
Contents lists available at ScienceDirect

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

Peptide-guided nanoparticles for glioblastoma targeting

Pille Säälika,1, Prakash Lingasamya,1, Kadri Toomea, Ignacio Mastandreab, Liat Rousso-Noorib,
Allan Tobia, Lorena Simón-Graciaa, Hedi Hunta, Päärn Paistec, Venkata Ramana Kotamrajud,
Gabriele Bergerse, Toomas Asserf, Tõnu Rätsepf, Erkki Ruoslahtid,g, Rolf Bjerkvigh,
Dinorah Friedmann-Morvinskib,⁎⁎, Tambet Teesalua,d,g,⁎

a Laboratory of Cancer Biology, Institute of Biomedicine, Centre of Excellence for Translational Medicine, University of Tartu, Tartu, Estonia
b Sagol School of Neuroscience, Department of Biochemistry and Molecular Biology, The George S. Wise Faculty of Life Sciences, Tel Aviv University, Israel
c Department of Geology, University of Tartu, Tartu, Estonia
d Cancer Research Center, Sanford Burnham Prebys Medical Discovery Institute, La Jolla, California, USA
e Laboratory for Tumor Microenvironment and Therapeutic Resistance, VIB-KU Leuven Center for Cancer Biology, Leuven, Belgium
fDepartment of Neurosurgery, Tartu University Hospital, Tartu, Estonia
g Center for Nanomedicine and Department of Cell, Molecular and Developmental Biology, University of California Santa Barbara, Santa Barbara, CA, USA
hDepartment of Biomedicine, University of Bergen, Bergen, Norway

A R T I C L E I N F O

Keywords:
Homing peptide
C-end rule
TT1 peptide
Neuropilin-1
p32
Nanoworms
Glioblastoma

A B S T R A C T

Tumor-selective drug conjugates can potentially improve the prognosis for patients affected by glioblastoma
(GBM) – the most common and malignant type of brain cancer with no effective cure.

Here we evaluated a novel tumor penetrating peptide that targets cell surface p32, LinTT1 (AKRGARSTA), as
a GBM targeting ligand for systemically-administered nanoparticles. LinTT1-functionalization increased tumor
homing of iron oxide nanoworms (NWs) across a panel of five GBM models ranging from infiltratively-dis-
seminating to angiogenic phenotypes. LinTT1-NWs homed to CD31-positive tumor blood vessels, including to
transdifferentiated endothelial cells, and showed co-localization with tumor macrophages and lymphatic vessels.
LinTT1 functionalization also resulted in increased GBM delivery of other types of systemically-administered
nanoparticles: silver nanoparticles and albumin-paclitaxel nanoparticles. Finally, LinTT1-guided proapoptotic
NWs exerted strong anti-glioma activity in two models of GBM, including doubling the lifespan of the mice in an
aggressive orthotopic stem cell-like GBM that recapitulates the histological hallmarks of human GBM. Our study
suggests that LinTT1 targeting strategy can be used to increase GBM uptake of systemic nanoparticles for im-
proved imaging and therapy.

1. Introduction

Glioblastoma (GBM), the most aggressive form of primary brain
cancer, is diagnosed in over 20,000 people in the EU annually [1]. The
grim reputation of GBM is due to poor efficacy of standard treatment
protocols, which consist of an aggressive regimen comprising surgery,
followed by adjuvant therapy in the form of radiation therapy and/or
chemotherapy [2]. Despite serious side effects, such treatments result in
only marginal improvement in median overall and 5-year survival rates
(15months and 3–5%, respectively). An important cause for failure of

the therapies lies within the chemotherapy component of the regimen,
as the standard chemotherapeutic of GBM, temozolomide, has a modest
anti-cancer effect, is inefficient in accumulating and penetrating the
brain tumor lesions and is prone to therapeutic escape due to upregu-
lation of O6-methylguanine-DNA-methyltransferase (MGMT), which
counteracts temozolomide-induced DNA alkylation [3]. In contrast to
the GBM core that is rich in newly formed leaky vessels and relatively
systemically accessible, the infiltrating tumor cells are supplied by
vessels with intact blood-brain-barrier (BBB) properties and therefore
poorly accessible for systemic imaging agents and drugs [4].
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Precision-guided delivery of anticancer compounds with affinity
ligands (such as peptides or antibodies) can be used to achieve out-
comes similar to topical application: an increased concentration of the
drug at the intended target site and a lower exposure in non-target
organs. Homing peptides have several advantages over antibodies as
affinity targeting ligands: peptides retain the target specificity of anti-
bodies while being easier and cheaper to manufacture, due to their
lower affinity, peptides are not subject to the binding site barrier that
limits the target distribution of high-affinity antibodies, and they are
less immunogenic. Over the years a number of tumor homing peptides
have been identified and preclinically developed for targeted drug de-
livery to solid tumors [5].

TT1 is a tumor homing peptide identified by T7 peptide bacter-
iophage biopanning on recombinant human p32 (also known as gC1qR)
[6]. This protein is a tumor marker because while p32 is located in-
tracellularly (mostly mitochondrially) in quiescent cells, in activated
cells it is upregulated and also expressed it at the cell surface, which
makes it available for targeting ligands [7,8]. In mitochondria, p32
supports the expression of mitochondrially encoded OXPHOS proteins
[9,10]; the role of the cell-surface form of p32 is not known. In the
context of tumor affinity targeting, p32 was first identified as the
binding partner for the LyP-1 homing peptide which targets tumor
lymphatics, tumor macrophages, and malignant cells [11–13]. Com-
pared to normal tissues, in solid tumors, p32 is overexpressed, often in
hypoxic areas deep in the tumor parenchyma [13]. TT1 and its linear
form (LinTT1, AKRGARSTA) bind p32 with higher affinity than LyP-1
peptide and belong to a class of tumor homing peptides known as
tumor-penetrating peptides [6]. These peptides use a multistep
pathway for tumor accumulation and penetration [14,15]: upon re-
cruitment of to their cell-surface receptor (p32 in the case of the cyclic
and linear TT1 peptides, and LyP-1), tumor-penetrating peptides are
proteolytically processed to C-terminally expose a C-end Rule motif
RXXR/K-OH (RGAR-OH in TT1), which binds to another receptor,
neuropilin-1 (NRP-1). The NRP-1 binding activates a cascade of en-
docytic/exocytic transcytosis, extravasation and tumor penetration
[16–20]. Iron oxide nanoworms (NWs) coated with LinTT1, a nano-
carrier system optimized for peptide-mediated tumor targeting
[21–25], home efficiently to solid tumors, and systemic administration
of NWs coated with a chimeric peptide composed of LinTT1 in tandem
with apoptotic D(KLAKLAK)2 peptide inhibits progression of aggressive
preclinical breast tumors [17] and peritoneal carcinomatosis [25].

