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ABSTRACT 

In mammals, myeloid progenitors infiltrate the de- 
veloping central nervous system (CNS), through the 
immature blood-brain barrier (BBB), the ventricular 
layer or the pial surface migrate and give rise to resi- 
dent microglia. In the mature brain, however, the BBB 
hampers such recruitment from the blood-stream and 
long-term establishment of blood borne myeloid cells 
in the CNS thus appears at best limited. Hematopoie- 
tic stem cell-derived microglia, nevertheless, repre- 
sents a promising tool for the correction of genetic de- 
ficits in the brain. We thus investigated the fate of pri- 
mary human monocytes, and monocyte-derived ma- 
crophages, following transplantation into the adult 
mouse brain overpassing the BBB. Furthermore, we 
documented the ability of such cells to deliver a ly- 
sosomal enzyme into the brain following genetic modi- 
fication with a recombinant adenoviral vector carry- 
ing the human β-glucuronidase cDNA. When implant- 
ed into the mouse striatum, the engineered primary 
cells survived and expressed the transgene for as 
much as 8 months. Moreover, the donor cells could 
migrate out of the grafting site and settle along blood 
vessels or myelin tracts although at limited distance. 
Migrating donor cells down-regulated the expression 
of CD14 and HLA DR, suggesting the adoption of a 

deactivated microglia-like phenotype. Our observa- 
tions establish the ability of circulating mononuclear 
phagocytes to integrate into the brain after transplan- 
tation and express a transgene on the long term. These 
cells might thus be employed for autologous transplan- 
tation for the delivery of secreted therapeutic proteins 
in the context of a wide range of brain affections. 
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1. BACKGROUND 

Monocytes (Mo) belong to the hematopoietic myeloid 
lineage and circulate in the blood with a half-life of 
about 48 hours. They become tissue macrophages (MØ) 
as they leave the bloodstream and enter tissues [1], 
where they become resident for periods ranging from 
hours to years [2]. Tissue MØ are found in virtually all 
organs of mammals and display heterogeneous func- 
tional and phenotypic features according to their envi- 
ronment [3]. These cells are critical to tissue homeostasis 
as they scavenge cell debris and foreign particles and are, 
as well, central in initiating adaptive immunity [3]. 

Among all different organs, the CNS displays unique 
features such as an immune privilege environment and a 
particular BBB, which may explain the specificities of 
brain MØ populations, i.e. perivascular brain MØ and 
resident microglia. As these cells share many markers 
with Mo/MØ they are considered as the resident MØ of 
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the brain [4]. Microglia are however a peculiar long- 
lived population of MØ with specific characteristics that 
distinguishes them from other tissue MØ. In particular, 
gross renewal of resident microglia appears independent 
from bone marrow precursors in the adult life [5,6] even 
though blood derived cells may contribute to some mi- 
croglia turnover, especially at the perivascular location [4], 
a property is used to intend for replacing resident micro- 
glia and complement genetic deficits in the brain [7]. 

Indeed, circulating Mo/MØ have been considered as 
possible vehicles for delivering therapeutic molecules 
through the organism, preventing in many cases the in- 
dication of hematopoietic stem cells transplantation 
(HSCT) and myeloablation. So far, MØ have been ad- 
ministered intravenously as therapeutic effectors in sev- 
eral models of diseases such as cancer [8], muscular 
damage [9], neuro AIDS [10] or lysosomal enzyme defi- 
ciencies [11,12]. In the CNS, grafts of MØ have been 
performed either to survey their fate and survival [13-15] 
or to evaluate a therapeutic contribution in spinal cord or 
brain models of injury [16,17] or neurodegenerative pro- 
cesses like Parkinson disease [18]. 

In adults, whether microglia cells are replaced by inner 
brain precursors or by circulating myeloid precursors still 
remains a controversial question [4,6]. In the mouse, 
following bone marrow transplantation [19] or intrave- 
nous mononuclear cell transfusion [11,12,20], donor 
Mo/MØ preferentially colonize the liver and the spleen 
and poorly enter the adult brain [19,21] in the absence of 
a lesion [22-24] or compared to newborn animals [11]. 
Such exclusion from the brain is due to the BBB that is 
not fully functional at birth and altered by inflammatory 
signals [4]. The use of Mo/MØ as vectors for therapeutic 
gene expression in the brain in place of hematopoietic 
stem cell transplantation is thus not obvious. On another 
hand, cerebral grafting of genetically modified Mo/MØ 
overpasses the BBB and might thus be an alternative to 
HSCT if the grafted cells establish locally on the long 
term with the expected therapeutic properties. To address 
this issue, we verified whether primary monocytes or 
macrophages could establish and settle within the CNS 
following cerebral injection. With that aim, purified hu- 
man Mo and Mo-derived MØ were transduced with an 
adenoviral vector over-expressing the human lysosomal 
enzyme β-glucuronidase and were then grafted into the 
striatum of nude mice. We report that these cells effi- 
ciently engraft within the host brain, produce the trans- 
gene for extended periods of time and migrate out of the 
injection site even though at limited distance. 

