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Lipo-oligomers, post-functionalized with ligands to
enhance targeting, represent promising new vehicles for
the tumor-specific delivery of therapeutic genes such as
the sodium iodide symporter (NIS). Due to its iodide trap-
ping activity, NIS is a powerful theranostic tool for diag-
nostic imaging and the application of therapeutic radionu-
clides. 124I PET imaging allows non-invasive monitoring of
the in vivo biodistribution of functional NIS expression,
and application of 131I enables cytoreduction. In our
experimental design, we used epidermal growth factor
receptor (EGFR)-targeted polyplexes (GE11) initially char-
acterized in vitro using 125I uptake assays. Mice bearing
an orthotopic glioblastoma were treated subsequently
with mono-dibenzocyclooctyne (DBCO)-PEG24-GE11/NIS
or bisDBCO-PEG24-GE11/NIS, and 24–48 h later, 124I up-
take was assessed by positron emission tomography (PET)
imaging. The best-performing polyplex in the imaging
studies was then selected for 131I therapy studies. The
in vitro studies showed EGFR-dependent and NIS-specific
transfection efficiency of the polyplexes. The injection of
monoDBCO-PEG24-GE11/NIS polyplexes 48 h before 124I
application was characterized to be the optimal regime in
the imaging studies and was therefore used for an 131I
therapy study, showing a significant decrease in tumor
growth and a significant extension of survival in the ther-
apy group. These studies demonstrate the potential
of EGFR-targeted polyplex-mediated NIS gene therapy as
a new strategy for the therapy of glioblastoma.

INTRODUCTION
Glioblastoma (GBM) is a highly aggressive tumor with very limited
therapeutic options. It is themost common type of malignant primary
brain tumors. Currently, the median survival time after diagnosis is
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12–15 months, and fewer than 5% of patients survive more than 5
years.1,2 The current clinical treatment involves surgical resection fol-
lowed by external beam radiotherapy with concurrent chemo-
therapy.2 Due to the infiltrating nature of GBM, local therapies or a
complete resection are rarely possible, and the clinical relapse of the
tumor is usually unavoidable. Therefore, new post-operative thera-
peutic strategies are seen as the key for novel curative GBM
treatments.3,4

Targeted gene therapy is a promising approach for novel therapeutics.
Research in this field has been progressing for the past few decades,
with the majority of clinical trials focusing on cancer gene therapy.5

The sodium iodide symporter (NIS) gene is a promising, efficient,
and safe therapy gene for systemic application. The NIS protein is
an intrinsic plasma membrane glycoprotein, localized at the basolat-
eral membrane of thyroid follicular cells that mediates the active
uptake of iodide for thyroid hormone synthesis. Due to its iodide
trapping activity, NIS is a powerful dual-function tool, with diag-
nostic and therapeutic applications.6 The functional expression of
NIS can be visualized by 123I scintigraphy or 124I or 18F-tetrafluorobo-
rate (TFB) positron emission tomography (PET) imaging.7,8 The
application of 131I or 188Re and their NIS-mediated accumulation in
tumor tissue allow therapeutic cytoreduction through the b emission
of these radionuclides. This therapeutic concept is approved, well un-
derstood and safe, and has been in routine clinical use for more than
80 years for the treatment of thyroid cancer.9–11 In a pioneering
Author(s).
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preclinical study in prostate cancer, Spitzweg et al. took the initial step
toward human NIS gene transfer to non-thyroidal cancer.12–14 In the
subsequent years, multiple groups, including our own, have estab-
lished new strategies and refined diverse approaches for NIS gene
transfer into various tumor models. To this end, non-viral gene deliv-
ery represents a promising technology for the transfer of genetic ma-
terial into malignant primary tumors, offering the advantages of
safety, easy modification, and enhanced biocompatibility after sys-
temic application.15 In addition to NIS-engineered versions of mesen-
chymal stem cells with tumor-tissue-specific promoters for selective
NIS gene expression,16–25 the potential of using targeted polyplexes
for the delivery of NIS transgenes into tumor environments has
been demonstrated by several studies by our group. These include
the use of polycationic molecules based on linear polyethylenimine
(LPEI) that make use of the enhanced permeability and retention ef-
fect caused by the leaky vasculature found in the tumor stroma.26,27 A
PEGylated (PEG: polyethylene glycol) and epidermal growth factor
receptor (EGFR)-targeted LPEI molecule (LPEI-PEG-GE11) was
demonstrated to enhance tumor-specific accumulation and could
be optimized by attaching targeting domains.8,28–31 To test a broader
platform of ligands targeting different tumor tissue surface receptors,
ligands selectively targeting the receptor tyrosine kinase cMET and
the transferrin receptor were developed.32–34