Here we studied the effect of LinTT1 functionalization on the tumor
homing and therapeutic efficacy of NWs in 5 different GBM xenograft
models in mice. Our data show that LinTT1-guided nanoparticles, upon
systemic administration, homed to the tumors in all tested GBM models
independent of the angiogenic/invasive status of the tumor, and that
LinTT1 targeting can be used to potentiate anti-GBM activity of ther-
apeutic nanoparticles.

2. Materials and methods

2.1. Peptides and NW preparation

Peptides were synthesized using Fmoc/t-Bu chemistry using mi-
crowave-assisted automated peptide synthesizer (Liberty, CEM
Corporation, NC, USA), purified by HPLC using 0.1% TFA in acetoni-
trile-water mixture to 90%–95% purity and validated by Q-TOF mass
spectral analysis. Fluorescent peptides with blocked C-terminus were
synthesized in-house by using 5(6)-carboxyfluorescein (FAM) with 6-
aminohexanoic acid spacer attached to the N-terminus of the peptide,
or ordered from a commercial supplier (TAG Copenhagen, Denmark).

Peptide-functionalized NWs were prepared as previously described
[27,28]. Briefly, aminated NWs were PEGylated with maleimide-
5KPEG-NHS (JenKem Technology, TX, USA). Peptides were coupled to
NWs through a thioether bond between the thiol group of a cysteine
residue added to the N-terminus of the peptide and the maleimide on

the functionalized particles. Dynamic Light Scattering (DLS; Zetasizer
Nano ZS, Malvern Instruments, UK) was used to determine the poly-
dispersity and size of NW preparations. Transmission electron micro-
scopy (TEM; Tecnai 10, Philips, Netherlands) was used to image the
nanoparticles.

2.2. Isotopic AgNP synthesis and functionalization

Isotopically-barcoded AgNP were synthesized using a modified Lee
and Meisel citrate method [29,30]. Isotopically pure (107Ag or 109Ag)
AgNO3 (50.4 mg) was dissolved in the dark in 1ml of Milli-Q water
(MQ, resistivity 18MΩ cm) and added to 500ml of water heated at
65 °C in a glass flask cleaned with Piranha solution (H2SO4 and H2O2;
Caution: highly oxidizing acid solution). Tannic acid (1.2 mg) was dis-
solved in 10ml of MQ and 200mg of citrate tribasic dihydrate was
added to the solution. This mixture was added to the AgNO3 solution in
the reaction vessel. The mixture was vigorously stirred at ~ 70 °C and
the reaction was allowed to proceed for 3min, at which point the so-
lution turned yellow. The flask was then transferred to a pre-heated hot-
plate, boiled for 20min, and left to cool down to RT. The boiled-off
volume was reconstituted with fresh MQ.

The particles were functionalized with NeutrAvidin (NA) to allow
conjugation with biotinylated-peptides and lipoic acid-polyethylene
glycol(1 k)-NH2 (PEG) as previously described [31]. The terminal
amines of PEG were used for coupling of CF555-N-hydroxysuccinimide-
dye (NHS-dye). Biotin-X-LinTT1-OH (X, aminohexanoic acid) peptide
was coated on 109Ag NPs, and 107Ag NPs were blocked with free D-
biotin. The AgNPs were washed to remove free peptides by cen-
trifugation at 7000G, decanting, and resuspension in fresh buffer (0.1M
HEPES pH 7.2, 0.1M NaNO3, 0.005% Tween-20) with sonication.

2.3. Coupling of LinTT1 to albumin-paclitaxel nanoparticles

For peptide coupling, 5 mg of Abraxane (Celgene) was dissolved in
1mL of PBS (previously purged with nitrogen) and combined with
0.3 mg (0.6 μmols) of linker sulfosuccinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate in 0.2mL of PBS. The mixture was stirred
for 30min at RT and Abraxane was purified using a NAP-10 column (GE
Healthcare Life Sciences). 0.25 μmol of LinTT1 peptide with N-terminal
extra cysteine residue dissolved in 0.2mL of PBS was slowly added to
the purified Abraxane product, the mixture was stirred for 1 h at RT and
purified by gel permeation chromatography using Sepharose 4B col-
umns (GE Healthcare Life Sciences).

2.4. Cells and animals

U87-MG GBM cells were obtained from ATCC, and NCH421K cells
from CLS Cell Lines Service GmbH (Eppelheim, Germany). WT-GBM
and VEGF-KO GBM cells were a gift from Gabriele Bergers (Leuven,
Belgium), and 005 cells were established from murine GBM as pre-
viously described in [32].