2. METHODS 

2.1. Cells and Media 

The culture medium was RPMI 1640, 1% L-glutamine, 

1% penicillin/streptomycin (Life Technologies, Paisley, 
UK), 50 μM 2-Mercapto Ethanol (Sigma, St Louis, MO), 
10% FCS (Dominique Dutscher, Brumath, France). Mo 
were obtained from Ficoll (Seromed, Biochrome, Berlin, 
Germany) separated PBMC of healthy volunteers, de- 
pleted of T and B-lymphocytes with M-450 Pan T/ CD2 
and Pan B/CD19 Dynabeads (Dynal, Oslo, Norway) at 
1:1 bead:cell ratio. The recovered population routinely 
contained >90% CD14+ cells. Cells were cultured in Co- 
star plates (Cambridge, MA). Recombinant human M- 
CSF (50 U/ml; R & D Systems, Minneapolis, MN) was 
used for Mo differentiation into MØ. Cultures were fed 
every 2 days by replacing 1:2 of the medium. 

2.2. Structure of the Viral Vector, Cell 
Transduction and Flow Cytometric Cell 
Surface Marker Analysis 

A second-generation adenoviral vector carrying the hu- 
man β-glucuronidase cDNA under the control of the 
early CytoMegaloVirus promoter (Ad/CMV*β-glu) was 
generated as described [25]. The vector consisted in the 
CMV/β-glucuronidase.pA cassette in place of the E1 
region, an E3-deleted background from the sub360 mu- 
tant, and a thermosensitive (ts) mutation in the E2A re- 
gion (G to A conversion at position 1064 of the DBP 
cDNA generating a P to S amino acid change). Viruses 
were purified by three rounds of plaque purification at 
the permissive temperature of 32˚C. Stocks were devoid 
of detectable revertants as assayed by plating at 39˚C. 
The vector was amplified in 293 cells, purified by 2 suc- 
cessive CsCl gradient centrifugations and resuspended in 
PBS. The viral titer was 1.25 × 1012 particles/ml and 5 × 
109 transducing units (TU)/ml. TU were assayed by in- 
fecting mucopolysacharidosis (MPS) VII fibroblasts with 
limiting dilutions and then staining for β-glucuronidase. 
Virus aliquots were stored at –80˚C in PBS, 10% glyc- 
erol (v/v) until use. For β-glucuronidase gene transduc- 
tion, Mo or MØ, were seeded in 24-well tissue culture 
plates at a density of 5 × 105 cells/well, incubated with 
the Ad/CMV*β-glu vector at multiplicities of infection 
(M.O.I.) of 10, 50 or 100 in 400 μl medium. After 4 
hours, supernatants were discarded and replaced by an 
equal volume of fresh medium. For analysis of β-glucu- 
ronidase expression, cells and supernatants were col- 
lected at various time points after infection and frozen 
until enzymatic assay. For grafting, freshly thawed Mo 
or previously M-CSF-differentiated MØ were incubated 
for 4 h with the Ad/CMV*βglu vector at a M.O.I. of 100. 
Supernatant was replaced by fresh serum-free medium. 
Eight hours after transduction, cells were harvested with 
0.02% EDTA in PBS (10 min at 37˚C), resuspended in 
defined serum-free medium at 5 × 104 cells/μl, and kept 
on ice throughout the grafting session. Each cell popula-  
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tion was evaluated for surface marker expression by flow 
cytometric analysis with PE- or FITC-conjugated mono- 
clonal antibodies (mAbs) to CD14 (BD Bioscience, Moun- 
tain View, CA) and HLA-DR (Dako, Glostrup, Den- 
mark). The cells were incubated for 30 min at 4˚C in 
PBS, 2% FCS with the mAb or with irrelevant isotype- 
matched mAb. After washing, the cells were resuspended 
in PBS 1% PFA (w/v). For each population, the percent- 
age of cells expressing the respective phenotypic marker 
was assessed with a FACScalibur (BD Bioscience, Moun- 
tain View, CA). 

2.3. Animals, Surgical Procedures and Cell 
Grafts 

Nude male CD1 mice (Charles Rivers, Saint Aubain les 
Elbeuf, France) were housed and treated according to the 
European Community (86/609/EEC) guidelines. After 
approval by the local ethics committee, twelve 6-week- 
old mice (n = 6 for each cell type) were grafted bilater- 
ally in both hemispheres with 5 × 104 cells, either un- 
modified (right striatum) or transduced with Ad/CMV*β- 
Glu (left striatum). Animals were first anesthetized with 
1.5 ml/kg of a 1:1 mixture of ketamine (UVA, Ivry-sur- 
Seine, France) and Rompun (Bayer, Puteaux, France) by 
intraperitoneal injection. Using a 10 μl Hamilton syringe, 
1 μl of cell suspension was injected stereotaxically into 
the striatum (0.25 μl/min) at the following coordinates: 
+4.7 anterior to bregma, +1.7 lateral to midline, –3.6 
ventral to the dural surface. For each group of grafted 
cells, mice were euthanized 10 (n = 2), 30 (n = 3) or 240 
(n = 1) days after grafting. 