In the current study, we combined the theranostic NIS gene therapy
approach with novel sequence-defined synthetic polyplexes to create
an optimized, individual, and powerful treatment concept for GBM.
This new generation of nanosized polyplexes is based on sequence-
defined cationic lipo-oligoaminoamides (OAAs) synthesized by
solid-phase assisted peptide synthesis (SPPS).35 In addition to com-
plexing plasmid DNA (pDNA) through electrostatic interactions,
the OAA are azido-functionalized as a new feature that enables
post-modification of the surface with targeting domains, to elicit
an enhanced tumor-specific gene delivery. The functional azido
group reacts with the dibenzocyclooctyne (DBCO) unit of potential
ligands via copper-free click reaction.36 PEGylation of the ligands
lowers the surface charge to avoid non-specific aggregation or inter-
action with biomacromolecules, allowing an improved blood circu-
lation and reducing undesired potential immune responses.37,38 A
monodisperse PEG24 (24 ethylene oxide units) was selected, which
was already found to be suitable for the in vivo targeting of related
OAA-PEG-peptide conjugates.33,39,40 The previously established do-
decapeptide GE11, a highly specific allosteric EGFR ligand, conju-
gated to DBCO was used.41 EGFR is an attractive candidate for
GBM targeting as its overexpression is a histopathological hallmark
Figure 1. Formulation of functionalized polyplexes

The cationic lipo-OAA containing an N-terminal azido group was mixed with pDNA at N

DBCO agent with 0.25 equivalents, another incubation for 4 h at room temperature was

with the compound ID 1252 (K, lysine; C, cysteine; Y, tyrosine; H, histidine; Stp, succ

functionalization containing monovalent (D) or bivalent (E) DBCO with ligand peptide G

measurements of formed polyplexes revealed a size of 120–140 nm with a uniform size d

PEGylated polyplexes showedmore efficient surface shielding than polyplexes with targe

(n = 3). RT, room temperature.
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of GBM. In GBM development, EGFR is the most frequently ampli-
fied receptor tyrosine kinase and the receptor expression occurs
early in the tumorigenesis.42,43 The peptide GE11 was selected for
EGFR targeting based on its convincingly demonstrated capacity
to provide EGFR-specific transfection efficiency in nanoparticle de-
livery both in vitro and in vivo in our previous studies.8,28–31,44–48 In
the present study, we monitored vector biodistribution and transfec-
tion efficiency by non-invasive imaging in an orthotopic GBM
mouse model and subsequently demonstrated the potential thera-
peutic efficacy of our novel GE11-targeted NIS polyplexes after
131I application.

RESULTS
Polyplex characterization

NIS polyplexes (Figures 1A–1E) were formed with 200 mg/mL pDNA
(in vivo conditions) and particle sizes were measured by dynamic light
scattering (DLS). We aimed at a size of <200 nm to ensure unhindered
blood circulation after intravenous (i.v.) injection and a sufficient
cellular uptake.49 The approximate dimensions were 120–140 nm
and the polydispersity indexes (PDIs), an indicator of the heterogeneity
of particle sizes in a mixture, were all below 0.2, which reflects a uni-
form and narrow size distribution (Figure 1F). The particle sizes did
not differ significantly between targeted (monoDBCO-PEG24-GE11/
NIS, bisDBCO-PEG24-GE11/NIS) and their corresponding non-tar-
geted polyplexes (monoDBCO-PEG24/NIS, bisDBCO-PEG24/NIS).
Zeta potential measurements were performed to determine the surface
charge of the polyplexes. A positive surface charge is achieved through
the good nucleic acid compaction of the OAAs and is desirable to
ensure sufficient interaction with negatively charged cell membranes
and subsequent internalization.50 However, at the same time, it is a
balancing act to prevent undesired aggregation with negatively charged
macromolecules in the bioenvironment.35 Taken together, a slightly
positive surface charge is optimal. The zeta potentials of both PEGy-
lated polyplexes (monoDBCO-PEG24/NIS and bisDBCO-PEG24/NIS)
differed from those of GE11-targeted polyplexes (monoDBCO-
PEG24-GE11/NIS and bisDBCO-PEG24-GE11/NIS). Using DBCO
agents containing just the shielding domain (PEG24) is more efficient
in lowering the surface charge compared with using ligands with a
shielding and a targeting domain (PEG24 + GE11). No formulation ex-
ceeded a zeta potential of 20 mV (Figure 1G).

