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Abstract 

Purpose: Gold standard beam radiation for glioblastoma (GBM) treatment is challenged by 
resistance phenomena occurring in cellular populations well prepared to survive or to repair 
damage caused by radiation. Among signals that have been linked with radio-resistance, the 
SDF1/CXCR4 axis, associated with cancer stem-like cell, may be an opportune target. To avoid the 
problem of systemic toxicity and blood-brain barrier crossing, the relevance and efficacy of an 
original system of local brain internal radiation therapy combining a radiopharmaceutical with an 
immuno-nanoparticle was investigated. 
Experiment design: The nanocarrier combined lipophilic thiobenzoate complexes of rhenium-188 
loaded in the core of a lipid nanocapsule (LNC188Re) with a function-blocking antibody, 12G5 
directed at the CXCR4, on its surface. The efficiency of 12G5-LNC188Re was investigated in an 
orthotopic and xenogenic GBM model of CXCR4-positive U87MG cells implanted in the striatum 
of Scid mice. 
Results: We demonstrated that 12G5-LNC188Re single infusion treatment by convection-enhanced 
delivery resulted in a major clinical improvement in median survival that was accompanied by 
locoregional effects on tumor development including hypovascularization and stimulation of the 
recruitment of bone marrow derived CD11b- or CD68-positive cells as confirmed by 
immunohistochemistry analysis. Interestingly, thorough analysis by spectral imaging in a chimeric 
U87MG GBM model containing CXCR4-positive/red fluorescent protein (RFP)-positive- and 
CXCR4-negative/RFP-negative-GBM cells revealed greater confinement of DiD-labeled 
12G5-LNCs than control IgG2a-LNCs in RFP compartments. 
Main conclusion: These findings on locoregional impact and targeting of disseminated cancer cells 
in tumor margins suggest that intracerebral active targeting of nanocarriers loaded with 
radiopharmaceuticals may have considerable benefits in clinical applications. 

Key words: CXCR4, glioblastoma, radiation therapy, immuno-targeting, spectral imaging, macrophage; 
nanoparticle. 
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Introduction 
Glioblastoma (GBM) is the most common and 

deadly primary brain tumor in adults (1). 
Conventional therapy consists of surgical resection 
followed by radiotherapy and chemotherapy, which 
improves patient survival but is rarely curative (2). 
The effectiveness of these treatments is limited by the 
blood-brain barrier (BBB) and the high sensitivity of 
brain tissue that limits high dose administration (3). 

Ionizing radiation is the gold-standard adjuvant 
treatment for malignant gliomas. In order to limit 
toxicity to surrounding healthy tissue and enhance 
radiation damage to the tumor, different modes of 
locoregional drug delivery, such as stereotactic 
radiosurgery, are being developed. Locoregional 
delivery makes it possible to bypass BBB and to 
reduce the systemic toxicity of the treatment. Many 
clinical trials on GBM have demonstrated the interest 
of internal radioimmunotherapy using alpha radio- 
emitter (211At-tenascin (4)) or beta-emitter (131I- 
tenascin (5, 6), 90Y-Abegrin (7), 188Re-nimotuzumab 
(8)). Other studies have developed nanotechnologies 
to vectorize radioemitters in locoregional strategies 
(225Ac-liposome (9), 186Re-liposome (10), 
188Re-nanoliposome (11)). Our group developed lipid 
nanocapsules (LNCs) designed to incorporate 
radionuclides. LNCs are synthesized through a phase 
inversion process without any organic solvent and 
consist of a lipid core surrounded by a tensioactive 
shell (12). LNCs have been implanted in brain tumors 
using stereotactic injections for locoregional therapy: 
50 nm LNCs were able to load a lipophilic complex of 
rhenium-188 (LNC188Re; half-life: 16.9 h; β- emitter: 
2.12 MeV; γ emitter: 155 keV) for internal radiation 
therapy in malignant glioma, resulting in a median 
survival of up to 45 days after a single injection of 
LNC188Re in an orthotopic 9L-glioma model (13). 
More recently, Vanpouille-Box et al. demonstrated the 
interest of fractionated radiotherapy and the 
importance of the mode of injection of LNC188Re. 
These authors notably showed that a single injection 
followed by convection-enhanced delivery (CED) is 
the most effective protocol, with 80% longer survival 
of the animals (14). 

The efficiency of radiotherapy depends on 
efficient targeting of tumor cells and causing 
minimum damage to healthy tissue, but also on the 
ability to bypass the intrinsic radioresistant 
proprieties of GBM. Indeed, in the last decade, a 
specific cell contingent, called glioma stem-like cells 
(GSCs) has been identified (15–19). These cells express 
neural stem cell markers (17, 20, 21), have the capacity 
for self-renewal and long term proliferation, and for 
the formation of neurospheres, like normal neural 

progenitors, but resist radiation through activation of 
the DNA damage checkpoint (22, 23). Recently, 
another receptor was identified as an interesting 
target for the development of GSC targeting therapy: 
the chemokine receptor CXCR4. It is the receptor of 
the chemokine CXCL12 (SDF-1α), and SDF-1/CXCR4 
binding activates different signaling pathways 
including phosphatidylinositol-3 kinase (PI3K)/Akt 
and MAP-kinases signaling pathways. In adults, the 
SDF-1/CXCR4 axis plays a role in GBM development, 
tumor cell proliferation (24) and invasiveness via 
activation of matrix metalloproteinases (MMPs) (25). 
SDF-1 is secreted by the GSCs themselves but also by 
endothelial cells that have an autocrine and paracrine 
effect in the perivascular niche. The SDF-1/CXCR4 
axis has been reported as a major regulator of the 
biological features of GSCs: self-renewal, 
proliferation, migration, angiogenesis and chemo- 
and radio-resistance. Overexpression of CXCR4 has 
been observed in GSCs that increase proliferation in 
response to exogenous SDF-1 (26). Furthermore, the 
SDF-1/CXCR4 axis plays a crucial role in 
vasculogenesis (27, 28). SDF-1/CXCR4 axis induced 
migration of CD11b+ myeloid cells, the precursors of 
tumor-associated macrophages (TAMs), to the tumor 
site. These cells expressed MMP and recruited 
endothelial cells to form new vessels (29). These 
monocytes also expressed CXCR4 on their surface. 
Thus, SDF-1/CXCR4 axis inhibition could have an 
impact on the development of tumor cells either by 
inhibition of the cell signaling involved in survival 
and proliferation or by acting on the micro 
environment (30). 

In this study, the impact of the mutual action of 
intracerebral internal vectorized radiotherapy and 
active CXCR4-immunotargeting was investigated 
using 12G5-conjugated LNC188Re in a xenogeneic and 
orthotopic glioma model of human U87MG cells 
expressing the CXCR4 receptor implanted in Scid 
mice. 12G5 is indeed a function-blocking antibody of 
the CXCR4 notably reported to inhibit SDF-1-induced 
glioblastoma cell proliferation (31). Special attention 
was paid to the therapeutic efficiency of the strategy 
and to the detailed behavior of locoregional 
nanocarriers. 

Materials and Methods 
Study design 

This study was designed to investigate the 
interest of in vivo cellular targeting of rhenium-loaded 
lipid nanocapsules in a locoregional strategy. 
Anti-tumor efficacy and nanocarrier diffusion were 
investigated in situ. Nanocarrier synthesis required 
immunoglobulin production (Control IgG and Ig 
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directed to CXCR4) and coupling chemistry. The 
U87MG cell line was chosen as a model of tumor 
expansion in vivo. In order to overcome variations in 
CXCR4 expression in these cells, U87MG were 
transfected by a lentivirus coding for this receptor that 
results in the stable expression of the target CXCR4 in 
U87MG. Swiss Scid female mice were used for 
intra-cerebral implantation of GBM tumor cells. To 
demonstrate the efficiency of the anti-tumor strategy, 
treatments were administered through CED in one 
injection to obtain the largest possible distribution of 
the radiotherapeutic nanocarriers. MRI imagery 
enabled the characterization of the brain tumor tissue 
response to therapy. To understand the locoregional 
influence of target expression on the distribution of 
functionalized nanocarriers in the tumor parenchyma, 
a chimerical tumor model was developed from 
U87MG cells, one expressing CXCR4 and RFP 
(CXCR4+/RFP+) and the other not (CXCR4-/RFP-). 
Nanocarrier distribution was monitored by another 
fluorophore, different from the one used for the cells, 
and RFP/LNC colocalization in brain tumors was 
studied using fluorescence spectral imaging. Analyses 
were performed with dedicated software. Animals 
were then randomly assigned to different treatment 
groups within each cage and all the experiments were 
conducted under an approved protocol of the French 
Minister of Agriculture and the European 
Communities Council Directive of 24 November 1986 
(86/609/EEC). The Ethics Committee for Animal 
Experimentation of the Region “Pays-de-la-Loire” 
approved the protocol used (permit number: 
CEEA.2012.60). All surgery was performed under 
ketamine/xylazine anesthesia, and all efforts were 
made to avoid suffering. 