2.4. Fluorimetric Assay for β-Glucuronidase 

Five days following Ad/CMV*β-glu transduction, cells 
were assayed for intracellular and secreted β-glucuroni- 
dase. Cell supernatants were collected after 24 h, centri- 
fuged at 350 × g for 20 min at 4˚C and transferred into a 
new tube and frozen at –80˚C until use. Cells were 
trypsinized, washed in PBS, counted, centrifuged and 
resuspended in 100 μl cold lysis buffer (Tris-HCL pH 7.5 
0.02 M; NaCl 0.05 M; Triton X-100 0.2%). Cell lysates 
were vortexed, kept on ice for 15 min, and then centri- 
fuged at 12.000 × g for 20 min. Beta-glucuronidase ac- 
tiveity was assayed as follows: 10 μl of cell lysate or of 
supernatant were incubated with 100 μl of 10 mM 4-me- 
thylumbelliferyl-β-Dglucuronide (MUG, Sigma) in 0.1 
M sodium acetate (pH 4.8) for 1 h at 37˚C. The reaction 
was stopped by adding 1.9 ml 0.32 M glycine, 0.2 M 
carbonate buffer, pH 10.5. Fluorescence was measured 
using the umbelliferone protocol of the Victor 1420 Mul- 
tilabel counter (355 nm excitation, 460 nm emission) 
(Wallac, Turku, Finland). One unit β-glucuronidase ac- 
tivity was defined as 1 nmol 4-methylumbelliferone (4- 

MU) (Sigma) cleaved per hour, and fluorescence values 
were used to calculate units according to a calibretion 
curve of 4-MU fluorescence. Protein concentrations were 
measured using the Bio-Rad protein assay (Bio-Rad Lab., 
Hercules, CA). 

2.5. Histochemical and Immunohistochemical 
Analysis 

Anesthetized animals were perfused intracardiacally with 
cold PBS and then with 4% PFA in PBS (w/v). Brains 
were removed, frozen in cold isopentane and cryopre- 
served in 15% sucrose. Twenty μm thick tissue sections 
were cut with a cryostat and used for all further histo- 
logical analyses. For β-glucuronidase staining, tissue 
sections and cells in chambered slides were post-fixed in 
chloral-formal-acetone fixative solution, incubated in 
PBS at 65˚C for 90 min to inactivate murine β-glucuro- 
nidase and then washed twice with 0.05 M sodium ace- 
tate, pH 4.5, and incubated in 0.25 mM Naphtol-AS- 
Bi-β-D-Glucuronide (Sigma) in 0.05 M sodium acetate, 
pH 4.5, for 4 h at 4˚C. They were then incubated in 0.25 
mM Naphtol-AS-Bi-β-D-Glucuronide (Sigma) in 0.05 M 
sodium acetate pH 5.2 with 1:500 2% hexazotized pa- 
rarosaniline (Sigma) for 4 h at 37˚C (30). Transplanted 
cells were characterized by standard immunohistochem- 
istry using, the following human-specific primary mAbs: 
anti-CD14 (BD Bioscience, 1:50), anti-CD68 (Dako, KP1 
1:50), anti-human-adrenoleukodystrophy protein (hAL- 
DP) (Rabbit Polyclonal, 1:5000, a kind gift from N.  
Cartier, INSERM UMR745, University Paris-Descartes, 
Paris, France), and anti-HLA-DR (Dako, 1:50). Tissue 
sections on sister slides were thawed and fixed in 4% 
PFA in PBS for 20 min. Slides were incubated for 30 
min in PBS, 10% goat serum and 0.2% Triton X-100, 
and then with the first antibody overnight at 4˚C. For 
immunofluorescence, sections were washed in PBS and 
incubated with the species-specific secondary antibody: 
FITC-conjugated goat anti-mouse IgG (Caltag, Tebu, Le 
Perray en Yvelines, France) or CY3-conjugated goat an- 
ti-rabbit IgG (Jackson ImmunoResearch Laboratories, 
West Grove, PA). 

2.6. Statistical Analysis 

Bar graphs represent mean ± SD. Significance of differ- 
ence between experimental variables was determined by 
unpaired two-tailed t-test. Differences were considered 
significant at p  0.05. 

2.7. In Situ Hybridization (ISH) 

Human β-glucuronidase transcripts were detected in 
brain cryosections by ISH with a digoxygenin-11-UTP 
(Promega, Madison, WI) labeled cRNA probe directed 
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against the human β-glucuronidase mRNA sequence, and 
consisting in the last 370 b.p. of the human cDNA [26]. 
Hybridization was performed overnight at 65˚C in 1x 
SSC, 50% formamide, 10% dextran sulfate, 1 mg/ml 
rRNA, 1× Denhardt’s solution. Sections were washed 
twice at 65˚C with 1× SSC, 50% formamide, 0.1% tween 
20 and twice at room temperature in 1× TBS-T (Tris 
buffer saline, Tween 20). The digoxygenin-labeled hy- 
brids were detected with an alkaline phosphatase-con- 
jugated antidigoxigenin antibody (Roche Molecular Bio- 
chemicals, Mannheim, Germany). 

HLA-DR expression and a 2 fold decrease of CD14 ex- 
pression as compared to non transduced controls, while 
none expressed CD1a (not shown). This indicates that 
adenoviral transduction marginally altered expression of 
CD14 and HLA-DR in cells transduced as MO and MØ 
but did not induce their differentiation into dendritic cell. 