Cell culture reagents were from Gibco (USA) if not stated otherwise.
WT-GBM and VEGF-KO-GBM cell lines [32] were cultured in MEM with
Earl's salts (Capricorn Scientific, Germany) supplemented with 100 IU/
ml of penicillin/streptomycin, 1% sodium pyruvate, 0.01M HEPES,
0.6% glucose (Applichem, USA) and 5% of heat-inactivated fetal bovine
serum (GE Healthcare, UK). NCH421k cells [33] were cultivated in
neurobasal medium complemented with B27 neurobasal supplement
(Thermo Fisher Scientific, USA), 100 IU/mL of penicillin/streptomycin,
0.4 mM Glutamax, 20 ng/ml basic FGF, 20 ng/ml EGF and 40 μg/ml of
heparin (Sigma-Aldrich, USA). U87-MG cells (ATCC HTB14) were
grown in DMEM (Lonza, Belgium) containing 100 IU/mL of penicillin,
streptomycin, 10% of heat-inactivated fetal bovine serum, 1% sodium
pyruvate and 1% non-essential amino acids (Sigma-Aldrich, USA). All
cells were cultured at 37 °C in a humidified atmosphere containing 5%
CO2.
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Athymic nude mice were purchased from Envigo (The Netherlands).
Female mice were used in all in vivo experiments if not stated otherwise.
For induction of orthotopic GBM xenografts in nude mice, 7× 105 (WT-
GBM, VEGF-KO-GBM) or 3×105 (NCH421k) cells were implanted in-
tracranially in the right striatum of the brain (coordinates: 2 mm lat-
erally and 2mm posteriorly from bregma and at 2.5mm depth). For
induction of s.c. U87-MG tumors, 4× 106 cells were injected under the
skin of the right flank of nude mice. Intracranial tumors were allowed to
develop for 6–7 (WT-GBM), 12–14 (VEGF-KO-GBM), or ~30
(NCH421k) days before performing experiments. U87-MG s.c. tumors
were allowed to grow until tumors had reached ~ 1 cm3. Animal ex-
perimentation protocols were approved by Committee of Animal
Experimentation of Estonian Ministry of Agriculture (Permit #48) and
by the Tel Aviv University Institutional Animal Care and Use
Committee.

2.5. Evaluation of cellular uptake of nanoworms

For flow cytometry, 3× 105 WT-GBM, VEGF-KO-GBM, NCH421k,
or U87-MG cells in suspension were slowly rotated at 37 °C in the
presence of 30 μg/ml NWs in PBS supplemented with 1% BSA (PBS/
PSA) for 1 h. After incubation, the cells were washed twice with PBS/
BSA, and analyzed by flow cytometry (Accuri, BD Biosciences, USA).
The effect of anti-p32 antibody inhibition on LinTT1-NW internaliza-
tion was studied by pre-incubating the cells in suspension at 37 °C with
20 μg/ml of in-house affinity-purified rabbit polyclonal p32 antibody
for 1 h, followed by NW incubation at 37 °C for 1 h, washes at RT, and
flow cytometry.

2.6. In vivo biodistribution studies

FAM-labeled NWs were injected intravenously (7.5 mg/kg Fe), and
1 or 5 h later the animals were perfused with 20mL of DMEM supple-
mented with 1% BSA. The organs were excised, imaged under
Illumatool MMB-MAT (Lightool Research, USA) with 520 nm band-pass
filter, snap-frozen in liquid nitrogen, and stored at −80 °C. For confocal
microscopy, the tissues were sectioned at 10 μm and stained with an-
tibodies and DAPI.

To assess the in vivo homing of the p32 antibody, 200 μl of affinity-
purified rabbit polyclonal anti-p32 antibody in PBS was injected in-
travenously to mice bearing intracranial WT-GBM or s.c. U87-MG tu-
mors. After 20min circulation the animals were perfused with PBS
through the left ventricle of the heart, the tissues were snap-frozen in
liquid nitrogen, and cryosectioned in slices of 10 μm thickness. Tissue
sections were stained with 1:1000 goat anti-rabbit Alexa 546 antibody
and visualized by confocal microscopy using Olympus FV1200MPE
system (Olympus, Germany).

For in vivo homing of isotopically barcoded AgNPs, the 107Ag and
109Ag particles were suspended at equimolar ratio in 200 μl PBS (ab-
sorbance of biotin-107Ag and LinTT1-109Ag solutions at 400 nm were
11.1 and 5.8, respectively) and injected into tail vein of U87-MG s.c.
tumor-bearing athymic nude mice. After 5 h circulation, the mice were
perfused via the left ventricle of the heart with 20mL PBS. Organs were
divided in two (to obtain material for both extract- and tissue section-
based ICP-MS), and snap-frozen in liquid N2.

2.7. Tissue immunofluorescence and confocal microscopy

Cryosections (10 μm) on Superfrost Plus slides were equilibrated at
RT, fixed in cold methanol, washed in PBS and blocked in PBS con-
taining 0.05% Tween-20, 5% FBS, 5% BSA, and 5% goat serum (GE
Healthcare, UK) for 1 h. The sections were immunostained with rabbit
anti-fluorescein (cat #A889, Thermo Fisher Scientific, MA, USA), rat
anti-mouse CD31 (cat #553371, BD Pharmingen, USA), rat anti-mouse
CD68 (cat #MCA1957GA, AbD Serotec, USA), rat anti-mouse CD206
(cat #MCA2235GA, Bio-Rad, USA), rat anti-mouse LYVE-1 (cat

#14–0443, Affymetrix, USA), and rabbit anti-cleaved caspase-3 (cat
#966, Cell Signaling Technology, USA) as primary antibodies. Alexa
488-conjugated goat anti-rabbit IgG, Alexa 647-conjugated goat anti-rat
IgG, Alexa 546-conjugated goat anti-rabbit IgG (all Invitrogen, Thermo
Fisher Scientific, USA) were used as secondary antibodies. To detect
endogenous IgG as a marker of blood vessel leakiness, we stained to
tissue sections with Alexa 546 goat anti-mouse IgG, (#Cat.No: A11003;
Invitrogen, Thermo Fisher Scientific, USA) at 1/400 dilution. Nuclei
were counterstained with 1 μg/ml DAPI. The tissue sections were ex-
amined by Olympus FV1200MPE confocal microscope (Olympus,
Germany), and the images were processed and analyzed using the
FV10-ASW 4.2 Viewer image software (Olympus, Germany) and Image
J freeware.