Tumor cell line culture and transfection 
Human malignant glioma cell lines U87MG were 

purchased from the American Tissue Culture 
Collection (ATCC, Rockville, MD). Tumor cells were 
cultured in Dulbecco’s Modified Eagle’s medium 4.5 
g/L glucose and L-glutamine (DMEM, Lonza, 
Verviers, Belgium) supplemented with 10% 
heat-inactivated fetal bovine serum (FBS, Lonza) and 
1% antibiotic suspension (10 units/mL of penicillin, 
10 mg/mL streptomycin and 25 µg/mL amphotericin 
B, Sigma-Aldrich, Saint-Louis, MO, USA). Tumor cells 
were incubated at 37°C with 5% CO2 and 21% 
oxygenation.  

In order to overcome variations in CXCR4 
expression, the U87MG, known in our laboratory to 
not express this receptor, was transfected with two 
lentiviruses, one encoding CXCR4 (# LVP103, 
GenTarget Inc, San Diego, Ca) or the control lentivirus 
instead (CMV-Null-RB, GenTarget). The U87MG cells 

(104 cells/mL) harvested in the exponential growth 
phase were seeded on a 6-well plate in Eagle’s 
minimal essential medium (EMEM, Lonza) with 10% 
FBS at 37°C in a humidified atmosphere with 5% CO2. 
Lentiviral particles were harvested 24 h after seeding. 
The medium and the lentivirus were removed 24 h 
after infection. The infected tumor cells were kept in 
culture and selected 72 h after infection by adding 
Blasticidin (10 µg/mL) (Fisher Scientific, Illkirch, 
France). 

Flow cytometry 
U87MG were collected and dissociated using 

trypsin (Sigma-Aldrich). They were incubated with 5 
µg/mL 12G5 (CD184, #555971, BD Pharmingen) or 
IgG2a (BD Biosciences, Le Pont-de-Claix, France) or 
immuno-LNCs (1/200) for 1 h at 4°C in PBS 
containing 5% FBS and 0.02% sodium azide. After 
three washes in PBS/FCS/azide, cells were incubated 
for 30 min at 4°C with 20 µg/mL FITC-conjugated 
goat anti-mouse IgG F(ab’)2 fragment (Dako, Trappes, 
France) in PBS/FCS/azide. Following three more 
washes, cells were re-suspended in PBS with added 
2% formaldehyde and 0.02% sodium azide before 
flow cytometry. 

A BD FACSCalibur™ fluorescent-activated flow 
cytometer and BD CellQuest™ software 
(BD-Biosciences) were used for flow cytometry 
acquisition. Analysis was carried out using WinMDI 
2.9 software (Scripps Institute, La Jolla, CA, USA). 

Preparation of the 188Re-SSS complex 
188Re as carrier-free Na [188ReO4-] in physiological 

solution was obtained by saline elution and 
concentration of 188W/188Re generator (Institut des 
Radioéléments, Fleurus, Belgium). The 188Re-SSS 
complex was prepared using the method of Lepareur 
et al. (32). Briefly, the 188Re-SSS was obtained by the 
reaction of the ligand sodium dithiobenzoate (Organic 
synthesis platform, Rennes, France) with a 
freeze-dried formulation containing 30 mg sodium 
gluconate, 30 mg ascorbic acid, 40 mg potassium 
oxalate, and 4 mg SnCl2.2H2O reconstituted in 0.5 mL 
of physiological serum. ~2 GBq of 188Re-perrhenate 
(188ReO4-; in 0.5 mL) was added, and the solution was 
mixed for 15 min at room temperature (RT). Next, 20 
mg of sodium dithiobenzoate (in 0.5 mL; pH = 7) was 
added before the solution was heated at 100°C for 30 
min, which enabled the formation of the 188Re-SSS 
complex. Due to its preparation in aqueous media, the 
188Re-SSS complex was extracted with 
dichloromethane (1 mL) and washed three times with 
1 mL of deionized water. 

Nanocapsule formulation and characterization 
Lipoïd® S75-3 (soybean lecithin at 69% of 
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phosphatidylcholine) and Solutol® HS15 (a mixture 
of polyethylene glycol 660 and polyethylene glycol 
660 hydroxystearate) were supplied by Lipoïd Gmbh 
(Ludwigshafen, Germany) and BASH (Ludwigshafen, 
Germany), respectively. NaCl was supplied by Sigma 
(St-Quentin, Fallavier, France). Deionized water was 
obtained from a Milli-Q plus system (Millipore, Paris, 
France). Lipophilic Labrafac® CC (caprylic-capric 
acid triglycerides) was supplied by Gattefosse S.A. 
(Saint-Priest, France).  

Studies were performed on 50 nm diameter 
LNCs. The LNCs were prepared according to the 
phase-inversion process described by Heurtault et al. 
(12) that follows the formation of an oil/water 
microemulsion containing an oily/fatty phase 
(triglycerides: Labrafac® WL 1349), a non-ionic 
hydrophilic surfactant (polyethylene glycol 
hydroxystearate: Solutol®HS15), and a lipophilic 
surfactant (lecithins: Lipoïd® S75-3). Briefly, 18.75 mg 
Lipoïd® S75-3, 211.5 mg Solutol® HS15, 257 mg 
Labrafac®, 22.25 mg NaCl and 740.5 mg deionized 
water were mixed by magnetic stirring. The 188Re-SSS 
complex extracted with dichloromethane (1 mL) was 
then added to the other components of the emulsion. 
The organic solvent was removed by being heated at 
60°C for 15 min. Three cycles of progressive heating 
and cooling between 60°C and 90°C were then carried 
out, followed by an irreversible shock caused by 
adding 3.125 mL of deionized water at 0°C. The 
suspension was then subjected to low magnetic 
stirring for 5 min. LNC188Re were filtered using a 0.22 
µm filter. The mean diameter, polydispersity index 
and zeta-potential were then determined using 
Malvern Zetasizer® Nano Series DTS 1060 (Malvern 
Instruments S.A., Worcestershire, UK). 

Immunoglobulin purification and coupling of 
monoclonal antibodies to LNC188Re 

C1.18.4 (IgG2a producing cells) (TIB-11™) was 
obtained from ATCC and was cultivated in DMEM 
(Lonza) with 1% antibiotics and 10% horse serum. 
12G5 was a kind gift from Dr. James Hoxie 
(University of Pennsylvania) and was cultivated in 
DMEM (Lonza) supplemented with 1% antibiotics, 
8% NCTC (Lonza) and 20% FBS. Cells were plated in 
uncoated flasks at 2x104 cell/mL and maintained at 
37°C and 5% CO2 until they reached 106 cell/mL, 
before being replated and immunoglobulins were 
removed from the supernatants. 

The supernatant harvested from cultures of the 
12G5 and TIB-11 hybridoma cell lines containing 12G5 
and IgG2a isotype control monoclonal antibodies 
(mAbs), respectively, was concentrated using 
Amicon®Ultra (100 000 MWCO) according to the 
manufacturer’s instructions (Millipore, Billerica, 

USA). Immunoglobulins were then purified by 
passage over a high performance HiTrap Protein G 
HP column (GE Healthcare, Orsay, France) followed 
by elution in acid conditions and immediate 
neutralization according to the manufacturer’s 
instructions. MAbs buffer was changed by dialysis 
into PBS using overnight membrane dialysis (15 000 
MWCO, SpectrumLabs, Rancho Domingez, CA, USA) 
and then concentrated with Amicon®Ultra centrifugal 
filter units (30 000 MWCO, Millipore). The 
concentration of antibodies was determined with a 
NanoDrop 2000 spectrophotometer (Thermo 
Scientific). For thiolation, mAbs was incubated in PBS 
with 2-iminothiolane (Traut’s reagent, Fisher, Illkirch, 
France) at a mole/mole ratio of 1/40 (6.2 mg mAbs for 
0.224 mg 2-iminothiolane in 1 mL PBS) under 
agitation for 1 h in the dark. Traut’s reagent was 
eliminated by purification of relational medium on 
PD10 column (Sephadex™ G-25M, GE Healthcare, 
Buckinghamshire, UK).  