In addition, transduced and control Mo cultured with- 
out cytokines, equally adhered to the plastic dishes and 
underwent spontaneous differentiation into round or 
spindle-shaped MØ with an immunophenotype similar to 
that of M-CSF differentiated MØ (not shown). Thus, the 
ability of Mo to differentiate into MØ either spontane- 
ously or in response to M-CSF was not altered by Ad/ 
CMV*βglu transduction. 

3. RESULTS 

3.1. Adenoviral Gene Transduction Slightly 
Shifts Mo and MØ Markers Expression 

3.2. Transduced Mo and MØ Differently 
Express the Recombinant β-Glucuronidase 
in Vitro 

Here we tested the susceptibility of Mo and MØ to gene 
transduction by a 2nd generation adenovirus vector car- 
rying the human β-glucuronidase cDNA (Ad/CMV*β- 
glu). To characterize each cell population, we used spe- 
cific antibodies directed to well known phenotypic 
markers [27]. Non-transduced Mo and MØ were about 
93% CD14+ and moderately expressed HLA-DR+ (Fig- 
ure 1) but were CD1a– (not shown). After five days, 
cells transduced as just thawed Mo or as Mo differenti- 
ated MØ with M-CSF, displayed a 2 to 3 fold increase of  

We next determined whether transduction of Mo and 
MØ with Ad/CMV*β-glu led to increased expression and 
secretion of β-glucuronidase. To this end, freshly thawed 
Mo or in vitro-differentiated MØ were incubated with 
the vector at various M.O.I. (10, 50 and 100) and kept in 
culture for six days before β-glucuronidase activity was 
measured in cell lysates and culture supernatants. The 
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Figure 1. Immunophenotype of control and transduced monocytes and macrophages. Just thawed primary 
human monocytes (right panel) and primary human macrophages (monocytes differentiated with M-CSF) (left 
panel) were transduced (lower panel) or not (upper panel) with Ad/CMV*βglu at an M.O.I. of 100, put in 
culture with M-CSF for 5 additional days and stained with antibodies directed to CD14 and HLA-DR. FACS 
analysis shows that both monocytes and monocytes derived macrophages equally react to adenoviral trans- 
duction that induce a 2 fold decrease in CD14 expression and a 2 to 3 fold increase in HLA DR expression.   
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Intracellular β-glucuronidase activity significantly in- 
creased with M.O.I. in both cell types showing their sus- 
ceptibility to adenovector transduction, but the levels of 
transgene expression were much lower in Mo than in 
MØ (Figure 2(a)). β-glucuronidase secretion also varied 
according to the cell type. At an M.O.I. of 100, Mo re- 
leased low levels of enzyme that were only twice the 
ones of control Mo, whereas secretion considerably in- 
creased with M.O.I. in transduced MØ as compared to 
control MØ (31 fold at M.O.I. of 100, Figure 2(b)). This 
indicates that differentiation of Mo into MØ prior trans- 
duction, increases these cells ability to process the ade- 
noviral vector and express the β-glucuronidase transgene. 

3.3. Grafted Mo and MØ Establish in the Mouse 
Brain 

Mo and MØ might be useful vehicles for ex vivo gene 
therapy in the brain, depending on their ability to estab- 
lish long-term expression of a transgene in the target 
tissue. For this, cell availability is a critical parameter 
and, from this point of view, Mo as well as Mo-derived 
 

 

Figure 2. Beta-glucuronidase production and secretion by mo- 
nocytes and macrophages transduced or not with Ad/CMV* 
βglu at M.O.I. of 10, 50 or 100. (A) Intracellular β-glucuroni- 
dase activity in units per mg of protein in cell lysates, five days 
after transduction; (B) β-glucuronidase activity released in su- 
pernatants in 24 h, five days after transduction. Mean values  
SD of triplicate experiments are shown. Statistical comparison 
of β-glucuronidase activity between non-transduced cells lys- 
ates or supernatants and that of cells transduced at M.O.I. 100 
was performed by unpaired two-tailed t-test. Differences were 
considered significant at p  0.05. 

MØ may be suitable sources of autologous cells as they 
are abundant and accessible. In this experiment we as- 
sessed the survival and location of genetically modified 
Mo and MØ, grafted in the mouse striatum immediately 
after gene transduction, as well as transgene expression. 
To prevent cell rejection, we used athymic nude mice. 
Animals received a bilateral graft of transduced and non- 
transduced cells, in both hemispheres. The 12 recipient 
mice recovered well from transplantation and lived up to 
240 days following surgery suggesting that the procedure 
was not pathogenic to nude mice. 

To check for cell survival, location, and transgene ex- 
pression, animals were euthanized 10, 30 and 240 days 
after transplantation, and brains were dissected and cut 
rostrally. 

To assess the phenotype of donor cells, we used the 
same anti-CD14 and anti-HLA DR antibodies used for 
FACS phenotyping that specifically recognize human 
antigens expressed by these cells. In animals injected 
with PBS, no labelling was observed with these antibod- 
ies (not shown) while they allowed the detection of trans- 
planted transduced and control cells. Ten days after gra- 
fting, Mo and MØ, either transduced or not, gathered at 
injection site, strongly expressed HLA-DR and CD14 
(Figure 3(a)) but neither CD1a nor CD83, two markers 
of myeloid dendritic cells [27] (data not shown), indicat-
ing in either cases an activated MØ phenotype. 