2.8. Experimental tumor therapy

For experimental therapy of mice bearing s.c. U87-MG tumors,
1× 106 cells were injected under the skin of dorsal flank of 11–15-
week old male nude mice. Tumor volume [calculated with the formula:
V= (width × width × length)/2] and mouse weight was recorded
every other day. When tumors reached 100–200mm3 in size, the mice
were divided in 4 groups (n=6) so that the total volume of tumors in
all groups were equal. Treatment with intravenous FAM-LinTT1-NW,
FAM-D(KLAKLAK)2-NW, or FAM-LinTT1- D(KLAKLAK)2-NWs (at 5mg/
kg Fe per injection), or 100 μl of PBS, was started on day 36 after tumor
induction. Eight injections in total were performed on every other day.
The study was terminated when the first tumor reached 1.5 cm3. Mice
were sacrificed by perfusion and tissues were snap-frozen for further
analysis.

For experimental therapy of mice bearing orthotopic syngeneic 005
tumors, 3× 105 cells were injected in the hippocampus (coordinates:
1.5 mm laterally and 2mm posteriorly from bregma and at 2.3mm
depth) of 8–12weeks old C57BL/6 female mice. Ten days after trans-
plantation of tumor cells, mice were divided in 5 groups (n=6) and
treated intravenously with either FAM-NW, FAM-LinTT1-NW,
FAM-D(KLAKLAK)2-NW, or FAM-LinTT1- D(KLAKLAK)2-NWs (at 5mg/
kg Fe per injection), or 100 μl of PBS. Mice were treated for 2 weeks, 7
injections in total performed on every other day. Mice showing symp-
toms of disease were sacrificed and tissues collected for further analysis.

2.9. Laser ablation ICP-MS

For ratiometric laser ablation (LA) ICP-MS-based biodistribution
studies, the organs from mice injected with Ag-NPs were collected,
snap-frozen, cryosectioned in slices of 30 μm thickness on Superfrost
Plus slides and air-dried. Determination of 109Ag/107Ag ratio in tissue
sections was performed using Cetac LSX-213 G2+ laser ablation system
(Teledyne Cetac Technologies, USA) using a HelEx 2-volume ablation
cell on Agilent 8800 ICP-MS system. The LA-ICP-MS setup was opti-
mized using NIST 612 glass slides. The same reference sample was used
to monitor the ThO/Th ratio during the analytical run, which remained
under 0.3%. The experimental parameters for the LA system are pre-
sented in Supplementary Table 1. 13C, 107Ag and 109Ag isotopes were
monitored with dwell times of 47.5 ms, 95ms and 95ms respectively,
corresponding to a duty cycle of 0.25 s. 13C was used as internal stan-
dard to account for differences in the carbon content of the ablated
tissue.

2.10. Statistical analysis

For quantification of FAM signal in tissue sections, fluorescence
signal intensity of antibody-amplified FAM from 6 to 9 confocal images
was quantified using Image J freeware. Co-localization analysis be-
tween LinTT1-NW and cellular markers was performed by FV10-ASW
4.2 Viewer image software (Olympus, Germany). To assess statistical
significance, Student's t-test was performed either by using GraphPad
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Prism Software (Graphpad, CA, USA), or one-way analysis of variance
(ANOVA). For evaluation of statistical significance of results of the
treatment studies, two-way ANOVA Bonferroni's multiple comparison
test was used. * – p≤ .05, ** – p≤ .01.

3. Results

3.1. p32 is upregulated across mouse GBM models representing multiple
phenotypes

To assess the relevance of p32 axis for GBM targeting, we first
studied the distribution of total and systemically accessible p32 in a
panel of five GBM models that represent different invasive/angiogenic
GBM phenotypes. WT-GBM cells are genetically engineered mouse
embryonic astrocytes immortalized with SV-40 large T antigen and
transformed by H-Ras; VEGF-KO-GBM sub-line includes additional
VEGF gene inactivation. Upon orthotopic implantation in im-
munodeficient mice, the WT-GBM cells give rise to angiogenic GBM and
the VEGF-KO-GBM cells give rise to infiltrative GBM, with clinical
symptoms manifesting on days ~7 and ~14, respectively [33]. The 005
GBM model that we used was derived from GBM tumors induced by
lentivirus transduction of Cre target sequence (loxP)-dependent acti-
vated H-Ras and Akt, and GFP into GFAP-Cre:Tp53+/− on im-
munocompetent C57BL/6 mice [32]. We also used two models of GBM
of human origin: orthotopic NCH421k, an orthotopic stem cell-like
GBM of intermediate phenotype [34], and s.c. U87-MG “classic” model
[35]. In the past we have detected robust upregulation of p32 im-
munoreactivity in the 005 GBM sections compared to the normal brain
[36]. Here we first mapped p32 expression status in GBM lesions in
other models in our panel (Fig. S1A). In orthotopic WT-GBM and
NCH421k, the p32 immunoreactivity was upregulated in the bulk of the
tumor and in the malignant foci and thread-like structures projecting
away from it (Fig. S1A). In the VEGF-KO-GBM non-angiogenic model
that grows by co-opting the brain microvessels, perivascular tumor is-
lets showed strong positivity for p32 expression. In the U87-MG s.c.
GBM, p32 immunoreactivity was more prominent at tumor rim with
weaker signal deeper in the tumor tissue (Fig. S1A). To map systemi-
cally accessible p32, we studied the biodistribution of i.v.-administered
rabbit polyclonal anti-p32 antibody. In mice bearing WT-GBM, the
accumulation pattern of systemic p32 antibody paralleled the staining
of the tumor sections with anti-p32 antibody, with immunoreactivity
observed in the tumor periphery with sparse stained cells present inside
the tumor bulk (Fig. S1B). In U87-MG tumors, the i.v. p32 antibody was
predominantly seen at the areas of lower cellular density at the rim of
the tumor (Fig. S1B). In addition, the GBM lesions of models in our
panel were positive for NRP1, the receptor of processed linTT1 (Fig.
S2).

