-GFP for GFP ex -
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pressing cells (Molecular Probes, Leiden,
The Netherlands; at 1/1000) mouse-
anti-A2B5 for glial committed progeni -
tors (Chemicon, Hofheim, Germany; at
1/100), mouse-anti-GFAP for astroglia
(Chemicon, Hofheim, Germany; at 1/600),
mouse-anti-GalC for oligodendroglia
(Chemicon, Hofheim, Germany; at 1/500)
and mouse-anti-beta-lll-tubulin for early
neuronal differentiation (clone 5G8; Pro -
mega, Mannheim, Germany; at 1/500).
Cells were fixed in 4% paraformaldehyde
in PBS, washed three times with tris-buff-
ered saline (TBS), blocked with TBS con -
taining 3% donkey serum/0.1% Triton-X
(TBS++) and incubated overnight with pri
mary antibody in TBS++ at 4°C. To label
cell surface markers, Triton-X was omit -
ted. The following day, cells were washed
with TBS and incubated with fluorescein
linked secondary donkey-anti-rabbit anti-
bodies and rhodamine-X linked secondary
donkey-anti-mouse antibodies (Jackson,
Hamburg, Germany; at 1/1000) in TBS++
for 2h. Finally, nuclei were counterstained
with Hoechst 33342 (2 ug/ml in TBS;
Sigma). The coverslips were mounted
onto glass slides using Prolong-Antifade
(Molecular Probes, Leiden, Netherlands).
For the immunocytochemical analysis, 8
bit monochrome pictures were taken at
20x magnification on a fluorescent micro-
scope (Leica DMR) equipped with a Spot
CCD camera model 2.2.1 (Diagnostic In -
struments, Sterling Heights, USA).

2.6 Surgical procedures
Adult NPC virally transduced to express
GFP were incubated for 48 hrs before
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transplantation with a 1 uM solution of the
proliferation marker bromodeoxyuridine
(BrdU; Sigma) in growth medium, which
results in labeling of more than 95% of all
NPC. GFP expression was confirmed us -
ing an inverted fluorescence microscope
(Olympus IX 70) just before harvesting the
cells. An aliquot of the cells was counted
in a Neubauer hemocytometer using try -
pan blue staining and the cells werere -
suspended in Dulbecco’s PBS to yield a
final concentration of 105 cells/pl.

A total of 27 animals was used in the ex -
periments. Animals were anesthetized us-
ing a cocktail of ketamine, xylazine and
acepromazine as described above and re
ceived injections of NPC transduced with
the retroviral vector pCLE-GFP (n=12) or
the vector pLXSN-GFP (n=3) into the cer-
vical spinal cord. The ligament between
the cervical vertebrae C3 and C4 was in -
cised and a 2 pl cell suspension (10 cells/
ul) was injected 1 mm deep into the spinal
cord parenchyma through a stereotacti -
cally guided pulled glass micropipette

(40 pm internal diameter) using a Pico -
spritzer |l (General Valve, Fairfield, USA).
Animals with pCLE-GFP transduced cells
were sacrificed after 2 days (n=4), 7 days
(n=4) or 28 days (n=4), animals receiving
pLXSN-GFP transduced NPC were sac -
rificed after 28 days (n=3). The lentivirus-
transduced cells were grafted into the
thoracic spinal cord at level T7/8 (n=3) as
described above and were sacrificed after
28 days.

To control for potential unspecific label -
ing from unincorporated BrdU or death

of BrdU prelabeled cells, a suspension of

BrdU prelabeled NPC (10 5 cells/pl) was
lysed by repeated freeze-thaw cycles and
injected into 2 animals (2 pl per animal).
Two additional animals received an injec-
tion of 2 ul PBS used to wash the cells
after BrdU incubation before grafting.

For direct injection of lentiviral vectors,
animals (n=5) were anesthetized as de -
scribed above and received a small lami -
nectomy at T7/8. Lentiviral vectors (2 pl)
were injected 1 mm deep into the spinal
cord through a pulled micropipette us -
ing a Picospritzer at a rate of 1 pl/min.
Pipettes were left in place for one addi -
tional minute before withdrawal. 5 animals
received lentiviral vectors containing the
coding sequence for GFP and were killed
at 14 days (n=3), 10 months (n=1) and 16
months (n=1).