After 30 days, both transduced and control cells re- 
maining in the grafting area, still strongly expressed 
HLA-DR (not shown). At close distance from the core of 
transplant though, numerous donor cells, transduced or 
not, were observed along blood vessels scattered at 
perivascular location (Figures 3(b) and (d)) displaying a 
weaker expression of CD14 and HLA-DR (Figure 3(b)). 
In the corpus callosum these markers could not be de- 
tected, whereas both human β-glucuronidase histochem- 
istry and in situ hybridization indicated that donor cells 
had indeed migrated to this area (see below), strongly 
suggesting both CD14 and HLA-DR down modulation. 
We thus sought for donor cells in the corpus callosum 
using an anti-human CD68 antibody, recognizing mye- 
loid human cells, and an anti-ALDP antibody, which 
specifically recognizes the human peroxisomal adreno- 
leukodystrophy protein (hALDP) expressed by myeloid 
cells [28]. In brains grafted with Mo or MØ, but not in 
mock brains, anti-CD68 and anti-hALDP antibodies in- 
deed allowed detection of donor cells. These markers 
were co-localized in the same cells and the detection of 
the hALDP gave a characteristic punctuated staining 
(Figure 3(f)) consistent with the peroxisomal expression 
of this protein [28]. In hemispheres grafted with trans- 
duced cells, CD68- and hALDP-expressing cells were 
observed at the injection site or at close distance, associ- 
ated to blood vessels (Figures 3(c) and (d)), but also 
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Figure 3. Phenotypic characterization and 
microscopy of transduced Mo and MØ, fol- 
lowing grafting in the mouse striatum. (a) 
and (b) Immunohistochemical labelling of 
transduced Mo and MØ with HLA DR (red) 
and CD14 (green). (a) Mo at the site of in-
jection 10 days after grafting, strongly ex-
press HLA DR and CD14 (magnification 
×200); (b) Near the site of grafting in the 
striatum, a MØ expressing HLA-DR and 
low levels of CD14, migrating along a 
blood vessel 10 days after grafting (×400); 
(c) to (f) Immunohistochemical labelling of 
transduced Mo and MØ with hALDP (red) 
and CD68 (green); (c) and (d) Mo express-
ing hALDP and CD68 out of the grafting 
zone established or migrating along blood 
vessels: longitudinal (c) and transversal (d) 
views (×100) 30 days after grafting; (e) Do- 
nor Mo expressing CD68 and hALDP in the 
corpus callosum 30 days after grafting (×100); 
(f) Perivascular MØ expressing CD68 and 
hALDP, 30 days after grafting at high mag- 
nification (×400); (g) GFAP and CD14 ex- 
pression at the site of grafting 10 days after 
injection (×100). 

 
within the corpus callosum (Figure 3(e)), or located lin- 
ing the ventricle or along myelin tracts within the inter- 
nal capsula (not shown). On the contralateral hemisphere, 
non-transduced human cells expressing hALDP and CD- 
68 were also detected at the site of injection within the 

striatum and at close distance of it (not shown) but were 
absent form the corpus callosum suggesting that trans-
duced Mo and MØ have improved migrating capabilities. 

Of 2 animals receiving grafts of Mo or MØ, kept for 
analysis at long term, that receiving Mo dyed prema- 
turely 5 month after grafting and could not be analysed. 
Thus, eight months after grafting, in one animal grafted 
with human MØ, a few CD14/HLA-DR-positive cells, 
either transduced or not, were still present near the in- 
jection site in the parenchyma or along blood vessels. At 
distance from the injection site, few CD68/ALDP posi- 
tive cells were still present at periventricular or perivas- 
cular locations, only in hemispheres grafted with trans- 
duced cells (not shown). Neither at any time after graft- 
ing, nor at any location in the recipient brains could we 
find cells co-expressing CD68 or ALD with glial mark- 
ers (GFAP or CAII) or neuronal marker (NeuN) (not 
shown). However, 10 and 30 days after transplantation, 
GFAP immunostaining was up-regulated around the site 
of injection indicating local gliosis, which was equiva- 
lent for transduced and control cells (Figure 3(g)). 