MAbs were coupled to LNC188Re according to 
method 2 described by Bourseau-Guilmain et al. (33). 
Briefly, DSPE-PEG2000-maleimide (Avanti Polar 
Lipids, Alabaster, USA) solubilized in DPBS, was 
added to a solution of DPBS containing 8 mg of 
thiolated mAbs (12G5 and IgG2a) to obtain an 
equimolar concentration of 0.05 mM for the two 
reactive species (DSPE-PEG2000-maleimide and 
thiolated mAbs) in a final volume of 2 mL. The 
solution was incubated overnight at RT under low 
agitation. A total of 170 mg of LNCs corresponding to 
1.3 mL of LNC188Re were added to the formed 
“lipo-immunoglobulins” for 1 h of incubation at 45°C. 
A 1.5 cm x 40 cm sepharose CL4-B column 
(Sigma-Aldrich) equilibrated with sterile water was 
used to separate the functionalized LNC188Re-SSS 
from free micelles composed of free 
lipo-immunoglobulins. Fractions containing 
immnuno-LNC188Re were pooled and concentrated on 
Amicon®Ultra (100 000 MWCO, Millipore, Billerica, 
USA) by centrifugation at 4000 rpm for 30 min. After 
concentration, immuno-LNC188Re were diluted to a 
final concentration of 2.7 MBq in 10L. The mean 
diameter, polydispersity index and zeta potential 
were then determined using Malvern Zetasizer® 
Nano Series DTS 1060. 

Turbidimetric measurements were performed to 
evaluate the concentrations of LNCs in the collected 
fractions. Micro-BCA protein assay (Pierce) was used 
according to the manufacturer’s instructions with DO 
analysis at 580 nm to determine the corresponding 
concentrations of mAbs. The number of mAbs per 
LNC is the ratio of the total number of mAbs on the 
total number of LNCs. The total number of mAbs was 
estimated by mAb concentration (measured by 
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microBCA assay) multiplied by the fraction volume 
multiplied by Avogadro number. The total LNCs was 
estimated by LNC concentration (measured by 
turbidimetry) multiplied by the fraction volume 
divided by Labrafac® density and then, divided by 
50nm LNC volume. 

The radioactivity of each fraction was 
determined using a gamma counter (Packard 
Auto-Gamma 5000 series). 

Western blot analysis 
Total proteins were isolated from GBM cells by 

sonication in a lysis buffer composed of 50 mM 
HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, pH 8, 
2.5 mM EGTA, pH 7.4, 0.1% Tween 20, 10% glycerol, 
0.1 mM sodium orthovanadate, 1 mM sodium 
fluoride, 10 mM glycerophosphate and 0.1 mM 
phenylmethylsulfonyl fluoride (PMSF). Proteins 
(20 μg) were resolved on 4–20% Mini-PROTEAN® 
TGX™ precast polyacrylamide gels (Bio-Rad, 
Marnes-la-Coquette, France) and transferred to an 
Amersham GE Healthcare PVDF membrane (0.45 μm 
pore size) (Fisher Scientific, Illkirch, France). The 
following antibodies were used: a rabbit anti-human 
Phospho-Akt (Ser473) (#4058, clone 193H12, Ozyme, 
St Quentin en Yvelines, France), rabbit anti-human 
Akt (#9272, Ozyme). They were diluted at a ratio of 
1:1000 according to the manufacturer’s instructions. 
Goat anti-Rabbit and anti-Mouse IgG Secondary 
Antibody, HRP conjugate (Fisher Scientific, Illkirch, 
France) was used at a dilution of 1:2000. Detection 
was performed on SuperSignal™ West Femto 
Maximum Sensitivity Substrate (Fisher Scientific, 
Illkirch, France) with a ChemiCapt 3000 imaging 
system (Vilber Lourmat, Marne-la-Vallée France). 

Mouse models 
All mouse experiments were approved by the 

Ethics of Animal Experiments of the Pays de la Loire 
committee (Permit No. CEEA. 2012.60; Authorization 
n°A 49-2012-04). Female CB17-SCID 
immune-deprived (CB-17/lcr-Prkdcscid/Rj) mice aged 
6-7 weeks were obtained from Janvier Labs (Le Genest 
Saint Isle, France). The animals were kept in 
polycarbonate cages in a room with controlled 
temperature (20-22°C), humidity (50-70%), and light 
(12 h light/dark cycles). Room air was renewed at the 
rate of 10 room air changes/h. Tap water and food 
were provided ad libitum. 

Tumor cells for intracerebral implantation were 
trypsinized, counted, and checked for viability by 
trypan blue exclusion. The cells were washed twice 
with phosphate-buffered saline (PBS, Lonza) and 
suspended in EMEM (Lonza) with no FBS or 
antibiotics at a final concentration of 1x107 cells/mL. 

The mice were anesthetized with an intraperitoneal 
injection of a solution containing 100mg/kg body 
weight of ketamine (Clorkétam 1000, Vétoquinol, 
Lure, France), and 13mg/kg body weight of xylazine 
(Rompun 2%, Bayer, Puteaux, France) in sterile water. 
Using a stereotactic head frame (Stoelting, Wood 
Dale, IL, USA) and a 10 µL Hamilton syringe 
(Hamilton® glass syringe 700 series RN) with a 32-G 
needle (Hamilton®), 5 µL of 5x104 U87MG CXCR4 
positive cells were injected into the mouse’s right 
striatum. The coordinates used for the intracerebral 
injection were 0.5 mm anterior to the bregma, 2 mm 
lateral to the sagittal suture (right hemisphere), and 3 
mm below the dura. 

For the spectral imaging experiment, a cell 
suspension containing 7/10 of U87MG and 3/10 of 
U87MG CXCR4 positive cells at a concentration of 
5x104 in 5 µL was injected in the same way. 

Tumors were implanted in 8-week-old female 
SCID mice. The efficacy of 12G5-LNC188Re was 
assessed at a late stage of tumor progression, and to 
this end, the animals received internal radiotherapy 
on D12. The type of administration of treatments was 
CED at a final volume of 10 µL and a flow rate of 0.5 
µL/min. The experiment comprised seven groups: a 
12G5-LNC188Re group (n = 6), IgG2a-LNC188Re group 
(n = 7), LNC188Re group (n = 7), 12G5-LNC group (n = 
6), IgG2a-LNC group (n = 6), LNC group (n = 9), and a 
saline solution group (n = 6). We chose to set the 
injected activity at 2.7 MBq of LNC188Re because it 
had been shown to be effective after a single injection 
in a previous animal model (13). 

Animals were anesthetized as previously 
described. A volume of 10 µL was injected into the 
mouse striatum at a flow rate of 0.5 µL/min using a 10 
µL syringe (Hamilton® glass syringe 700 series RN) 
with a 32-G needle (Hamilton®) connected to a pump 
(Harvard apparatus Pump II Elite, Les Ulis, France). 
For this purpose, the mice were immobilized in a 
stereotactic head frame. The coordinates used for CED 
were the same as previously described. Following the 
injection, the needle was left in place for an additional 
5 min to avoid expulsion of the suspension from the 
brain during the removal of the syringe. 

MRI of mice 
Mice under isoflurane anesthesia (1.5-0.5%, O2 

0.5 L/min) were scanned using a Burker Biospec 
70/20 device, operating at a magnetic field of 7T 
(Bruker, Wissembourg, France), equipped with a 1 H 
cryoprobe to assess tumor development. Mouse body 
temperature was maintained at 36.5-37.5°C by a 
feedback-regulated heating pad throughout the 
imaging protocol. Rapid anatomical proton images 
were obtained using a rapid acquisition with 
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relaxation enhancement (RARE) sequence [TR = 3200 
ms; mean echo time (TE) = 21.3 ms; RARE factor = 4; 
FOV = 2 cm x 2 cm; matrix 256 x 256; 11 contiguous 
slices of 0.5 mm, Nex = 1]. 