The status of the vascular barrier has a profound effect on the GBM
drug delivery of therapeutic and imaging compounds. Vascular barrier
in 005 and U87MG tumors is reported to be compromised [37–39]. To
assess the status of the blood brain barrier in the orthotopic NCH421k,
WT-GBM, and VEGF-KO-GBM models we immunostained the sections
of tumors from perfused mice for the presence of endogenous im-
munoglobulins (Fig. S3). Whereas microvessels in the normal brain
showed no IgG signal, intracranial NCH421k and WT-GBM lesions
showed abundant perivascular IgG in line with compromised micro-
vascular BBB (Fig. S3A,B). In contrast, VEGF-KO GBM that relies pri-
marily on co-opted blood vessels for nutrient supply [33] showed lower
perivascular immunoglobulin deposits, suggesting a mild BBB impair-
ment (Fig. S3C).

These studies showed the presence of upregulated total and sys-
temically accessible p32 in the GBM models in our panel and suggested
that p32-targeted homing peptides can be used for precision targeting
of brain tumors.

3.2. Systemic LinTT1-iron oxide nanoworms home to GBM lesions

For affinity targeting of p32, we decided to use LinTT1 peptide, a
recently identified ligand of p32 that has been used for in vivo targeting
of nanoparticles to triple-negative breast cancer [17,40] and peritoneal
carcinomatosis [26]. We prepared LinTT1 iron oxide nanoparticles that
are due to their high aspect ratio termed nanoworms (NWs), as de-
scribed previously [21,22]. FAM-LinTT1, or FAM alone were coupled to
the NWs through a thioether bond between the cysteine thiol from the
peptide or FAM and maleimide groups on the particles, resulting in
peptide (or FAM) loading of ~165 μmol/g of iron. In TEM, the NWs
appeared as ~100 nm strings of iron cores with ~30 nm diameter (Fig.
S4). After LinTT1 coupling, the mean hydrodynamic size of NWs was
~88 nm. Zeta potential was −5.4 +/− 0,2mV for the “naked” NWs
and− 6.9 +/− 0.2 mV for LinTT1 -NWs.

FAM-LinTT1-NWs showed minimal binding to GBM cell lines in
culture (Fig. S5) – not a surprising finding given that p32 is pre-
dominantly presented on surface tumor stromal cells and under ex-
posure to stress conditions (e.g. hypoxia, nutrient deprivation) in vivo
[13]. Following i.v. administration of FAM-NWs and 5 h circulation,
macroscopic ex vivo imaging of excised GBM tumors and control organs
demonstrated increased presence of FAM-LinTT1-NWs, with WT-GBM
showing particularly robust uptake (Fig. S6A). In contrast, GBM lesions
from mice injected with control non-targeted NWs showed only a
background fluorescence (Fig. S6B). Confocal imaging of FAM fluor-
escence in sections of these tumors and GFP+ 005 GBM immunostained
with FAM-reactive antibody showed that LinTT1 functionalization in-
creased tumor accumulation of NWs ~3–8 fold (Fig. 1). GFP+ 005
tumor cells were mostly negative for the uptake for NWs (Fig. S7).
Accumulation of LinTT1-NWs in tumor tissue increased over time. In
contrast to robust accumulation at 5-h time point, only a weak LinTT1-
NW signal in sparse CD31+ structures was detected after 1-h circulation
(Fig. S8). LinTT1-coating increased NW accumulation only in the ma-
lignant tissue; both LinTT1-NWs and control NWs were found at similar
levels in control organs, including the brain (Fig. S9). These data show
that LinTT1 functionalization improves tumor homing of NWs across a
panel of phenotypically diverse preclinical GBMs.

3.3. LinTT1-NWs co-localize with tumor macrophages and endothelial cells

LyP-1, the first peptide used for systemic targeting of p32, homes to
tumor macrophages, as well as blood and lymphatic endothelial cells
[11,12]. To establish cellular tropism for LinTT1-NWs in GBM, we
stained tumor sections of GBM mice injected with FAM-LinTT1-NWs
with cell type-specific marker antibodies against CD31 (blood vessels),
CD68 (total macrophages), CD206 (M2-skewed macrophages),

3.4. LinTT1 directs systemic Abraxane and silver nanoparticles to GBM

The structural and physicochemical properties of nanocarrier plat-
form can have a profound effect on biodistribution and targetability
with affinity ligands [41]. To determine whether LinTT1 affinity tar-
geting of GBM is compatible with the precision delivery of nanocarriers
other than NWs we studied the effect of LinTT1 functionalization on the
GBM homing of two additional types of nanoparticles: Abraxane (na-
noformulated paclitaxel-albumin; Nab-paclitaxel) and metallic silver
nanoparticles. First, we injected WT-GBM mice i.v. with 0.5 mg of
LinTT1-FAM-Abraxane, or FAM-Abraxane without the peptide. After
5 h of circulation, FAM-LinTT1-Abraxane signal was found in tumor
blood vessels and in scattered cells in tumor parenchyma, whereas non-
targeted FAM-Abraxane showed no detectable GBM accumulation (Fig.
S14A, C).

We next tested the effect of LinTT1 functionalization on the tumor
homing of silver nanoparticles. Two types of AgNPs were used: iso-
topically pure 109AgNPs coated with biotinylated LinTT1 peptide and
non-targeted biotin 107AgNPs. Mice bearing s.c. U87-MG tumors were
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injected i.v. with an equimolar mixture of LinTT1-109AgNP and
control-107AgNP, and after 5 h, perfused to remove free background
particles. The ratio of the targeted to untargeted AgNPs in tumor and
control tissues was analyzed by laser ablation ICP-MS, a technique that
allows spatial ratiometric analysis of 109/107AgNPs in tissue sections
[42]. Tumor sections showed the presence of peaks in the 109/107AgNP
ratio (109/107Ag range: ~5–30) in line with preferential tumor homing
of LinTT1-109Ag particles (Fig. S14B). Correlative analysis of the LA-
ICP-MS profiles with morphological landmarks along the laser ablation
paths indicated that elevated ratios of 109/107Ag were predominantly
seen in the tumor areas rich in tumor vessels. In contrast, the 109/107Ag
ratio in the liver was uniform at ~1.5 (Fig. S14D), providing a baseline
ratiometric estimate (Fig. S14D). These experiments show that LinTT1
functionalization increases in vivo the GBM accumulation of nano-
particles of different classes.