3.4. Genetically Modified Mo and MØ Similarly 
Express the Recombinant β-Glucuronidase 
in the Transplanted Brain 

To detect human β-glucuronidase expression we used 
both enzymatic histochemistry and in situ hybridization 
(ISH). Brain sections were assayed by histochemistry for 
human β-glucuronidase activity following heat inactiva- 
tion of endogenous murine β-glucuronidase that, in op- 
position to the human enzyme, is thermolabile [29]. Thus, 
to determine whether human β-glucuronidase expression 
and activity would display anatomical overlap we per- 
formed ISH in slides adjacent to those used for histo- 
chemistry, using a probe specific to the human transcript 
[26]. Histochemistry and ISH labelling for human β-glu- 
curonidase were effective in brains receiving human cells 
(either transduced or not) but not in brain from a PBS- 
injected control animal, indicating that both techniques 
are reliable. As observed with cells phenotyping, histo- 
chemestry and ISH gave quite similar labelling when 
comparing Mo to MØ recipient brains related to staining 
intensity and cells shape and localization. Opposed to 
what we observed in vitro, where MØ expressed much 
more enzyme than Mo after adenoviral transduction 
(Figure 2), the intensity of staining of the human β-glu- 
curonidase in vivo, assessed by histochemistry or ISH, 
was equally strong in brains receiving transduced Mo 
and MØ (Figure 4(a) for histochemistry and 4(g) for 
ISH). It was nevertheless weak in those grafted with 
non-transduced cells (Figures 4(c) and (h)) showing its 
ability to discriminate different expression levels. We 
also noticed that even though both techniques allowed 
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Figure 4. Fate of Mo and MØ, grafted into the mouse striatum 
as assessed by β-glucuronidase histochemical staining (red) and 
in situ hybridization of human β-glucuronidase mRNA (purple). 
From (a) to (f), pictures of brains grafted with transduced Mo; 
from (g) to (m), pictures of brains grafted with transduced MØ. 
For each type of cells, very similar histological views were ob- 
tained. (a) Ten days after transplantation of transduced Mo, the 
staining for human β-glucuronidase is limited to the striatum (st) 
around the site of injection (magnification ×40); (b) Thirty days 
after grafting of transduced Mo, most β-glucuronidase-positive 
cells are found in the corpus callosum (cc) (magnification ×40); 
(c) Ten days after grafting, non-transduced control Mo display- 
ed a weaker staining for human β-glucuronidase activity than 
their transduced counterparts (magnification ×20); (d) Ten days 
after transplantation of transduced Mo, in situ hybridization to 
the human β-glucuronidase mRNA revealed sparse cells through 
the striatum in the area of grafting (magnification ×40); (e) 
Some of these cells displayed ramified microglial morphology 
(magnification ×200); (f) Thirty days after grafting of trans-
duced Mo, human β-glucuronidase mRNA is mainly retrieved 
in cells located within the corpus callosum (cc) (magnification 
×40); (g) Ten days after transplantation, transduced MØ strong- 
ly expressed human β-glucuronidase mRNA as revealed by in 
situ hybridization in the grafting area (magnification ×80); (h) 
In the hemisphere transplanted with control MØ (non-trans- 
duced), in situ hybridization signal in donor cells is much 
weaker (magnification ×80); (i) Cells expressing human β-glu- 
curonidase within the choroid plexus 30 days after grafting of 
transduced MØ (×80); (j) Labelled cells with in situ hybridiza- 
tion in the choroid plexus 30 days after grafting of transduced 
MØ (×80); (k) Perivascular cell expressing the human β-glucu- 
ronidase mRNA 30 days after transplantation of transduced 
MØ (×100); (l) Human β-glucuronidase-expressing cells in the 
corpus callosum and in the vicinity of the ventricle 240 days 
after grafting of transduced MØ (magnification ×20); (m) De-
tection of cells expressing human β-glucuronidase mRNA in 
the corpus callosum 240 days after MØ transplantation (magni-
fication ×100). 
 
staining donor cells in overlapping areas, enzymatic de- 
tection revealed a greater number of positive bodies than 
ISH (compare Figures 4(a) to (d) and 4(b) to (f)). This is 

concordant with the fact that β-glucuronidase can be se- 
creted and recaptured by distant cells through the man- 
nose-6-phosphate receptor [30]. 

Ten and 30 days after transplantation, human β-glucu- 
ronidase activity was detected over a wide area of almost 
2 mm in a radial axis surrounding the injection site. The 
detection of the human β-glucuronidase transcript instead 
was restricted to a shorter radius of about 0.2 mm. This 
indicates that the detection of β-glucuronidase activity at 
distance from the site of grafting was due to an extensive 
secretion of the recombinant enzyme through the paren- 
chyma by the donor cells, as previously observed by gra- 
fting genetically modified astrocytes or fibroblasts [25, 
30]. 

The anatomical locations of β-glucuronidase-express- 
ing Mo and MØ evolved with time. Ten days after graft- 
ing, most β-glucuronidase-positive transduced cells were 
gathered at the injection site in the striatum (Figures 4(a) 
and (d)). At this time, when we counted the cells labelled 
with ISH on alternate slides of 2 animals of each group, 
we found that the estimated number of non-transduced 
Mo (1811 ± 149) or MØ (1705 ± 233) was not different 
to that of transduced Mo (1795 ± 70) or MØ (1873 ± 
261). 

After 30 days, the majority of the β-glucuronidase- 
positive, transduced cells were found in the corpus cal- 
losum enclosing the grafting area (Figures 4(b) and (f)) 
and those remaining in the striatum were found either 
gathered at the injection site or at short distance, associ- 
ated to blood vessels (Figures 4(b) and (k)). Indeed, as 
we counted transduced cells in alternate slides of 3 ani- 
mals per group we observed that the number of trans- 
duced Mo (1702 ± 241) was equivalent to that of trans- 
duced MØ (1588 ± 165) and most interestingly we found 
that at difference with the previous time of analysis, most 
of the cells counted were located in the corpus callosum 
Mo (74% ± 6%) and MØ (79% ± 10%) clearly indicating 
that they had migrated towards this new location be- 
tween day 10 and 30 after grafting. 