Immunohistochemitry 
Animals were sacrificed at three different points 

in the protocol: at day 12, corresponding to the 
characteristics of the tumor before treatment, at day 
19, and at the end point. The brains of tumor-bearing 
animals were frozen at -30°C in isopentane cooled 
with liquid nitrogen and stored at -80°C. 14 μm 
cryosections were made using a cryostat Leica 
CM3050S and stored at -20°C. They were then fixed 
with methanol for 10 min at -20°C. For CD68 and 
inducible type-2 nitric oxide synthase (NOSII) 
immunostaining, sections were rehydrated with 1× 
PBS for 15 min and fixed with paraformaldehyde 4% 
(PFA) for 10 min at 4°C. For arginase-1 (Arg1), 
sections were fixed with 95% ethanol / 5% acetic acid 
for 20 min at -20°C. In order to block nonspecific sites, 
the sections were incubated for 45 min at RT in PBS 
containing 4% bovine serum albumin (BSA) or PBS / 
4% BSA / 0.25% Triton for intracellular labeling and 
10% normal goat serum, and washed three times with 
PBS. Sections were then incubated overnight at 4°C 
with primary antibodies diluted in 4% PBS/BSA: 
CD31 (1/200, #550274, BD Pharmingen), CD11b 
(1/200, #MCA74G, AbD Serotec), CXCR4 (1/200, 
#PA3-305, Thermo Scientific), MMP9 (1/1000, 
#ab38898, Abcam), Ki67 (1/1000, #ab16667, Abcam), 
IgG2a (1/320, #559073, BD Pharmingen), IgG2b 
(1/100, #559478, BD Pharmingen). In the same way, 
CD68 (1/200, #ab125212, Abcam), NOSII (1/200, 
#ABN26, Merck Millipore) and Arg1 (1/200, 
#ABC897, Merck Millipore) were diluted in PBS / 4% 
BSA / 0.25% Triton and sections were incubated as 
previously described. After three washes with PBS, 
primary antibodies were detected using a biotinylated 
anti-Rat, anti-Rabbit or anti-Mouse IgG secondary 
antibody (1/100, Vector Laboratories). After 1 h RT, 
the sections were washed three times with PBS. 
Sections were developed with FITC-conjugated 
secondary antibody (1/500, Streptavidine-FITC 
conjugate, Dako) after 45 min incubation at RT and 
mounted using Dako Fluorescent Mounting Medium 
(Dako). Labeled cryosections were analyzed under a 
fluorescent microscope (Axioscope® 2 optical). 
Quantifications were made using the 
MetaMorph®/MetaViewTM computer image-analysis 
system. 

Fluorescence spectral imaging 
The distribution of the nanoparticles in the brain 

tumors was monitored using a fluorescence spectral 

imaging technique. This technique, which consists of 
recording full spectra from different points of scanned 
sample regions, makes it possible to distinguish the 
fluorescence signal of numerous co-localized 
fluorophores and/or their different molecular states 
(34,35). In the present work, we used spectral imaging 
to simultaneously monitor the autofluorescence of 
tissues, the fluorescence of RFP-labeled cells and that 
of LNCs fluorescently labeled with DiD dye.  

To this end, 50 nm LNCs loaded with DiD were 
prepared using the inversion phase process described 
by Hirsjärvi et al. (36). Briefly, Solutol®, Lipoïd®, 
Labrafac®, NaCl® and water were mixed and DiD in 
acetone (Invitrogen, Cergy Pontoise, France) was 
added to this mixture. The concentration of DiD was 3 
mg/g (weight ratio dye/Labrafac®). Acetone was 
evaporated by heating for 15 min at 60°C under 
stirring. As described above, a micro-emulsion o/w 
was performed after three cycles of heating/cooling 
between 60°C and 90°C and fixed by adding water at 
0°C. 

DiD-LNCs were coupled with 12G5 and IgG2a 
mAbs in a similar way to LNC188Re and were injected 
by CED into the right striatum of the chimeric tumor 
(U87MG/U87MG CXCR4+, (70:30)) of cancer- 
carrying mice. Four groups of four animals received 
the following treatment: DiD-LNCs, 12G5-DiD-LNCs, 
IgG2a-DiD-LNCs, saline solution. 24 h after injection, 
the animals were sacrificed and the brains of tumor 
bearing mice were removed. Brain cryosections 14 µm 
thick were made and placed on glass slides, with no 
additional treatment. 

The fluorescence spectral maps were recorded 
by scanning selected regions of the cryosections under 
a ×10 objective of a confocal microspectrometer 
(Labram, Horiba SA, France) equipped with a 300 
line/mm diffraction grating and an air-cooled CCD 
detector. The fluorescence spectra were excited using 
the 488 nm line of an Ar+ laser (Melles Griot, France). 
The laser power on the sample was reduced to ~30 
µW. Spectra were acquired with a 3 µm step size at 
0.02 s intervals per spectrum.  

The maps were recorded and treated using 
LabSpec software (Horiba SA, France). Briefly, each 
experimental spectrum was fitted with a proportional 
sum of model spectra characteristic of the molecular 
composition of the samples, described below. The 
fitting coefficients were used to generate parametric 
maps describing the distribution of the corresponding 
fluorophores.  

Statistical analysis 
GraphPad Prism 5 Version 5.03 was used for 

data analysis. Statistical analyses were performed 
using one- or two-way analysis of variance (ANOVA) 
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while statistical significance for survival experiments 
was determined using the log rank test. The tests were 
considered as significant when p-values were less 
than 0.05 and highly significant when p-values were 
less than 0.001. 

Results 
CXCR4-recognizing immuno-nanoparticle 
synthesis and characterization 

To obtain nanoparticles that matched our 
requirements and the prerogatives of intracerebral 
internal vectorized radiotherapy and active 
CXCR4-immunotargeting, lipid immunonanocap-
sules were formulated and characterized.  

The physical-chemical proprieties of LNCs are 
presented in Table 1. Blank LNCs were obtained with 
a mean size of 55.41±3.6 nm while displaying a very 
narrow distribution (PDI < 0.1). LNC188Re were 
measured at 58.12±2.5 nm, and were also highly 
monodisperse. Post-insertion, immunoglobulin 
enhanced LNC size by about 5 to 8 nm for blank LNCs 
(12G5-LNC = 60.44±2.8 nm and IgG2a-LNCs = 
63.48±3.8 nm) and by about 17 to 19 nm for LNC188Re 
(12G5-LNC188Re = 77.25±6.8 nm and IgG2a-LNC188Re 
= 74.81±6.5 nm). The polydispersity index exceeded 
that of non-functionalized LNC (PDI < 0.1), thus 
presenting a slightly higher degree of heterogeneity 
but still around a 0.2 threshold for reliability in terms 
of uniform LNC primary size (of about 50-100 nm) 
with no aggregation and no agglomeration (37). 
Zeta-potentials were negative for all nanocarriers but 
were reduced by immunoglobulin post-insertion and 
to a greater extent for immuno-LNC188Re. The greater 
increase in the size of LNC when lipophilic complexes 
of rhenium are encapsulated could be explained by 
the steric hindrance of the heart of the nanoparticles in 
which the fatty acid chains of the 
immunoglobulin-conjugated DSPE-PEG monomers 
are anchored, but also by the surfactant properties of 
the monomers effectively post-inserted depending on 
the conditions (Table 1). The reduction in zeta 
potential, which is greater in the presence of 188Re-SSS 
complex, combined with the increase in size strongly 
supports surface functionalization of the newly 
formulated nanocarriers by the added 
immunoglobulins (Table 1). 

The immuno-LNC188Re manufacturing process 
was divided in two phases: on the one hand, 
formation of the 188Re-SSS complex, and on the other 
hand, the formation of LNCs accompanied by a 
post-insertion/purification/concentration procedure. 
The formation of the 188Re-SSS complex follows the 
reaction described by Lepareur et al. (32). Perrhenate 
(188ReO4) was reduced to form an intermediate 

compound that reacts with the sodium salt of a 
diothiobenzoate ligand to give the neutral complex 
[188Re(PhCS3)2(PhCS2)]. This 188Re-SSS was added to 
other LNC excipients to form LNC188Re. After 
formation, thiolated antibodies (12G5 or IgG2a) were 
incubated with blank LNCs or LNC188Re for 1 h at 
45°C. Post-insertion time was reduced compared to 
the process described by Bourseau et al. (33) because 
of 188Re half-life. Antibody stability was evaluated to 
check if heating at 45°C destroyed the antibody and 
its recognition of its receptor CXCR4. Flow cytometry 
analysis showed that heating did not affect 12G5 
recognition capacity (Figure 1A). After incubation, 
immuno-LNC188Re were purified on a sepharose 
column. Fractions (1 mL) were harvested and 
antibody and LNC concentrations and activity were 
measured for each fraction (Figure 1B). There were 
~10 antibodies on each LNC, thus representing a w/w 
ratio of ~4% (Table 1). Maximum measured activity 
correlated with fractions containing immuno-LNC. 
Next, the positive fractions were concentrated to 
obtain a final concentration of 2.7 MBq in 10 µL.  

Table 1. Physical-chemical properties (size, polydispersity index 
(PDI), zeta-potential) of the different LNC. Differences between 
classical LNCs and immuno-LNCs: *p-values < 0.05 Differences 
between LNC188Re and rhenium-free LNC: #p-value < 0.05. 