2.7 Histological analysis

Two days, 7 days and 28 days after cell
injections, and 14 days, 10 months and

16 months after lentivirus injections, ani -
mals were deeply anesthetized and trans-
cardially perfused with 100 ml phosphate
buffered saline followed by 250 ml 4%
paraformaldehyde in 0.1M phosphate
buffer. The brains and spinal cords were
dissected, post fixed overnight and cryo -
protected in 30% sucrose. Sagittal 35 pm
sections were cut on a freezing microtome
and processed for immunohistochemistry.
Every seventh section was immediately
mounted and Nissl stained to localize the
injection site.

For brightfield immunohistochemical
analysis of BrdU prelabeled cells, sections
were rinsed in TBS (0.1M) and incubated
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for 1h in 50% formamide/2xSSC (0.3 M
NaCl, 0.03M sodium citrate) at 65°C. Sec
tions then were rinsed in 2xSSC, incu -
bated for 30 min in 2 N HCI at 37°C, and
rinsed for 10 min in 0.1 M boric acid pH
8.5. After rinsing in TBS, sections were in
cubated in TBS++ for 1h, transferred into
rat-anti-BrdU primary antibody (Harlan
Seralab, Loughborough, UK; at 1/500) in
TBS++ and incubated overnight at 4°C on
a rotating platform. On the second day,
the sections were washed in TBS and
incubated for 1h with a biotinylated don -
key-anti-rat secondary antibody (Jackson,
Hamburg, Germany; at 1/2000) in TBS++.
After several rinses in TBS, the sections
were incubated for 1h with avidin biotinyl
ated peroxidase complex (Vector Elite Kit,
Vector Laboratories, Wertheim, Germany;
at 1/1000). Labeling was developed us -
ing a 0.05% solution of 3,3,8-diamino -
benzidine, 0.01% H,0,, and 0.04% nickel
chloride in TBS for 5 min. Sections were
mounted, dehydrated and coverslipped
using Neo Mount (Merck, Darmstadt,
Germany). The brightfield immunohisto -
chemical analysis was performed with a
Leica DMR microscope equipped with a
Spot CCD camera model 2.2.1 (Diagnos -
tic Instruments, Michigan, USA).
Double/triple immunofluorescence la -
beling was performed to assess GFP
expression of NPC and lentivirus trans -
duced cells in the spinal cord, and the dif
ferentiation pattern of grafted adult NPC.
The following primary antibodies were
used: mouse-anti-nestin for uncommitted
progenitor cells (clone 401, Pharmingen,
Heidelberg, Germany; at 1/500), guinea
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pig-anti-NG2 for glial restricted precursor
cells (; generous gift B. Stallcup, Burnham
Institute, La Jolla, USA; at 1/200), mouse-
anti-GFAP for astroglia (Chemicon, Hof -
heim, Germany; at 1/600), mouse-anti-
APC that is directed against the N-ter -
minal segment of APC for immature and
mature astrocytes and oligodendrocytes
3% (Oncogene, Darmstadt, Germany; at
1/1000) and goat-anti-doublecortin for
young neurons (Santa Cruz, Heidelberg,
Germany; at 1/100), all visualized using
Cy-5 linked donkey secondary antibodies
(Jackson, Hamburg, Germany; at 1/1000).
The BrdU-prelabeled grafted cells were
identified with a rat-anti-BrdU antibody
(Harlan Seralab, Loughborough, UK; at
1/500) and visualized using Rhodamine-
X linked donkey secondary antibodies
(Jackson, Hamburg, Germany; at 1/1000).
GFP expressing cells were visualized us -
ing a rabbit-anti-GFP antibody (Molecular
Probes, Leiden, Netherlands; at 1/750) or
a goat-anti-GFP antibody (Rockland Gil -
bertsville, PA; at 1/1500).

To identify BrdU prelabeled NPC sections
were pretreated as described above fol -
lowed by incubation with the primary an -
tibodies in TBS++ overnight at 4°C on a
rotating platform. The following day, sec -
tions were rinsed and incubated with fluc-
rescence (rhodamine-X, fluorescein, Cy5)
conjugated secondary antibodies made in
donkey (Jackson, Hamburg, Germany; at
1/1000) in TBS++ for 2 h. After final rins -
ing steps in TBS, sections were mounted
onto glass slides and coverslipped with
ProLong Antifade Kit (Molecular Probes,
Leiden, Netherlands). Immunohistochem-
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ical analysis was performed with a confo-
cal fluorescence microscope (Leica TCS-
NT).