After 30 days, transduced cells expressing the human 
β-glucuronidase were also observed in the choroid plexus 
(Figures 4(i) and (j)). At that time, non-transduced cells 
were still present at the injection site but could not be 
detected in the corpus callosum or the choroid plexus. 
This could indicate that β-glucuronidase histochemistry 
was not sensitive enough to reveal untransduced cells 
that had reached this area. Indeed β-glucuronidase ex- 
pression in tissue MØ is much stronger in inflammatory 
region but is down regulated otherwise [31]. A grater 
rate of activation induced by adenoviral transduction, as 
observed with an about 2 fold increase in HLA DR ex- 
pression (Figure 1) could also explain a difference in mi- 
gration between transduced and control cells. However, 
as cells migrating away from the injection site rather 
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downregulated HLA DR expression, a more suitable ex- 
planation is that cells over-expressing the recombinant β- 
glucuronidase had increased migration capacity as com- 
pared to non-transduced cells. This observation is sup- 
ported by the absence of labelling using antibodies di- 
rected to human antigens (i.e. CD68 or ALDP, see above) 
in any area distant from the injection site in hemispheres 
receiving non-transduced cells including the corpus cal- 
losum and the periventricular area. Moreover, this is co- 
herent with several reports indicating that over-expres- 
sion of β-glucuronidase is common in infiltrating micro- 
glia or gliomas, allowing extra-cellular matrix degrada- 
tion and cell migration [32,33]. 

After 240 days, in one animal, β-glucuronidase-trans- 
duced MØ were still present in the brain parenchyma, 
although in reduced numbers, within the striatum as well 
as in the vicinity of the lateral ventricle, and in the cor- 
pus callosum, mostly associated with white fibre tracts 
(not shown). At this time, however, no untransduced cell 
could be detected using histochemestry or ISH, suggest- 
ing that detection of human β-glucuronidase was not 
sensitive enough to detect naïve cells. 

Regarding cells morphology, 10 days after grafting, 
both grafted Mo and MØ displayed ramified morphology 
if located in the striatum (Figure 4(e)). At any other time 
or location, cells detected by ISH were round, and cell 
bodies appeared smaller if located in the corpus callosum 
than in the striatum. 

The overlapping of immune labelling of strict human 
markers as HLA DR or hALDP with human β-glucuro- 
nidase immunohistochemistry and ISH staining over as 
much as 240 days strongly suggests that the grafted hu- 
man cells were the actual bodies expressing the trans- 
gene rather than sparse engulfed debris of dead donor 
cells remaining functional for such a long period within 
host. Moreover in a previous comparable experiment in- 
volving human astrocytes transduced with the same vec- 
tor grafted in the same area of the same mouse strain [25] 
an opposite pattern of human cell markers or transgene 
expression was observed, restricted for 2 months at the 
site of grafting. This further indicates that the location of 
transgene expression depends on the migrating ability of 
the carrier cells rather than on inner activity of host pha- 
gocytes of grafted cells. 

4. DISCUSSION 

We report that human Mo and Mo-derived MØ, geneti- 
cally modified with an adenovirus vector allowing over- 
expression of the human lysosomal enzyme β-glucu- 
ronidase, behave similarly when grafted within the stria- 
tum of nude mice. These cells display a same propensity 
to leave the injection site and establish at close distance 
around blood vessels or associate to white fibre tracts 

where they sustain long-term transgene expression. Their 
migration pattern within the adult rodent striatum was 
modulated by the expression of β-glucuronidase and 
transduced cells migrated further than control cells, rea- 
ching the corpus callosum and the ventricle, indicating 
that over-expressing β-glucuronidase favoured a natural 
propensity of these cell for migration through heparan 
sulfates proteoglycans cleavage in the extracellular ma-
trix [32-34]. Such migratory behaviour was similar to 
that of human bone marrow stromal cells [35], embry- 
onic astrocytes [36], bulk of bone marrow cells [15] or 
mononuclear fraction of cord blood derived cells [15]. It 
however opposed to human adult astrocytes [25], rat am- 
niotic epithelial cells [37] or mouse fibroblasts [30] that 
poorly migrate when implanted in the striatum. This mo- 
bility of transduced Mo and MØ suggests that migra- 
tion from striatum towards typical locations (corpus cal- 
losum > perivascular spaces > periventricular areas) is 
determined by specific interactions of grafted cells with 
the tissue substratum. Most donor cells leaving the graft 
were associated with blood vessels, suggesting that they 
employed the outer walls of brain vasculature as a sup- 
port for migration. The same was observed concerning 
activated parenchymal microglia following trauma [34] 
or monocytes infiltrating the inflamed brain [22,23,38]. 
The strong tropism of grafted transduced cells for the 
corpus callosum hints at a physiological perinatal process 
in mammals, when microglia precursors invade the CNS 
to locate in the supraventricular corpus callosum [39] 
which suggests a natural affinity of these cells for the 
corpus callosum or white matter. In our experiments 
however, the migration of grafted cells to an area adja- 
cent to the needle tract in the corpus callosum, would 
rather be due to the mechanical lesion of the corpus callo- 
sum, inducing the release of chemokines such as MCP-1/ 
CCL2 and attraction of the grafted Mo/MØ [40,41]. 