 Size (nm) PdI Zeta-potential 
(mV) 

Antibodies 
per LNC 

LNC 55.41±3.6 0.03±0.01 -4.51±0.75  
12G5-LNC 60.44±2.8 0.24±0.15 -13.87±2.0 35±20 
IgG2a-LNC 63.48±3.8 0.26±0.01 -14.95±2.2 15±2 
LNC-188Re 58.12±2.5 0.05±0.03 -8.37±3.5  
12G5-LNC188Re 77.25±6.8 0.21±0.04 -24.77±4.9 13±3 
IgG2a-LNC188Re 74.81±6.5 0.21±0.03 -26.23±8.3 10±5 

 
Immunospecificity was checked for 12G5-LNC 

to determine the ability of the post-inserted antibody 
to effectively recognize its receptor. The flow 
cytometry analysis in Figure 1C shows that 
12G5-LNCs efficiently recognized CXCR4 but with 
lower signal intensity than free 12G5 through the 
technology we used (amplification with a secondary 
antibody as for classical immunostaining). This 
difference is likely due to a distinct mode of 
presentation of the antibody at the surface of the 
LNCs and steric hindrance around the LNCs, which 
partly affected not only recognition of CXCR4 positive 
cells but also of the technical parameters needed to 
reveal this recognition, including secondary antibody 
fixation. Interestingly, the capability of recognition of 
CXCR4 positive cells by these immuno-LNCs 
persisted at full capacity for up to two days after 
formation (Supplemental Figure S1).  

Considering the optimum bio-physical-chemical 
properties for CED injection reviewed by Allard et al. 
(to remain dynamic within the extracellular matrix 
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compartment, have a neutral or negative surface 
charge, and to present a steric coating to reduce 
non-specific binding, and finally to have a targeting 
moiety to recognize and adhere to a target cell), the 

ideal nanoparticles would be <100 nm in diameter 
(38). Hence, the radio-immuno-LNCs developed in 
the present work conforms with these requirements 
for optimum performance of CED injection. 

 

 
Figure 1. Synthesis of lipid nanocarriers and bio-physical-chemical characterization. A) Stability of recognition of the 12G5 antibody depending on temperature 
assessed by flow cytometry analysis. B) Validation of immuno-LNC synthesis. Thiolated antibodies (12G5 and IgG2a) were added to LNC188Re or blank LNCs and 
incubated for 1 h at 45°C. Then, immuno-LNCs were purified on a sepharose column and positive fractions were concentrated. As represented on the left graph, 
micro-BCA assay was performed on each collected fraction to determine Ab concentration (dashed line) while gamma counting allowed measurement of the activity 
of each fraction (cpm, solid line). The right graph is representing LNC concentration determined by turbidimetric measurements (dotted line). C) Immunospecificity 
assay of free 12G5 antibody and 12G5-LNCs determined by flow cytometry. 
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Human GBM cells that constitutively 
overexpress the CXCR4 are tumorigenic and 
more aggressive in vivo than their wild type 
counterpart 

In order to obtain a stable CXCR4-positive 
glioblastoma cell line, U87MG cells were transfected 
with an integrating non-replicative lentiviral vector 
coding for this receptor and the fluorophore RFP (red 
fluorescent protein) (Figure 2A). In our culture 
conditions, classical U87MG glioma cells were 
CXCR4-negative. After transfection, CXCR4 regular 
constitutive expression was checked by flow 
cytometry analysis. Figure 2B shows that, in cells 
transfected by the CXCR4 encoding lentiviral particle, 
90% of cells are CXCR4-positive. Conversely, cells 
transfected by the control lentiviral construct are 
CXCR4-negative (Figure 2B). 

To address their tumorigenic potential and 
orthotopic growth in vivo, U87MG CXCR4- and 
U87MG CXCR4+ cells were then implanted into the 
right striatum of SCID female mice. Tumor growth 
was monitored by MRI (Figure 2C). Images and 
calculated tumor volume showed that 
CXCR4-positive tumors were more invasive and grew 
faster than CXCR4-negative tumors. At day 9, 
CXCR4- tumors measured 0.9 mm3 and did not grow 
in 8 days (0.6 mm3 at day 17). Conversely, CXCR4+ 
tumors measured 4 mm3 at day 9 and more than 
doubled in size in 8 days (10.2 mm3 at day 17). Finally, 
the median survival (humane endpoint) of animals 
implanted with the two cell lines differed by about 5 
days (30 versus 35 days) with an early clinical impact 
of the CXCR4 positive cells (Figure 2C). 

In light of these results on tumor growth, which 
established tumor mass visible in a MRI from day 9 
with the stable non-fluctuating CXCR4 positive 
glioblastoma cell line, it was decided that these mice 
would be further treated intracerebrally at the tumor 
site at day 12. To define the actual distribution of these 
CXCR4+/RFP+ tumor cells in situ and tumor 
characteristics at this stage, tumor tissue 
characteristics were determined at day 12 after 
U87MG CXCR4 positive tumor cell implantation by 
immunohistochemistry (Figure 2D). RFP expression 
(in red) established the expansion limit of the tumor 
mass while CXCR4 labeling demonstrated that most, 
if not all, tumor cells efficiently expressed CXCR4 at 
day 12. This result is essential with respect to our aim 
to target, at the locoregional level, a receptor 
associated with the target cells to eliminate them, and 
whose permanent expression is proved in all 
implanted RFP+ cells. Interestingly, CXCR4+/RFP+ 
tumors were highly labeled with the CD31 antibody, 
thus demonstrating a dense and homogenous 

vasculature of the tumor at day 12 (Figure 2D). 
Moreover, CD11b+ macrophages, which are also 
known to participate both in tumor growth and 
vasculogenesis, infiltrated the CXCR4+/RFP+ tumors 
at that stage, especially at the periphery of the tumor 
(Figure 2D).  

Immuno-functionalization of 188Re-loaded 
LNCs by a CXCR4-recognizing 
immunoglobulin improves their preclinical 
efficacy in CXCR4+ brain tumors after 
locoregional application through 
convection-enhanced delivery (CED) 

The in vivo efficacy of internal radiation therapy 
with the functionalized 12G5-LNC188Re was studied. 
Mice were treated with stereotactic injections of 2.7 
MBq of LNC188Re, 12G5-LNC188Re or IgG2a-LNC188Re 
or equivalent LNC concentration of non-radioactive 
nanocarriers, 12 days after U87MG CXCR4 positive 
cell implantation. These different treatments were 
administrated through CED at a flow of 0.5 µL/min 
for 20 min. In control animals, the median survival 
time was close to 36 days for both blank LNCs and 
saline solution, close to 39 days for IgG2a-LNCs and 
12G5-LNCs, and close to 50 days for both LNC188Re 
and IgG2a-LNC188Re (Figure 3A and Table 2). There 
were no significant differences between the control 
groups (p > 0.05). Treatment with 12G5-LNC188Re was 
associated with a 50% increase in median survival 
time (IMST) compared to non-radioactive treatments, 
with two animals surviving more than 100 days (long 
survivors). MRI follow-up with representative 
images, Figure 3B, corroborated this observation. 
Tumors were present in each group at the beginning 
of the experiment. Tumors regressed or totally 
disappeared when the animals were treated with 
12G5-LNC188Re, IgG2a-LNC188Re and LNC188Re with 
various times to progression. Mice treated with 
LNC188Re presented a new visible tumor mass as early 
as 65 days, animals treated with IgG2a-LNC188Re 
relapsed from 85 days on and those treated with 
12G5-LNC188Re from 100 days on (Figure 3B). Thus, 
CED infusion of 12G5-LNC188Re was the most 
effective treatment with the longest measured time to 
progression. Nevertheless, there were no significant 
differences between the 12G5-LNC188Re treated group 
and other rhenium treated groups (IgG2a-LNC188Re 
and LNC188Re) and only 12G5-LNC188Re treated mice 
had a significant survival benefit compared to 
non-radiated animals (significant difference 
compared to 12G5-LNCs and IgG2a-LNCs and very 
significant difference compared to saline solution and 
blank LNCs) (Figure 3A and Table 2). 
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Figure 2. Orthotopic in vivo implantation of CXCR4 overexpressing cells reveals their tumorigenic potential and their intrinsic aggressiveness. A) Schematic 
representation of lentivirus coding for CXCR4 or a control gene. B) Cytometry analysis performed on U87MG transfected cells. The 12G5 antibody efficiently labeled 
U87MG CXCR4+ cells but not U87MG negative cells, transfected with the control lentivirus. C) Representative MRI performed at day 9 and day 17 after implantation 
of U87 CXCR4- cells and U87 CXCR4+ cells (arrows indicate tumor tissue) with resulting apparent tumor volumes and corresponding Kaplan-Meier curves. D) 
Immunohistochemistry analysis of U87 CXCR4+ tumors 12 days after implantation. CXCR4, CD31, CD11b and corresponding isotype control labeling appears in 
green (arrows) with RFP in red. 