For the quantification of BrdU/GFP
double-labeled cells, confocal micro
graphs containing the epicenter of the
graft were taken at 40x magnification.
From each animal, 3 independent im
age stacks were selected from differ
ent sections. Since GFP labeling in NPC
was restricted to the injection site, cells

were only quantified at the transplan -
tation site. Therefore, between 15-20
optical sections through the z-axis of

the 35 pm thick section were analyzed.
Co-localization was confirmed once the
GFP marker was spatially associated to
the nuclear BrdU prelabeling through
subsequent optical sections in the z-
axis. BrdU positive cells and GFP/BrdU
positive cells were counted from each
animal to obtain a representative total
count. Finally, the mean percentage of
BrdU/GFP double labeled cells and the
standard error of the mean (SEM) was
calculated for each time point. Group
comparisons were made using an analy -
sis of variance followed by Tukey’s post-
hoc testing.

3. RESULTS
3.1 In vitro gene expression using

the retroviral vector pCLE-GFP
Previously, we have shown that neural
stem cells derived from the adult spi -
nal cord can be transduced
express GFP using the retroviral vec -
tor pLXSN-GFP ' (Fig. 1A). However,
in vivo gene expression was lost in the

in vitro to

majority of cells 21 days after transplan -
tation into the adult injured spinal cord
3, Because this loss in gene expression
is likely due to the silencing of the LTR
used to express the transgene, we in -
vestigated whether retroviral vectors
with an internal promoter could increase
the duration of gene expression. The
retroviral vector pCLE-GFP derived from
pCLE % contains a hybrid 5’ LTR and an
internal Xenopus EF1a enhancer/pro -
moter to drive GFP expression (Fig. 1B).
Adult spinal cord derived NPC were ef -
ficiently transduced and showed robust
GFP expression after selection for G418
resistance. GFP expression was stable
for at least 4 weeks over more than 5
passages in vitro after removal of G418
from the cell culture medium (Fig. 2A).
To determine if differentiation of NPC
results in a downregulation of trans -
gene expression ¥, NPC were cultivated
in differentiation medium (NB medium,
supplemented with B27 and 5% FCS;
no G418) for up to 21 days 133, After 7
days of incubation in the differentiation
medium, 99.2% =+ 0.48 of the cells were
GFP positive (Fig. 2B, 2I). Immunocy -
tochemical staining showed that these
cultures mainly contained beta lll tubu -
lin positive neuronal cells (13.4% = 3.6,
Fig. 2F, 2J) and GFAP positive astrocytes
(31.3% = 1.8, Fig. 2G, 2K). Only a small
amount of GalC positive oligodendro -
cytes and A2B5 positive glial precursor
cells could be identified (Fig. 2E, H). Af -
ter 14 days of incubation in the differen -
tiation medium, however, a considerable
proportion of the pCLE-GFP transduced
127
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- w
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Figure 2: In vitro analysis of NPC transduced with pCLE-GFP. (A) Under proliferation conditions and (B) after
7 days of cell culture under differentiation conditions virtually all NPC transduced with the retroviral vector
PCLE-GFP expressed the reporter gene GFP (green). (C) After 14 days and (D) after 21 days of cell culture
under differentiation conditions, many pCLE-GFP transduced NPC lost GFP expression (arrowheads). (E)
Immunocytochemical analysis of the differentiated cells showed that A2B5 positive glial restricted progenitor
cells, (F) beta Ill tubulin positive young neuronal cells, (G) GFAP positive astrocytes and (H) GalC positive
oligodendrocytes could be found to express GFP (green) in vitro after 7 days of in vitro differentiation.

All differentiation markers are shown in red. Hoechst 33342 was used as nuclear counterstain (blue).
Epifluorescent micrographs, scale bar: 75 um in (A-D), 20 um in (E-H). () Bar graphs showing the proportion
of GFP expressing cells, (J) beta Il tubulin expressing young neurons and (K) GFAP expressing astrocytes of
the total amount of cells present in the culture after 7, 14 and 21 days of in vitro differentiation (n=3, mean +
SEM, * p<0.05, ** p<0.01).
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NPC lost GFP expression, resulting in tive cells increased to 46.3% + 4.5 at 14
a significant reduction in GFP-labeled days and to 57.2% + 6.6 at 21 days of
cells to 70.2% + 9.4 (p<0.05; Fig. 2C, 2I).  in vitro differentiation (Fig. 2J), whereas
After 21 days of in vitro differentiation,  the amount of GFAP positive cells de -
the proportion of pCLE-GFP transduced  creased to 12.4% + 6.0 at 14 days and
NPC that still expressed GFP was fur - 11.0% = 4.7 at 21 days (Fig. 2K). Only
ther reduced to 52.4% =+ 5.4 of the total very few GalC positive oligodendrocytes
amount of plated cells (p<0.01; Fig. 2D, and no A2B5 positive glial precursor