In vitro NIS gene transfer mediated by EGFR-targeted

polyplexes

Cell-surface EGFR expression levels were determined on human breast
cancer cellsMCF-7, human follicular thyroid carcinoma cells FTC-133,
/P 12 and incubated for 30 min at room temperature (A). Following the addition of a

performed (B). Schematic depictions are shown of the sequence-defined lipo-OAA

inoyltetraethylene-pentamine) (C) and the structure of PEGylation agents for post-

E11 for targeting of EGFR or without GE11 as negative non-targeting control. DLS

istribution (PDI of <0.2) (F) and a zeta potential below 20 mV, whereas non-targeted

ted ligands (G) (*p% 0.05; n/s, not significant). Results are reported asmean ± SEM



Figure 2. EGFR-targeted NIS gene transfer in vitro

Cell-surface expression of EGFR was measured by flow

cytometry. A specific antibody detected the expression

levels of human EGFR on GBM14, MCF-7, FTC-133, U87,

and LN229 compared with isotype controls (A). 125I trans-

fection studies with GBM14, MCF-7, FTC-133, U87, and

LN229 (n = 3) indicate a correlation between the receptor

expression levels and the transfection efficiency of targeted

polyplexes (bisDBCO-PEG24-GE11/NIS) (B). Receptor

specificity was shown by transfecting cells with untargeted

polyplexes (monoDBCO-PEG24/NIS n = 6 and bisDBCO-

PEG24/NIS n = 3), resulting in a significantly lower iodide

uptake. Background radiation levels after control trans-

fection with LUC-coding polyplexes (monoDBCO-PEG24-

GE11/LUC n = 6 and bisDBCO-PEG24-GE11/LUC n = 3) or

the addition of NIS-specific inhibitor perchlorate prove NIS

dependency of iodide uptake (B and C) (*p % 0.05, **p %

0.01, ***p % 0.001). Treatment with the selective EGFR

inhibitor cetuximab resulted in a dose-dependent inhibition

of the transfection of U87 cells using monoDBCO-PEG24-

GE11/NIS polyplexes, demonstrating the EGFR de-

pendency of transfection with GE11 polyplexes (D) (**p %

0.01). Cell viability of U87 was affected neither by mono-

DBCO- nor by bisDBCO-polyplex treatment (E). Results are

reported as mean ± SEM.
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and the humanGBMcell linesGBM14,U87, andLN229 byflowcytom-
etry. GBM14 cells showed no EGFR expression, MCF-7 a very low
expression level, FTC-133 a low level of EGFR expression, and LN229
cells the highest EGFR density on their surface. U87 expressed an inter-
mediate level of EGFR (Figure 2A). The results indicate that the EGFR
expression levels on the cells correlatedwith transfection efficiency after
transfection with bisDBCO-PEG24-GE11/NIS polyplexes. LN229 cells
showed significantly higher 125I uptake than U87 cells, while no
EGFR-expressing GBM14, very low EGFR-expressing MCF-7, and
low EGFR-expressing FTC-133 cells exhibited a significantly lower
125I uptake (Figure 2B). The transfection efficiency was higher in U87
and LN229 cells using the targeting ligand GE11: transfection of U87
with bisDBCO-PEG24-GE11/NIS polyplexes resulted in a 4-fold in-
Molecular Th
crease in 125I uptake after 24 h compared with
transfection with non-targeting bisDBCO-
PEG24/NIS polyplexes (Figure 2B). Transfection
of U87 with monoDBCO-PEG24-GE11/NIS
polyplexes led to a 2.5-fold increase in 125I uptake
compared with non-targeting monoDBCO-
PEG24/NIS polyplexes (Figure 2C). The transfec-
tion of U87 with monoDBCO-PEG24-GE11/NIS
resulted in higher iodide uptake levels compared
with the transfection with bisDBCO-PEG24-
GE11/NIS, indicating a higher efficiency of the
monoDBCO-PEG24-GE11/NIS polyplexes (Fig-
ures 2B and 2C). In all cell lines, the addition of
the NIS-specific inhibitor perchlorate blocked
125I uptake in NIS-transfected cells, and no iodide
uptake above backgroundwas seenusing luciferase
(LUC)-coding polyplexes (Figures 2B and 2C). To further validate the
EGFR-dependent transfection efficiency, U87 cells were treated simul-
taneously with increasing concentrations of the selective EGFR inhibi-
tor cetuximab and monoDBCO-PEG24-GE11/NIS polyplexes. A
decrease in radioiodide uptake was shown at 2.5 mg/mL cetuximab
with a complete inhibition of radioiodide uptake activity at 3.5 mg/
mL cetuximab (Figure 2D). All results were normalized to cell survival
and U87 cell viability was not affected by polyplex treatment
(Figure 2E).