 Theranostics 2017, Vol. 7, Issue 18 
 

 
http://www.thno.org 

4527 

 
Figure 3. Immuno-functionalization of 188Re-loaded lipid nanocapsules by a CXCR4-recognizing immunoglobulin reveals their preclinical efficacy after single infusion 
through convection-enhanced delivery into CXCR4-positive brain tumors. A) Kaplan Meier curves. B) MRI follow-up of mice treated with saline solution (PBS), blank 
LNC, immuno-LNCs (12G5-LNCs and IgG2a-LNCs) and internal radiation therapies (LNC188Re, IgG2a-LNC188Re and 12G5-LNC188Re). 

 

Table 2. Statistical analysis of mice survival performed with Log rank test (* p < 0.05; ** p < 0.001) 

 PBS 
N=6 

LNC 
N=9 

IgG2a-LNC 
N=6 

12G5-LNC 
N=6 

188ReLNC 
N=7 

IgG2a188ReLNC 
N=6 

12G5188ReLNC 
N=7 

Median survival (days) 38.5** 34** 41* 37.5* 48 51 74 

 
Overall, we broadened the preclinical impact of 

188Re-loaded-LNCs, which was a function of the 
structure of the LNC (immuno-LNCs versus classical 
LNCs) and might be related to their capability of 
recognition of the CXCR4 receptor favoring specific 
tissue containment (cf. paragraph 
“Immuno-functionalization of lipid nanocapsules by a 
CXCR4 recognizing immunoglobulin had a 
significant impact on their in situ distribution and 
containment in brain areas holding CXCR4-targeted 

tumor cells”. These pre-clinical effects may indeed be 
independent of a functional block of SDF-1 pathway 
caused by the 12G5 antibody combined with the 
nanocarrier system, as supported by in vitro 
exploration of downstream signals such as Akt 
phosphorylation on serine-473, which was not 
significantly affected by co-treatment by SDF-1 
combined with 12G5-LNCs, while expression of total 
Akt remains stable (Supplemental Figure S2). 
12G5-LNCs even slightly activated the pathway. 
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Treatment with 12G5-LNC188Re had a 
significant impact on the phenotype of 
radioresistant tumors 

In order to define the locoregional effects of CED 
treatment on tumor phenotype with 
188Re-loaded-LNCs versus unloaded-LNCs, 
immunohistological investigations were performed at 
7 days post CED corresponding to 19 days post cell 
implantation. Analysis of CD31, CD11b MMP9 and 
Ki67 expression in tumor bearing brains revealed no 
major modifications of tumor vascularization, 
invasion macrophage infiltration, or cell proliferation 
in the presence of 188Re-loaded-LNCs, at this stage of 
analysis (data not shown).  

To further investigate the histological profile and 
phenotype of tumors that resisted the 
radiotherapeutic protocols, an immunohistological 
analysis was also performed by considering the 
humane endpoint in animals that would have died 
from their tumor. Animals were sacrificed when they 
lost 10% of their original weight. As for the treatment 
day, tumor vasculature and CD11b+ macrophage 
infiltration were evaluated and tumor cells were red 
(RFP+, CXCR4+) (Figure 4). No significant differences 
between tumor vasculature were observed whatever 
the treatment, only the brains of 12G5-LNC188Re and 
IgG2a-LNC188Re treated mice presented less CD31 
labeling, and the tumors in 12G5-LNC188Re treated 
mice appeared to be hypovascularized compared to 
other tumors. Interestingly, CD11b+ labeling was 
inversely proportional to tumor vasculature. Indeed, 
there was a high CD11b+ infiltrate in the brains of 
12G5-LNC188Re treated mice, much higher than with 
the other treatments. Nevertheless, tumor bearing 
brains from LNC188Re and IgG2a-LNC188Re treated 
mice also presented a higher CD11b+ infiltrate. In 
order to better understand the significance of this 
increase in myelomonocytic lineage cells in tumors 
treated with nanovectorised radiation therapy, and 
although we are in a non-immune paradigm (SCID 
mouse), macrophage polarization phenotype, which 
represents a useful simplification for the 
demonstration of their plasticity and adaption to 
tumor development and treatment, was investigated 
(39). Immunocharacterization of the continuum 
existing between the CD68+/NOSII+ M1 phenotype 
cells (notably associated with tumor destruction and 
tissue damage) and the CD68+/Arg1+ M2 phenotype 
(usually associated with tumor promotion and tissue 
remodeling) performed on adjacent brain cryosections 
demonstrates that CD68 positive brain areas in 
radiation treated animals (not in controls) were 
expressing Arg1 and NOSII. However, those two 
biomarkers where topographically expressed in clear 
distinct zones of the tumor with NOSII from the 

inside to the external part of the tumor while Arg1 
was exclusively present in the peripheral part of the 
tumor (Figure 4D). 

Immuno-functionalization of lipid 
nanocapsules by a CXCR4 recognizing 
immunoglobulin had a significant impact on 
their in situ distribution and containment in 
brain areas holding CXCR4-targeted tumor 
cells  

Prior to defining preferential staining of LNCs in 
the cerebral tissue of tumor bearing mice, intrinsic 
fluorescence of parenchyma containing 
CXCR4+(RFP+) cells and CXCR4-(RFP-) cells 
(chimeric tumor) were characterized using spectral 
imaging. The spectral imaging method (35) is 
described in the experimental section and illustrated 
in Figure 5. Briefly, zones of brain sections were 
selected at the interface between the tumor and 
peritumoral parenchyma tissue (Figure 5A) and the 
spectral images of these zones were generated. First, 
full fluorescence spectra in the range of 500-800 nm 
(Figure 5C) were recorded at each point scanned with 
a 488 nm laser. Second, spectral analysis of the brain 
spectra allowed us to determine three characteristic 
spectra (Figure 5D): a red spectrum corresponding to 
RFP+ cells (emission maximum at 590 nm), a blue 
spectrum for tumor tissue without RFP (main 
emission maximum at 700 nm) and a green spectrum 
for peritumoral cerebral tissue (main emission 
maximum at 555 nm). Third, each spectrum was then 
fitted with a proportional contribution of the 
characteristic spectra and the fitting coefficients 
served to generate the spectral maps corresponding to 
the topographic distribution of these spectra, i.e., RFP, 
tumoral and peritumoral regions of the samples (see 
Figure 5F-H and their merge in Figure 5B). As can be 
seen by comparing the total fluorescence intensity 
map (Figure 5E) with the spectral map of RFP (Figure 
5F), spectral imaging allows really specific 
localization of the RFP+ cells (CXCR4 positive cells). 
These cells are distributed on the periphery of the 
tumoral/peritumoral tissues.  

Next, a similar approach was applied to study 
the distribution of two kinds of DiD-loaded 
immuno-LNCs (IgG2a-DiD-LNCs or 
12G5-DiD-LNCs) after their injection into the brain 
(Figure 6). For this purpose, the sample spectra at each 
point were fitted with four characteristic spectra 
(Figure 6A): the three spectra described above and an 
additional one (magenta curve) found in the brain 
tissues close to the immuno-DiD-LNCs injection site 
and recognized due to a characteristic DiD 
fluorescence maximum at 670 nm. The respective 
maps of RFP, DiD and their merge with tumoral 
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(blue) and peritumoral (green) zones as well as their 
overlay with the white light images of the tissue 
samples are shown in Figure 6B. Finally, the 
co-localization of RFP with DiD fluorescence was 

calculated in these specific zones and the statistical 
summary is represented by the histogram in Figure 
6C. 