Adenoviral transduction of Mo was barely effective in 
vitro, which contrasted with the efficient transduction of 
Mo-derived MØ. Moreover, even though in vitro trans- 
duced Mo adequately differentiated into MØ, they still 
expressed low transgene levels at this stage when kept in 
culture. In vivo, however, Mo grafted immediately after 
transduction, overexpressed β-glucuronidase to a level 
similar to that of transduced MØ as assessed by histo- 
chemistry and ISH. This suggests that the restriction ob- 
served in Mo transduction in vitro occurs at a post entry 
step, overpassed by a different maturation process within 
the CNS that is not recapitulated in vitro. In vivo differ- 
entiation of Mo into tissue macrophages is far more di- 
verse and complex than that obtained in vitro [2,3] and 
the modulation of the transcription factor PU.1, that is 
central in hematopoietic cell differentiation, can shift the 
trafficking of an adenoviral vector within mononuclear 
cells from lysosomes to the nucleus [42], favouring ex- 
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pression over degradation. This finding opens interesting 
perspectives as it suggests that the in vitro differentiation 
step would not be useful for cell therapy protocols, pre- 
venting manipulation-induced cell loss. 

An interesting point of our study is the longevity of 
grafted cells in the brain. In a previous report, primary 
human adult astrocytes transduced with the same adeno- 
viral vector survived for only 2 months in the nude 
mouse brain [25]. Instead, transduced human Mo and 
MØ, showed improved aptitudes to remain in an inflam- 
matory environment such as the site of injection but also 
at distance from it. The various growth factors and cyto- 
kines able to induce maturation of Mo into MØ (M-CSF, 
GM-CSF, TNF-α, IL-1β, IFN-γ, IL-6) may prevent their 
apoptosis in the injection site and thus support their ini- 
tial survival [3]. 

In addition, we observed that transduced Mo and MØ 
were mobile, able to actively exit from the site of injec- 
tion. Using immunohistochemistry, we observed that 
they expressed CD14 and HLA-DR when remaining at 
the site of injection. However, at all time points of analy- 
sis, the donor cells located at a distance from the injec- 
tion site barely expressed HLA-DR and CD14 markers. 
This is in agreement with previous reports showing that 
Mo/MØ recruited in the CNS express activation markers 
only in the zone of inflammation [23,24]. In our experi- 
ments, the fact that Mo and MØ behave similarly after 
being grafted in the CNS, and underwent down regula- 
tion of their activation markers at distance from the in- 
jection site, suggests that they share a common suscepti- 
bility to the brain environment. This is in line with the 
concept of plastic and reversible MØ activation that we 
showed previously [43]. Thus, it is conceivable that the 
grafted cells are conditioned in the CNS to adopt resting 
phenotypes, irrespective of their previous differentiation 
at the time of grafting through mechanisms discussed 
elsewhere [4]. Our results further advocate for a deacti- 
vation of the grafted myeloid cells in the non-inflamed 
brain that does not rely on their ablation through cell 
death, preserving graft survival. Moreover, although gra- 
fted cells do undergo such deactivation by the CNS mi- 
croenvironment, they nevertheless continue expressing 
the transgene for a long period of time as shown by pre- 
sent data. This makes them potential candidate for sus- 
tained delivery of secreted therapeutic proteins in a wide 
variety of disease affecting discrete areas of the brain, to 
prevent neuronal death in the course of neuro-degenera- 
tive diseases as Alzheimer or Parkinson diseases, to com- 
plement deficient enzymes as in lysosomal storage dis- 
eases or to modulate reperfusion or local immune re- 
sponse after brain ischemia or injury. 

5. CONCLUSION 

In agreement with previous reports, our results show that 

Mo/MØ have a significant potential for their integration 
in the CNS [14-16] and can ensure long lasting transgene 
expression [13] without inducing a particular inflamma- 
tory response [13-16]. Our data further show that Mo and 
MØ behave similarly and express the same levels of 
transgene after in vivo transplantation. Our results mostly 
contribute to validate the use of these cells, and espe- 
cially Mo, within the framework of therapy in a wide 
range of brain affections of which course can be modi- 
fied by secreted recombinant compounds. Monocytes are 
abundant and easily obtained from blood. Moreover, 
direct use of Mo instead of MØ would allow avoiding 
extensive cell manipulation before transduction, leading 
to a shorter ex vivo process and better survival and per- 
formances than in vitro differentiated cells. Blood Mo 
may thus represent an inestimable source of autologous 
cells for ex vivo gene therapy to target focal brain lesions, 
requiring no conditioning of the recipients and thus avoid 
putative side effects. Nevertheless, a critical issue still re- 
mains in the fact that Mo/MØ, although migrating further 
than other cell types tested to date, still do not allow ex- 
pecting their use in diffuse brain pathology until their 
wide dissemination is made possible. 
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