21). The amount of beta Ill tubulin posi - cells could be identified at 14 and 21
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Figure 3: Genetically modified NPC migrate in the spinal cord and lose transgene expression. (A) 2 days
post-transplantation, the majority of the BrdU prelabeled NPC were concentrated in a cloud of cells at the
injection site. (B) 7 days and (C) 28 days post-transplantation, many of the grafted cells migrated into the host
parenchyma and were scattered in the host spinal cord. (D) Two days post-transplantation, GFP (green) could
be detected in most of the BrdU prelabeled NPC (red) directly at the injection site. Cells that migrated away
from the injection site had already downregulated GFP expression (arrowheads). (E) At 7 days post-grafting,
the number of GFP expressing cells was further diminished, while many other cells expressed only very low
levels of GFP (arrowheads, compare also D’ with E”). (F) 28 days post-transplantation, GFP labeling had
nearly disappeared. Scale bar: 250 ym in (A-C), 60 um in (D), 80 um in (E, F).
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in vivg GFP expression
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Figure 4: Quantification of BrdU/GFP double-labeled
cells in vivo. Bar graph showing the proportion of
BrdU-labeled NPC that colocalize with GFP at the
injection site. There is a significant reduction in the
number of GFP-expressing cells over time. (n=3/time
point, mean+ SEM, ** p<0.01, *** p<0.001).

2% GFP exprossing cells of 1otal

7 s 28 davs

days of in vitro differentiation. Because
the proliferation of NPC ceases over

the first 7 days of cultivation in differ -
entiation medium, the observed decline
in GFP expression was not due to the
proliferation of non-transduced cells.
Rather the percentage of GFP-labeled
cells decreased over time as the pro -
portion of cells expressing neuronal and
glial differentiation markers increased.

3.2 In vivo gene expression in NPC
grafted to the spinal cord
To investigate whether a similar degree
and time course of transgene silencing
would also occur in vivo, undifferentiated,
pCLE-GFP-transduced NPC were labeled
with BrdU and grafted to the intact spinal
cord of adult rats. At 2 days, 7 days and
28 days post grafting, the spinal cord pa-
renchyma of grafted animals contained
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many BrdU positive nuclei, indicating
good survival of transplanted NPC (Fig.
3A-C). Two days post grafting, the major-
ity of BrdU positive nuclei were localized
in a compact cloud of cells at the trans -
plantation site (Fig. 3A). Surrounding the
graft epicenter, many BrdU positive nuclei
resided in the spinal cord parenchyma at
a lower density, suggesting that a fraction
of the grafted cells had already migrated
into the host parenchyma. At 7 days and
28 days after transplantation, the densi -
ty of BrdU prelabeled nuclei at the graft
epicenter decreased, and the majority of
cells had migrated away from the trans -
plantation site (Fig. 3B, C). Control ani -
mals injected with BrdU prelabeled NPC
lysed by repeated freeze-thaw cycles
prior to transplantation, or PBS used to
wash the cells before grafting contained
none or occasionally very few BrdU la -
beled nuclei. Thus, the BrdU positive cells
in the spinal cord parenchyma of grafted
animals originated from surviving, trans -
planted NPC.

Concomitant with the migration of NPC,
expression of GFP was gradually lost
(Fig. 3D-F). Two days post grafting, many
BrdU/GFP double-labeled cells were de -
tected at the graft epicenter (Fig. 3D).
However, confocal analysis of BrdU posi-
tive cells residing outside the graft epi -
center revealed that these cells almost
completely downregulated GFP expres -
sion (Arrowheads, Fig. 3D). Quantification
of BrdU/GFP double-labeled cells at the
graft epicenter indicated that 60.8% =+ 6.0
of the BrdU positive nuclei co-localized
with the GFP reporter (Fig. 4). At 7 days
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Figure 5: GFP expression and differentiation of pCLE-GFP transduced NPC at 2 days after transplantation
into the spinal cord. The differentiation pattern of grafted NPC was assessed by determining the co-
localization of differentiation markers (red) with BrdU prelabeled nuclei of grafted cells (blue). (A-D) 2 days
after transplantation, many grafted cells expressed the glial precursor cell marker NG2 (arrow). (E-H) Only very
few grafted cells could be detected co-localizing with the astroglial marker GFAP (arrows) and (I-L) the mature
glial marker APC (arrowhead). Only very few GFP expressing cells (green) could be found that co-localized
with GFAP or APC (A-H, arrows). Confocal fluorescence micrographs, scale bar A-L 25 um.