 

 
Figure 4. Immunohistochemical analysis of brain tumors at end point reveals hypovascularization and stimulation of the recruitment of bone marrow derived CD11b-positive 
cells in 12G5-LNC188Re treated animals. A) Quantification of CD31 expression from tumor bearing mice treated with saline solution (PBS), blank LNCs, IgG2a-LNCs, 
12G5-LNCs, LNC188Re, IgG2a-LNC188Re, 12G5-LNC188Re. B) Quantification of CD11b expression from tumor bearing mice treated with saline solution (PBS), blank LNCs, 
IgG2a-LNCs, 12G5-LNCs, LNC188Re, IgG2a-LNC188Re, 12G5-LNC188Re. C) Representative images of brain sections for the 12G5-LNC188Re situation as compared with the PBS 
situation, showing hypovascularized and more CD11b-positive cells infiltrated in 12G5-LNC188Re-treated tumors. RFP, red fluorescent protein, appears in red with CD31 or 
CD11b staining in green. On the left: black and white images of hematein eosin staining of brain sections. p-values: *p<0.05, **p<0.01, comparisons with the PBS control situation; 
°p<0.05, comparisons with the Re-LNCs situation. D) Immunohistochemical analysis of the expression of CD68, NOSII and Arg1 on adjacent tumor brain cryosections; 
representative images of brain sections for the 12G5-LNC188Re situation. Note the exclusive Arg1 staining at the peripheral part of the tumor (arrows) while NOSII correspond 
with all the tumor area labeled by CD68 (arrows and squares). Bottom panels are enlargements of upper rectangles. 
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Figure 5. Fluorescence spectral imaging analysis emphasized the infiltrative nature of CXCR4 positive cells. A) White light image of the tissue. B) Merge of three 
spectral maps shown with pseudocolors corresponding to the three model spectra from D (note the RFP-CXCR4-positive cell migratory front (in red) throughout 
the tumor margin (from the blue to the green area)). C) Overlay of fluorescence spectra recorded from a scanned region of the brain tissue. D) Model fluorescence 
spectra of RFP (red), tumor autofluorescence (blue) and autofluorescence of peritumoral parenchyma tissue (green). E) Total fluorescence intensity map. F-H) 
spectral maps of RFP (F), tumor (G) and peritumoral parenchyma tissue (H). The relative intensity of the encoding scale (from cold to hot) of the maps E-H is shown 
on the right.  

 
As can be seen in Figure 6, when the brain was 

treated with immuno-DiD-LNCs, the co-localization 
of with the CXCR4 positive cells was more 
pronounced (48.0%) for 12G5-DiD-LNC nanocarriers 
than for IgG2a-DiD-LNCs (9.6%). Thus, 
12G5-DiD-LNCs appeared to be more efficiently 
retained in the tissue that expressed its receptor 
CXCR4 than IgG2a-DiD-LNCs. 

Discussion – Conclusion 
The aim of this study was to investigate the 

preclinical feasibility and benefit of a 
functionalization of LNCs for specific cellular 
targeting in the context of vectorized internal 
radiation therapy. We demonstrate that 
12G5-LNC188Re single infusion treatment by CED 
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resulted in a major preclinical improvement in the 
median survival time accompanied by locoregional 
effects on tumor development including 
hypovascularization and stimulation of the 
recruitment of bone marrow derived CD11b-positive 
cells. Interestingly, thorough analysis by spectral 
imaging in a chimeric U87MG GBM model containing 
CXCR4-positive/RFP-positive- and 
CXCR4-negative/RFP-negative-GBM cells revealed 
greater confinement of DiD-labeled 12G5-LNCs than 
control IgG2a-LNCs in RFP compartments. Regarding 

the additional functionality of the nanocarrier several 
aspects have to be emphasized: firstly, the retention of 
rhenium within the brain organ due to the 
nanoparticle (14) and secondly, the interest of this 
new-generation of custom-made immunonanocarriers 
constituting a radiopharmaceutical of particulate type 
as opposed to a molecular one (free antibodies or 
peptides) (40). Hence, the outcome (distribution, 
efficacy, activity gradient) of the radionuclide used is 
here tightly associated to the nano-bio interface 
properties of the newly developed nanosystems. 

 

 
Figure 6. Spectral characterization of immuno-DiD-LNCs (12G5-DiD-LNCs and IgG2a-DiD-LNCs) distribution within the brain parenchyma of tumor bearing mice 
established a preferential containment of CXCR4-immuno-functionalized lipid nanocapsules in brain areas holding CXCR4-targeted tumor cells. A) characteristic 
spectra used to generate the spectral maps: three from Figure 5 and the fourth (magenta) for DiD-stained tissues. B) From top to bottom: spectral maps of the 
fluorescence of RFP (red); DiD (magenta); merge of the 4 spectral maps: RFP (red), DiD (magenta), tumor (blue) and peritumoral (green); the map overlay on the 
white light image of the scanned brain tissue region. Note the strong co-localization for RFP and DiD for the 12G5 situation (rfp12g5) in comparison to the IgG2a 
situation (rfpIg2a) (cf. matching white arrows). C) Statistical summary of calculated co-localization of RFP with DiD fluorescence. 
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On the preclinical benefit of 12G5-LNC188Re in 
an orthotopic CXCR4-U87MG human to 
mouse model of glioblastoma  

LNC188Re indeed had a greater biological impact 
when combined with the 12G5 antibody. Although 
this result was the working hypothesis, it implied 
several phenomena associated with the behavior of 
the radiolabeled nanocarriers. Among those, only a 
small fraction of the nanocarriers used is effectively 
radiolabeled, making it possible for blank-LNCs to 
compete with 188Re-loaded LNCs in the same injected 
suspension. The fact that the CXCR4 targeting 
increases the impact of 188Re-loaded LNCs could be 
ascribed to the rapid turnover of the CXCR4 receptor 
in the parenchyma of the brain tumor (41). This could 
also be linked with the integrity of the nanocarrier 
and the half-life of the radionuclide, another 
possibility being that surface modification of the 
immune-nanocarrier when loaded with 188Re complex 
confers an advantage of recognition of the 12G5 
immunoglobulin. In the present study, we found that 
12G5-immunonanocarriers recognized the CXCR4 
with a lower apparent yield as compared with the free 
12G5 (Figure 1C). Finally, 12G5 immunolabeling of 
LNCs may have resulted in the recognition of many 
distinct cell types, not only tumor cells constitutively 
expressing the receptor but also other cells associated 
with tumor development such as 
monocyte/macrophage CD11b+ (29), microglial cells 
(42) vascular endothelium (43), glioma/neuronal 
progenitor cells (44). 

In line with this hypothesis, tumors that 
developed after the 12G5-LNC188Re treatment 
presented distinct phenotypes with more infiltrating 
macrophages and lower vasculature at the end point, 
a phenomenon that may have resulted from direct 
effects on tumor associated cells but also from indirect 
effects on CXCR4-U87MG cells that can corrupt their 
micro-environment. As such, radiation impact on 
invasion (45), with CXCR4-positive cells located at the 
front of tumor progression in our chimeric model 
(Figure 5B), and hypoxia might be involved (46). 
Interestingly, analysis of macrophage pools present in 
tumors induced by loco-regional irradiation supports 
the cohabitation of the two extremes of the M1/M2 
continuum as not randomly distributed but organized 
with M2-type cells on the colonization front of the 
tumor, supporting the idea that that these cells 
participate in the tumor expansion. In contrast, the M1 
cell types, classically not found in GBM tumors (47), 
were found in large numbers within the cancerous 
parenchyma, an indication of the response to 
treatment that holds much clinical potential for 
immunonanoparticle-based radiotherapy. Hence, 

specific investigations of the role of these contingents 
and their combined polarization/repolarization 
(48,49) deserve to be further performed, also in 
immune models, in order to improve nanovectorized 
irradiation schemes (dose fractionation, synergy with 
chemotherapy) with regard to local recurrences. 
Correlations with CXCR4 fluctuations and molecular 
genetics in patient-derived GBM cells would also be 
of key interest. 

On the region-specific confinement of 
12G5-LNC188Re within the brain tumor 
parenchyma of orthotopic CXCR4-U87MG 
human to mouse model of glioblastoma 

A major result of this study is validation of the 
hypothesis that immuno-nanocarriers effectively 
recognize CXCR4-positive cells in vivo. Thorough 
analysis using a cutting edge spectral imaging 
technology in a chimeric U87MG GBM model 
containing CXCR4-positive/red fluorescent protein 
(RFP)-positive and 
CXCR4-negative/RFP-negative-GBM cells revealed 
greater confinement of DiD-labeled 12G5-LNCs than 
control IgG2a-DiD-LNCs in RFP compartments. This 
is an advance over previous work demonstrating the 
in vitro activity of OX26-immuno-LNC targeting the 
transferrin receptor on rat lymphoblast cells (50) or of 
AC133-immuno-LNC targeting the CD133 on human 
epithelial colorectal adenocarcinoma cells (33). In their 
work, Bourseau et al. engrafted ~30 mAbs on LNCs 
(with method 2 used in the present study) whereas in 
our study, we obtained ~10 mAbs on the surface of 
the LNC. The difference in the number of mAbs 
engrafted on the LNCs could be attributed to the 
different amounts of thiolated groups on the Fc 
fragments of AC133 and 12G5. Nevertheless, this 
strongly implies added functionality for the third 
generation nanocarrier, not only stealth properties but 
also a functional targeting moiety while retaining 
nanoscale size (~75 nm) with homogeneous 
populations (PDI ~0.2).  