3.5. Proapoptotic LinTT1- NWs inhibit GBM growth

Finally, we evaluated the effect of LinTT1 conjugation on the anti-
GBM activity of NWs loaded with a therapeutic payload, amphiphilic
proapoptotic D(KLAKLAK)2 peptide. This peptide has been used as a
payload in numerous therapeutic studies with NWs [24,26].
D(KLAKLAK)2 peptide exerts its apoptotic effect through the destabili-
zation of the mitochondrial membrane, and we have reported that the
LinTT1-NWs are intracellularly routed to mitochondria in cells ex-
pressing cell-surface p32 [26].

We first tested the effect of LinTT1-targeted proapoptotic NWs on
U87-MG s.c. tumor which allowed us to monitor tumor size, rather than
using survival as the endpoint. The daily injected dose and cumulative
dose of NWs were chosen based on the study by Agemy et al. (2011), in
which the CGKRK-D(KLAKLAK)2-NWs were found to have a robust
anti-GBM activity and moderate side effects (mild reversible hepato-
toxicity) [24]. In agreement with good tolerability, we did not observe

weight loss in any treatment group (Fig. S16). We found that the tumor
mice treated with LinTT1-D(KLAKLAK)2-NWs showed slower progres-
sion of tumor growth than controls, starting already after the 2nd in-
jection of LinTT1-D(KLAKLAK)2-NWs on day 40 post tumor induction
(Fig. S15), and tumor size at the end of the treatment was significantly
reduced (p < .01) compared to the PBS group. The other treatments,
including D(KLAKLAK)2-NW, did not significantly affect tumor growth.

Encouraged by this GBM treatment study, we decided to assess the
preclinical efficacy of the LinTT1-guided proapoptotic nanosystem in
the orthotopic 005 GBM, which expresses stem cell markers and re-
capitulates the histological hallmarks of human GBM. Experimental
therapy of 005 GBM was initiated 10 days after transplantation of the
tumor cells (~1/3 of the latency of the tumors), which corresponds to
tumor volume of approximately 0.8–1.0 mm3 (as assessed by volu-
metric microscopy). In the experimental glioma treatment literature,
tumors of this size are considered well established [43]. Compared to
control groups, the LinTT1-D(KLAKLAK)2-NW treatment group showed
greatly improved survival (Fig. 3B). When body weight loss (Fig. S17)
and impaired motor functions of mice in the PBS group necessitated
sacrifice of these mice, the LinTT1- D(KLAKLAK)2-NW-treated group did
not show impaired health, suggesting suppressed tumor growth. The
small size of the tumor in one mouse sacrificed from this group agreed
with this notion (Fig. 3C). Fluorescent lectin injections and von Will-
ebrand factor staining at sacrifice revealed almost complete absence of
patent blood vessels and endothelial cells in the tumors treated with the
LinTT1- D(KLAKLAK)2-NWs, whereas the control tumors were well
vascularized (Fig. 4A, B and Fig. S18). In agreement with their slow
growth, very few Ki67-positive proliferating cells were detected in the
LinTT1- D(KLAKLAK)2-NW tumors (Fig. 4C). These therapy studies in-
dicate that LinTT1 targeting may be used to potentiate the activity of
anticancer nanoparticles.

Representative images from 3 independent experiments are shown.
Scale bar= 50 μm.
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Fig. 1. FAM-LinTT1-iron oxide nanoworms home to mouse and human GBM. Mice bearing GBM xenografts of mouse (005, WT-GBM, VEGF-KO-GBM – intracranial)
or of human origin (NCH421k – intracranial, U87-MG – subcutaneous) were injected intravenously with 7.5 mg/kg FAM-LinTT1-NW or FAM-NW, and allowed to
circulate for 5 h followed by cardiac perfusion of the animals. Cryosections from subcutaneous tumor or coronal cryosections from brain with GBM were stained by
anti-FAM (NWs), anti-CD31 (blood vessels), and DAPI (cell nuclei) and visualized by confocal microscopy. Tu – tumor, BP – brain parenchyma. Insets show the FAM
channel alone. Arrowheads indicate LinTT1-NW signal. Scale bars – 100 μm in low magnification panels; 50 μm in high magnification panel. FAM-LinTT1-NW and
FAM-NW signal intensity in GBM tissue was quantified from 6 to 9 confocal images and analyzed by Image J. Statistical analysis was performed by one-way ANOVA.
Error bars: standard deviation.
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4. Discussion

Intratumoral heterogeneity is a key factor that allows high grade
gliomas to evade increasingly sophisticated therapeutic strategies.
Clinical GBM lesions contain regions of infiltrative tumor growth into
brain parenchyma, as well as areas of angiogenesis and regions of
pseudopalisading necrosis [44]. Here we show that targeting with the
tumor-penetrating peptide LinTT1 increases tumor accumulation of
three types of systemically administered nanoparticles to each of the
five phenotypically diverse models of GBM tested. LinTT1-NWs were
found to accumulate in stromal cell populations with established roles
in tumor progression: endothelial cells (including tumor-derived en-
dothelial cells) and in tumor associated macrophages. The tumor ac-
cumulation translated into potentiated anti-GBM activity. These ob-
servations suggest potential applications for LinTT-guided imaging,
therapeutic, and theranostic nanoparticles in clinical management of
GBM.