; . "L
Figure 6: GFP expression and differentiation of pCLE-GFP transduced NPC at 28 days after transplantation
into the spinal cord. (A-D) At 28 days post grafting, no NG2 immunoreactivity could be detected that co-
localized with the grafted NPC. However, most grafted cells differentiated into glial phenotypes, as indicated
by (E-H) GFAP and (I-L) APC expression. Although many GFP labeled NPC displayed a complex morphology,
almost none of these cells could be co-localized with the investigated phenotypical markers (arrowheads, D,

H, L) Confocal fluorescence micrographs, scale bar A-L 25 um.
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post grafting, the fraction of BrdU/GFP
double labeled cells at the graft epicenter
decreased to 30.3% = 5.6 (Fig. 3E, Fig.
4) and many of the remaining BrdU/GFP
double positive cells displayed only weak
GFP expression levels (arrowheads, Fig.
3E). At 28 days post grafting, only 4.3%
+ 1.5 BrdU/GFP double positive cells
could be identified at the graft epicenter,
indicating that the vast majority of pCLE-
GFP-transduced NPC lost expression

of the GFP reporter gene within 28 days
after transplantation into the intact CNS
(Fig. 3F, 4). Double-labeled cells were only
quantified at the injection site, since cells
migrating for long distances were never
found to express GFP. Thus, the actual
proportion of GFP/BrdU positive cells

in the whole spinal cord was even lower
than quantified in this study, especially at
7 and 28 days post-injection, when long
distance migration of BrdU prelabeled
cells could be observed.

To determine if the loss in gene expres -
sion was correlated to differentiation of
NPC, colocalization studies of BrdU- and
GFP-labeled cells with NG2, a marker for
glial committed precursor cells * and the
glial markers GFAP and APC were con -
ducted. At 2 days post grafting, BrdU
prelabeled pCLE-GFP-transduced NPC
mainly expressed NG2 (Fig. 5A-D), few
cells expressed GFAP (5E-H), and no
BrdU-labeled cells co-labeled with APC
(Fig. 5I-L). At 28 days post grafting, NG2
immunoreactivity had almost completely
disappeared, while many of the grafted
pCLE-GFP-transduced NPC differenti -
ated into GFAP positive astrocytes (Fig.
132

6E-H) and APC positive glia (Fig. 61-J). No
immunoreactivity for the multipotent pro -
genitor cell marker nestin® or for the early
neuronal marker doublecortin “° could be
detected at any of the time-points inves -
tigated (data not shown). Strikingly, only
a very small fraction of GFP/BrdU dou -
ble-labeled cells could be co-localized
with any of the glial or neuronal markers
investigated (Arrows, Fig. 5A-D, E-H),
suggesting that the vast majority of trans-
duced NPC downregulated GFP expres -
sion upon or during differentiation. The
few NPC that continued to express GFP
at 28 days post transplantation displayed
a highly complex morphology without de-
tectable levels of any of the investigated
differentiation markers (Arrowheads, Fig.
6D, H, L).

3.3 Lentiviral gene transfer

The studies described above indicated
that the differentiation of NPC might be
responsible for the discontinued gene
expression in NPC transduced with MLV-
based retroviral vectors. As lentiviral gene
transfer into embryonic stem cells 28 4
and hematopoetic stem cells “2 has been
shown to be stable after differentiation
we tested the stability/duration of len -
tiviral gene expression in NPC. In paral -
lel to findings with the retroviral vectors
pLXSN-GFP and pCLE-GFP (see above),
NPC transduced with the lentiviral vec -
tor pLV-GFP (Fig. 1C) showed stable in
vitro GFP expression in proliferating cells
(data not shown). Upon transplantation of
pLV-GFP transduced NPC into the spinal
cord however, gene expression declined
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Figure 7: GFP expression and differentiation of pLV-GFP transduced NPC at 28 days after transplantation
into the spinal cord. (A, B) Although a larger proportion of lentivirus-transduced NPC continued to express
GFP compared to MLV-retrovirus-transduced NPC, the majority of the grafted cells lost transgene expression
28 days after transplantation. (C-F) Similar to pCLE-GFP transduced NPC, no NG2 expressing grafted NPC
could be found at 28 days post grafting, while most NPC differentiated into (G-J) GFAP expressing astroglia
and (K-N) APC expressing mature glia. Only few GFP-labeled NPC could be colocalized with the investigated
phenotypical marker (arrowheads, G-N). Confocal fluorescence micrographs, scale bar A 170 um, B 32 um,