In our study, CED was used to infuse the 
12G5-immuno-nanocarriers. Previously, Vanpouille et 
al. highlighted the usefulness of rhenium-188 
encapsulation by showing that 188Re-loaded-LNCs 
maintained high levels of radiopharmaceuticals in the 
brain (14). Thus, 96 h after injection, only 4% and 65% 
of, respectively, LNC188Re and the solution of 
Re-perrhenate (ReO4) injected dose were eliminated in 
urine and feces. These authors also revealed the 
importance of the administration route in the activity 
gradient. Although biodistribution was similar using 
simple (SI) or CED injections, the distribution within 
the brain tissue revealed LNC188Re spread to be 
greater with CED than with SI administration and 
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radioactivity content to be more concentrated by the 
SI injection than CED. Thus, like others before (51), 
Vanpouille et al. demonstrated that CED injection 
provides a much larger volume of distribution than is 
achievable by diffusion and rhenium-188 
encapsulation reduces radiopharmaceutical clearance.  

In the present work, we showed cellular 
confinement of the vector in the tumor brain tissue. 
Spectral imaging analysis showed that 
12G5-DiD-LNCs co-localized with RFP+ zones 
(CXCR4+) more efficiently than IgG2a-DiD-LNC. 
Thus, 12G5-LNCs appeared to be retained in the 
CXCR4+ zone in the tumor. This effect did not depend 
on the presence of immunoglobulin on the surface of 
the LNC, because IgG2a-DiD-LNCs had a weak 
co-localization with RFP+ (CXCR4+) zones, but 
depended on the presence of 12G5. This vectorized 
radiotherapy can be linked with the concept of 
dose-painting (52), which consists of heterogeneous 
radiation delivery within the tumor targeting the 
radioresistant zone defined by functional imaging. In 
this concept, the tumor is not considered as a 
homogeneous mass composed of similar cells but 
rather as a complex model with different cell subtypes 
with different radioresistances and aggressiveness 
profiles (53). Radioresistance is due to tumor factors 
like cancer stem-cells, intrinsic radioresistance or 
proliferation capacity and to factors linked to the 
microenvironment like hypoxia or immune cells (54). 
After identification of high metabolism zones, 
proliferation markers or hypoxia by imaging, this 
technique would allow specific targeting of cells 
involved in radioresistance. A clinical trial on 
relapsed GBM patients demonstrated that increasing 
radiation doses targeting active metabolic zones 
improved patient survival (55). Another study on 
relapsed glioblastoma showed the potential 
advantage of radiation of 11C-methionine or 
123I-alpha-methyl-tyrosine attracted zones for patient 
survival compared to a non-dose-painting treated 
group (56). In a recent review, Lemee et al. recalled 
that intratumoral heterogeneity is not only limited to 
the tumor itself, but also involves the peritumoral 
brain zone (PBZ), which has specific properties that 
contribute to GBM heterogeneity (57) and 90% of 
recurrences occur in this area (58). Thus, the 
nanovectors we created in this study could be a way 
of concentrating radiation damage in a targeted zone, 
particularly in areas where surgical resection is 
impossible and external beam radiation is difficult to 
focus. They distinguished from particulate systems 
allowing increasing the deposition of dose obtained 
after external radiotherapy (59,60) because of a 
sustained intrinsic action and, also, from 
free-radiolabeled molecules or complexes (40,61) due 

to specific local elimination and stability properties of 
the object of radiotherapy (62). 

On the impact of 12G5-LNC188Re and CXCR4 
signaling 

Our study established that 12G5-LNCs are 
confined in the vicinity of CXCR4 positive cells but 
that in vitro the mAb 12G5 failed to exert a blocking 
activity while present on the surface of the 
nanoparticles (Supplemental Figure S2).  

Although blocking the CXCR4 receptor in vivo 
through the 12G5-LNC188Re is a possibility, it seems 
clear that their preclinical benefit is mainly due to 
their higher retention in a CXCR4 positive tumor 
tissue compared with other nanocarriers, and they can 
thus irradiate this tissue more efficiently. Radiation 
induces hypoxia due to loss of endothelial cells (EC). 
After radiation, the irradiated tumor gradually loses 
vasculature, thereby becoming increasingly hypoxic 
and up-regulating hypoxia inducible factor-1 (HIF-1) 
(30). Then, SDF-1 functions as a hypoxia-inducible 
gene through the action of the transcription factor 
HIF-1. Elevated SDF-1 levels lead to accumulation of 
CXCR4-expressing monocytes/macrophages 
CD11b+, the precursors of tumor-associated 
macrophages (TAMs) in the irradiated tissue (29,30). 
Thus, the increase in TAMs after irradiation could be 
due to increased tumor HIF-1 levels since HIF 
inhibition completely abolished their recruitment (63). 
Given the M1 and M2 phenotypes observed in the 
treated tumors, a selective recruitment or 
down-regulation of the expression of M2 genes are 
most likely involved in the polarization of these cells 
in situ notably at the center of the tumor (M1 
phenotype), which may be part of the beneficial 
impact of the nanovectorized radiation therapy (39). 

Thus, it is possible that radiation induced by 
12G5-LNC188Re was higher than that induced by other 
rhenium treatments due to its stronger persistence 
within the CXCR4+ tumor tissue, and induced a 
higher hypoxia than LNC188Re and IgG2a-LNC188Re. 
After treatment, 12G5-LNC188Re-treated tumors 
became very hypoxic leading to their regression, and 
made them undetectable by MRI follow-up. Initially, 
tumor progression was contained but then hypoxia 
induced CD11b+ monocyte/macrophage migration to 
the tumor site stimulated tumor progression.  

As the present study only monitored animal 
survival until 100 days, we cannot know if tumors 
regrow after this date. Nevertheless, it is possible that 
a single dose 12G5-LNC188Re was not sufficient to 
block CD11b+ dependent vasculogenesis and hence 
cannot be a curative therapy. 

Another explanation is possible. With the 12G5 
antibody, we only inhibited the interaction between 
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SDF-1 and one of its receptors, CXCR4. However, 
SDF-1 has a second receptor, CXCR7, implicated in 
endothelial cell migration (64,65), that is present on 
tumor vasculature (64) and is potentially also able to 
activate vasculogenesis. In a recent study, Walters et 
al. used a specific inhibitor of CXCR7, CCX771 in the 
intracranial U251 GBM mouse model. As for CXCR4, 
they found that the CXCR7 inhibitor did not affect the 
growth or survival of the tumor in rodents that did 
not receive local brain irradiation, but significantly 
increased the delay in tumor growth and the survival 
of the animals that had received local brain irradiation 
(66,67). Thus, the involvement of both CXCR4 and 
CXCR7 suggests that SDF-1 could be the master 
regulator of vasculogenesis. Inhibition of SDF-1 
interaction with both CXCR4 and CXCR7 with 
specific inhibitors or a SDF-1 inhibitor could enhance 
the impact on tumor vasculogenesis and 
radiosensitivity. 

Conclusion 
Overall, our findings strongly support the 

hypothesis that the use and optimization of 
intracerebral active targeting of nanocarriers loaded 
with radiopharmaceuticals may have considerable 
benefits in human clinical trials. It would thus be of 
interest to further explore these locoregional 
capacities in comparison with those of free 
radiolabeled-antibodies and the impact of other 
theranostic radiopharmaceuticals with distinct 
radiochemical properties based on the use of beta- 
(90Y, 177Lu) or alpha- (211At) particle emitting 
radionuclides. As such a recent first-in-human 
experiment with CXCR4-targeted therapy using 90Y- 
and 177Lu-pentixather appears promising in multiple 
myeloma (68). In addition, as the importance of the 
immune system in eradicating tumor mass has 
already been demonstrated (14), relations with the 
immune system, notably with dendritic cells, while 
confining nanocarriers in specific brain-tumor areas, 
would be of major interest. 
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Supplemental materials are informative on the time 
storage stability of the newly developed 
immunonanoparticles before use and on their 
interaction with the SDF-1 signaling pathway. 
Supplemental Figure S1 present an analysis of the 
immunoreactivity of free 12G5 antibody and 
12G5-LNCs as a function of time after storage at 4°C 
determined by flow cytometry on U87MG CXCR4+ 
cells. Supplemental Figure S2 represent a Western blot 
analysis of the phosphorylation of Akt in U87MG 
CXCR4+ cells 16 hours after stimulation by SDF-1 at 
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