In our panel of GBM models, a compromised BBB probably fa-
cilitated the transition of the LinTT1-NWs into the extravascular tumor
parenchyma. Multi-targeting of nanoparticles with different homing

ligands is an increasingly popular strategy to improve target selectivity
and the crossing of biological barriers, and it is possible that LinTT1
brain tumor homing may be synergistically improved in combination
with a BBB crossing peptide, such as LRP-1 binding Angiopep-2 [45].
The LinTT1 nanoparticles primarily accumulated in stroma-derived cell
populations, whereas the tumor cells did not contain detectable nano-
particles. However, given that tumor cells, especially in late tumors, are
often found to express the LinTT1 receptor, cell surface p32, the low-
level accumulation of the nanoparticles in the tumor cells is possible,
and even likely. In addition to uptake in blood vessel and lymphatic
endothelial cells, robust accumulation of LinTT1-guided nanoparticles
was detected in tumor-associated macrophages, including M2-skewed
CD206+ macrophages - a key cell population supporting tumor
maintenance, progression, and drug resistance [46]. Elevated M2-like
TAMs are found in tumor stroma across a variety of human malig-
nancies [47,48]and targeting these cells may provide novel treatment
options to cancer types currently unresponsive to conventional che-
motherapies and immunotherapies. Thus, LinTT1 can be used to de-
velop “smart” molecular and nanoscale therapeutic and/or im-
munotherapeutic agents for selective elimination or reprogramming of
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Fig. 2. Cellular distribution of FAM-LinTT1-NWs in GBM lesions. Mice bearing GBM models of mouse origin (005, WT-GBM, VEGF-KO-GBM – intracranial) and of
human origin (NCH421k – intracranial, U87-MG – subcutaneous) were injected intravenously with 7.5 mg/kg FAM-LinTT1-NW, or FAM-NW, and allowed to cir-
culate for 5 h followed by cardiac perfusion of the animals. (A) – Cryosections of subcutaneous U87-MG tumor or coronal cryosections from orthotopic GBMs were
stained the following antibodies: anti-FAM (nanoworms), anti-CD68 (pan-macrophage marker), anti-CD206 (M2 macrophage marker), anti-LYVE-1 (lymphatic
vessels); counterstained with DAPI to visualize the cell nuclei, and imaged by confocal microscopy. Scale bar on low-magnification image – 100 μm. Scale bar on
insets – 20 μm. Tumor nodules in VEGF-KO-GBM are indicated by arrowheads. Arrows indicate colocalization. Tu – tumor, BP – brain parenchyma and LYVE1
(lymphatic vessels). In our GBM panel, NCH421k was negative for the presence of CD206-positive M2 macrophages and VEGF-KO-GBM did not contain detectable
LYVE1-positive lymphatic endothelial cells (Fig. 2, Fig. S10), whereas the remaining models contained each of the three cell populations. In the orthotopic GBM,
LinTT1-NW signal showed an extensive overlap with CD31 and CD68 immunoreactivities (Figs. 1 and 2, Fig. S10). Despite the presence of numerous CD68-positive
cells in s.c. U87-MG GBM, the LinTT1-NWs accumulated predominantly in blood vessel endothelial cells in these tumors. Sparse LYVE-1-positive lymphatic structures
in the periphery of WT-GBM, NCH421k and U87-MG tumors took up LinTT1-NWs at a level comparable that seen for CD31+ blood vessels (Fig. 2, Fig. S10), although
the contribution of lymphatic Lin TT1-NW homing to the overall tumor accumulation was low. Whereas LYVE-1 also has functions beyond the lymph vascular system,
including in vascular endothelial cells, co-staining of tumor sections for LYVE-1 and CD31 showed that in the GBM models used in the current study the Lyve1 and
CD31-positive cell populations are mostly distinct (Fig. S11 and 12). In addition to endothelial- and macrophage-associated signals, extravascular LinTT1-NWs in
tumor stroma were observed in WT-GBM and VEGF-KO GBM tumors (Fig. 2, arrows). In the 005 tumors, the a LinTT1-NW signal mostly overlapped with CD68 and
CD31. Although only a small fraction of the cells in the 005 tumors were CD206 positive, these cells also showed positive overlay with LinTT1-NW signal. Re-
markably, in these tumors, a robust uptake of LinTT1-NWs was observed in GFP+ endothelial cells transdifferentiated from the tumor cells (Fig. S13). These studies
show that in GBM, LinTT1-NWs predominantly home to macrophages and to the blood/lymphatic endothelial cells.
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TAMs for sustained modulation of tumor microenvironment. Low
macrophage uptake of nontargeted NWs reported here and in the past
reports [17,24,49] contrasts with promiscuous macrophage uptake of
certain nanoparticles, in particular polyglucose nanoparticles consisting
of cross-linked dextrans and their derivatives [50]. The “stealthness” of
NPs and the extent of their uptake in TAMs is affected by the NP
building blocks, chain lengths, cross-linking strategies, particle size, ζ
potential, imaging labels, and protein coronas. Blood half life for NWs
in mice has been estimated to be in 12–17 h range [22,49] - much
longer than the 20min observed for ~25 nm Feraheme nanoparticles
that are robustly taken up by TAMs [51].

Our past studies documented that NWs functionalized with CGKRK,
a homing peptide also reported to bind p32, home exclusively to GBM
blood vessels [24]. CGKRK is a multireceptor homing peptide that be-
sides p32 interacts with nardilysin [36] and calreticulin [46]. Unlike
CGKRK, LinTT1 belongs to a novel class of tumor penetrating peptides –
it harbors a cryptic C-end rule (CendR) peptide (RGAR) that upon
proteolytic C-terminal exposure acquires the ability to bind to NRP-1,
which triggers extravasation and tumor penetration [6,17–19]. The
active vascular exit of LinTT1-NWs may be a prerequisite for uptake in
tumor associated macrophages and in other cells in the extravascular
space. Future studies will address the applicability of LinTT1 targeting
(possibly in conjunction with additional macrophage-specific homing
peptides such as CD206-targeting UNO peptide [52]), for therapeutic
targeting or reprogramming of tumor macrophages.