C-N 25 um.

10 29.2% + 4.7 at 28 days post grafting
around the injection site (Fig. 7A, B). As
previously observed for pCLE-GFP trans-
duced NPC, cells remaining close to the
injection site were more likely to continue
GFP expression than cells that migrated
away from the transplantation site (Fig.
7A). Confocal analysis of grafted cells
showed that almost no colocalization with

the glial precursor cell marker NG2 could
be observed at 28 days (Fig. 7C-F). Of the
investigated glial differentiation markers,
only a small fraction of GFP/BrdU-labeled
cells colocalized with GFAP (arrowheads,
Fig. 7G-J) or APC (arrowheads, Fig. 7K-N).
To determine if long-term GFP expression
could be achieved in differentiated cellsin
vivo, and to exclude the possibility that im
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Figure 8: GFP expression after direct injection of pLV-GFP virus into the intact rat spinal cord. (A) Direct
injection of lentivirus resulted in high expression levels of transgene in the intact rat spinal cord 2 weeks

post-injection. (B) No obvious changes in transgene expression level or number of expressing cells could be

observed at 10 months post-injection. Epifluorescence micrographs, scale bar A, B 200 um.

mune responses to GFP expressing cells
provided a selective survival advantage for
cells that lost GFP expression, we injected
the same lentiviral vectors expressing GFP
into the spinal cord. Qualitative analysis of
gene expression 14 days, 10 months and
16 months after virus injection indicated
continued gene expression without any ap
preciable loss in the amount or number of
GFP expressing cells (Fig. 8).

4. DISCUSSION

In the present study, we investigated
transgene expression in adult rat NPC
transduced to express GFP using retro -
viral and lentiviral vectors that have pre -
viously been described to be resistant to
gene silencing in neural progenitor cells
and stem cells 2% 28, Our findings indicate
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that the viral vectors tested only allow for
transient gene expression in adult NPC.
In vitro differentiation of NPC and in vivo
differentiation following transplantation to
the adult spinal cord was paralleled by a
rapid loss of GFP expression indicating a
close relationship between NPC differenti
ation and transgene silencing. In contrast,
direct in vivo injection of lentiviral vectors,
resulted in stable GFP expression in both
neurons and glia for up to 16 months.
The stable expression of transgenes in
adult NPC represents an important pre -
requisite to assess and to enhance the re
generative capacity of NPC grafting to the
CNS. The introduction of reporter genes
such as GFP enables the visualization of
grafted cells to study cell survival, inte -
gration and interaction with the host en -
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vironment. Additionally, overexpression of
specific genes could allow the differentia-
tion of grafted NPC into regeneration pro-
moting phenotypes thereby overcoming
differentiation inducing cues in the micro-
environment at the transplantation site 3
43, Finally, the intrinsic regenerative ca -
pacity of grafted NPC could be enhanced
by overexpression of axonal growth and
neuronal survival promoting factors 44 4%,
In vitro and in vivo loss of gene expres -
sion in our experiments could be due to
the toxicity of GFP expression, selective
survival advantages of cells that lose gene
expression, elimination of grafted cells, or
silencing of transgene expression previ -
ously described for many virally trans -
duced cell types %68, The first three pos -
sibilities seem highly unlikely for several
reasons: 1) NPC cultivated in vitro under
proliferation conditions continued to ex -
press GFP without any sign of toxicity or
loss of gene expression; ; 2) direct injec -
tion of GFP expressing lentiviral vectors
resulted in long-term stable gene expres-
sion for up to 16 months; 3) grafted cells
could be identified in all animals using
BrdU pre-labeling and 4) a decline in the
number of GFP expressing cells was also
observed in vitro in differentiating NPC.
Although the exact molecular basis of
transgene silencing remains to be eluci -
dated, DNA-methylation-dependent and
-independent silencing mechanisms ap -
pear to play important roles “°. Previous
studies have shown that transgene si -
lencing in stem/progenitor cells precedes
methylation of newly integrated virus DNA.
Whether this de novo methylation is a

consequence of methylation-independent
silencing or represents a redundant par -
allel pathway is unclear ?#’. The dramatic
gene silencing within 1 week post-graft -
ing in the present experiments suggests
that silencing factors other than the rela -
tively slow acting DNA methylation play a
significant role. Nevertheless, the devel -
opment of viral vectors lacking CpG di -
nucleotides located in the LTR represents
an important step in preventing methyla -
tion-dependent transgene silencing 2*. In-
clusion of insulator elements, which are
genomic sequences that function as ex -
pression boundaries, might also be able
to reduce methylation-independent trans-
gene silencing . However, it remains to
be determined whether insulators are also
able to block the function of trans-acting
retroviral silencers %51,

Two of the viral vectors used in our stud -
ies have previously been described to be
more resistant to stem cell specific trans-
gene silencing compared to retroviral vec
tors expressing the transgene from the
5’LTR. The retroviral vector, pCLE-GFP,
contains a hybrid 5’ LTR in combination
with an internal Xenopus EF-1alpha en -
hancer/promoter and has been shown to
improve transgene expression after injec-
tion into the embryonic mouse CNS 2,
Our results did not indicate significant im-
provements in transgene expression us -
ing this viral vector. Differences between
mouse and rat CNS progenitors, differ -
ences between adult and embryonic si -
lencing mechanisms, or differences in the
multiplicity of infection might have con -
tributed to the observed lack of extended
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gene expression.

The tested lentiviral vector pLV-GFP re -
ported to be resistant to stem cell specific
silencing in murine ES cells?® only resulted
in a slightly higher number of transgene
expressing NPC close to the injection site.
Lack of gene silencing in lentivirus-trans -
duced ES cells has been attributed to the
deletion of enhancer/promoter regions

in the LTR regions of the virus construct
and intrinsic resistance to long-term DNA
methylation-dependent silencing of human
derived lentiviral vectors in murine cells

28, Whether this viral vector is sufficient

to induce stable transgene expression in
rat stem cells has not been investigated.
The observed differences could therefore
be due to cell-specific or species-specific
differences. Recent studies in lentivirus-
transduced embryonic rat NPC using an
internal mouse phosphoglycerate kinase

1 promoter have observed a similar de -
cline in gene expression %2,
Consistent with previous reports
NPC grafted to the spinal cord differ -
entiated rapidly into glial lineages. NG2
expressing BrdU-labeled cells however
could only be detected at 2 days post-
injection. Cells that continued to express
GFP 7 and 28 days post-grafting typically
resided close to the graft epicenter, simi -
lar to retrovirus-transduced NPC grafted
to the striatum of hemiparkinsonian rats
23, Strikingly, a lack of GFP expression in
cells that migrated away from the injec -
tion site could be observed as early as 2
days post transplantation, indicating that
migration of the grafted cells closely cor -
relates with the silencing of transgene ex-
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13,17
’

pression. Although some GFP expressing
cells displayed highly complex morpholo-
gies at 4 weeks post transplantation, only
relatively few GFP expressing cells could
reliably be co-localized with the tested
differentiation markers, confirming earlier
observations .

In summary, the viral vectors investigat -
ed in the present experiments can only
be employed to induce transient gene
expression in rat NPC. Studies using vi -
ral vectors to introduce transgenes into
NPC have to be carefully controlled for
transgene expression levels throughout
the entire experiment as only a specific
subset of cells might continue to express
the gene of interest. To accomplish stable
transgene expression in adult rat NPC, vi-
ral vectors need to be developed that are
both resistant to methylation-dependent
and -independent silencing mechanisms.
Viral vectors that can also persist with -
out integration into the host cell genome,
such as adeno-associated viruses, might
be able to at least partially overcome
stem cell specific silencing in stem/pro -
genitor cells %3. Whereas expression of
reporter genes, survival promoting factors
in chronic neurodegenerative diseases,
and genes to correct genetic deficiencies
are generally sought to be long-lasting, a
loss of gene expression that is correlated
to cell differentiation as observed in the
current experiments might be ideal to ex-
press genes necessary for the phenotypi-
cal specification of stem and progenitor
cells.
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