Solid tumor growth depends on the growth of new vessels and in-
hibiting angiogenesis has become a mainstream therapeutic anticancer
strategy. Interestingly, our studies on the 005 GBM model, where the
tumor cells have been engineered to express GFP, showed robust
LinTT1-NW uptake in cells that expressed the endothelial differentia-
tion marker CD31 and were GFP-positive. These cells are likely to be

tumor-derived cells trans-differentiated into endothelial cells (TDEC).
Such cells are known to be generated in the 005 tumors [53]. TDECs are
genetically unstable, contain cytogenetic abnormalities, and are prone
to resistance to anticancer chemotherapies [53]. TDEC are also clini-
cally relevant; nearly a half of clinical glioblastoma cases contain cells
that co-express both GFAP, a marker for astrocytes, the cell of origin of
GBM, and a markers for endothelial cells (CD31 and CD34) [54]. TDECs
are VEGFR2-negative and nonresponsive to the anti-angiogenic agent
bevacizumab (Avastin) [53]. In clinical settings, the TDEC resistance
may contribute to the transient effect of Avastin treatment in GBM cases
and the frequent increase in tumor aggressiveness seen after anti-an-
giogenic therapy [55,56]. LinTT1-based delivery strategies may allow
targeting blood vessels formed by TDECs.

P32 is prominently expressed in clinical samples and in mouse
models of GBM, and there is a significant correlation between high p32
expression and decreased survival of GBM patients [28]. The cell sur-
face p32 expression in brain tumors has been documented in several
studies. Agemy et al. established cell-surface expression of p32 by 005
brain tumor cells, T3 brain tumor endothelial cells, and human umbi-
lical vein endothelial cells using flow cytometry [36]. Fogal et al. found
that in clinical glioma samples the membrane staining of the p32 an-
tigen was evident [28]. The genetic knockdown of p32 has been de-
monstrated to limit cell proliferation in vitro and tumor growth in vivo.
p32 targeting ligands possess an intrinsic antitumor activity and phar-
macological inhibition of p32 with a low molecular weight compound
blocks the proliferation of p32-overexpressing glioma cells, and sensi-
tizes them to glucose depletion [12,57]. It remains to be determined if
the intrinsic antitumor effect of peptidic p32 targeting ligands can act in
synergy with nanoparticle payload drugs to potentiate the therapeutic
efficacy.

Another aspect that requires further studies is the putative

Fig. 3. Experimental therapy of 005 GBM with LinTT1-D(KLAKLAK)2-NW inhibits tumor growth. (A) – Starting on day 10 post tumor induction, the 005-bearing mice
received 7 i.v. injections of 5mg/kg of LinTT1-D(KLAKLAK)2-NW, or control compounds [FAM-D(KLAKLAK)2-NW, FAM-LinTT1- D(KLAKLAK)2-NWs, and PBS] every
other day. (B) – Representative images of DAPI -counterstained (blue) sections of orthotopic GBM 005 GBM (GFP positive tumor indicated by dotted line) were
collected on day 82 42, 35, and 36 from mice treated with either FAM-NW, FAM-D(KLAKLAK)2-NW and or FAM-LinTT1- D(KLAKLAK)2-NWs, respectively. T: tumor,
BP: brain parenchyma. (C) – Body weight and motor functions of mice were monitored daily and the animals were sacrificed when they reached the limits allowed by
the animal ethics committee, and the survival data were expressed as Kaplan-Meyer plots. Scale bar= 2mm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Experimental therapy of 005 GBM with
LinTT1-D(KLAKLAK)2-NW decreases patency of tumor vessels
and reduces proliferative activity in tumor tissue. (A) –
Treatment of 005 mice with systemic FAM-LinTT1-
D(KLAKLAK)2-NWs reduces the density of patent intratumoral
blood vessels. 005 mice were i.v. injected with 50 μl 0.1 mg/
ml labeled wheat germ agglutinin (WGA) and after 10min
circulation the unbound lectin was removed by perfusion with
PBS, and tissue was snap-frozen, sectioned and subjected to
confocal imaging. Note robust decrease in WGA-positive (red)
vascular structures in tumor tissue (green) from mouse treated
with FAM-LinTT1- D(KLAKLAK)2-NWs. (B) – Treatment of 005
mice with systemic FAM-LinTT1- D(KLAKLAK)2-NWs reduces
the density of intratumoral vWF-positive blood vessels.
Cryosections of post-treatment 005 tumors were sectioned,
immunostained for vWF (red) and subjected to confocal
imaging. (C) – Therapy of 005 mice with systemic FAM-
LinTT1- D(KLAKLAK)2-NWs inhibits proliferation of cells in
tumors. Cryosections of post-treatment 005 tumors were
sectioned, immunostained for proliferation marker Ki67 (red)
and subjected to confocal imaging. (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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potentiating role of the LinTT1 peptide on co-administered anti-GBM
payloads. In a recent study we observed that LinTT1-NWs increase
penetration of co-administered payload [26]. Agemy et al. [24]showed
that co-administration of iRGD tumor penetrating peptide potentiated
tumor accumulation and therapeutic efficacy of the
CGKRK-D(KLKLAK)2-NWs. It remains to be seen, if free LinTT1 peptide
has similar bystander activity.

In summary, we have shown that a novel p32 targeting peptide,
LinTT1, effectively promotes the targeted accumulation of three types
of nanoparticles to tumors across a panel of mouse models of high-grade
glioma. The treatment of mice with anticancer LinTT1-guided NPs ex-
tends the survival of the tumor mice. Given that elevated expression of
p32 is found in clinical GBM, and that the LinTT1 peptide recognizes
p32 across species, our study warrants follow-up studies on LinTT1
guided therapies.
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