Tumoral iodide uptake in vivo after systemic NIS gene transfer

To determine EGFR expression levels, tissue samples from an ortho-
topic U87 GBM xenograft mouse model (Figure 3A) were stained
erapy: Oncolytics Vol. 23 December 2021 435
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using specific antibodies. All tumors (n = 7) were EGFR positive, with
up to 40% positive cells per tumor (Figure 3B). GBM-bearing mice
received EGFR-targeted polyplexes systemically and were evaluated
for functional NIS expression in the tumor tissue. Polyplex injection
was scheduled 24–28 days after intracranial (i.c.) tumor cell inocula-
tion and 24 or 48 h later high-resolution 124I PET imaging was per-
formed to quantify tumoral radioiodide uptake. The contrast between
high radioiodide uptake in the tumors of mice treated with EGFR-tar-
geted polyplexes (Figures 3C, 3D, and 3G) and low tumoral radionu-
clide uptake in mice injected with non-targeted polyplexes (Figures
3E and 3H) is indicated by the differences in signal strength. No tu-
moral iodide uptake above background (Figure 3J) was measured in
mice that received LUC-coding polyplexes (Figures 3F and 3I). Due
to physiological NIS expression, the thyroid, salivary glands, and
stomach normally accumulate radioiodide. The bladder also contains
radioiodide due to renal elimination (Figure 3C–3J).

In the quantitative analysis, tumors of mice that received mono-
DBCO-PEG24-GE11/NIS showed a significantly higher 124I uptake
of 4.36 ± 0.65% ID/mL (48 h) and 2.86 ± 0.24% ID/mL (24 h)
compared with tumors from mice that received non-targeted mono-
DBCO-PEG24/NIS polyplexes, which exhibited an uptake of 1.96 ±

0.52% ID/mL.

Measurements in mice that received bisDBCO-PEG24-GE11/NIS
confirmed the advantageous effect of EGFR-targeted compared with
non-targeted polyplexes. With a tumoral iodide uptake of 3.74 ±

0.83% ID/mL, the cohort pretreated with bisDBCO-PEG24-GE11/
NIS showed a higher signal amplification than the group injected
with bisDBCO-PEG24/NIS (1.44 ± 0.42% ID/mL) (Figure 3K).

Considering a tumor mass of 0.1 g, dosimetric calculations revealed
the highest tumor-absorbed dose of 58.0 ± 18.3 mGy/MBq 131I
with an effective half-life of 9.6 h in the mice treated with mono-
DBCO-PEG24-GE11/NIS followed by radioiodide 48 h later. For
mice treated with non-targeted polyplexes (monoDBCO-PEG24/
NIS), a dose of 8.2 ± 1.0 mGy/MBq and an effective half-life of
2.9 h for 131I were calculated. A dose of 35.0 ± 14.2 mGy/MBq 131I
and an effective half-life of 5.4 h were determined for the
bisDBCO-PEG24-GE11/NIS group. Matching the in vitro data,
monoDBCO-PEG24-GE11/NIS polyplexes resulted in a higher tu-
moral iodide uptake and a higher tumor-absorbed dose compared
with the bisDBCO-PEG24-GE11/NIS polyplexes, corroborating the
Figure 3. Polyplex-mediated NIS gene transfer in vivo

U87 GBM (A) showed high membranous EGFR expression in the receptor staining com

8� (scale bar: 300 mm), 15� (scale bar: 100 mm), and 40� (scale bar: 30 mm) were chos

withmonoDBCO-PEG24-GE11/NIS (n = 5) (C) compared with non-targetingmonoDBCO

in mice that received LUC-coding monoDBCO-PEG24-GE11/LUC polyplexes (n = 3)

systemic polyplex injection and iodide administration resulted in a higher iodide uptake

advantageous targeting effect of GE11 polyplexes were seen in studies with bisDBCO-

targeted, and bisDBCO-PEG24-GE11/LUC (n = 2) (I) for LUC-coding polyplexes. One re

by serial scannings over 5 h and quantified as the percentage of the injected dose per m

secretion; T, thyroid; SG, salivary glands; St, stomach; B, bladder).
greater transfection efficiency of the monoDBCO-PEG24-GE11/NIS
polyplexes, as a basis for their application in the in vivo therapy study.

Immunohistochemical ex vivo analysis of NIS protein expression

After tissue preparation, sections were stained immunohistochemi-
cally using an anti-NIS monoclonal antibody. Tumor sections derived
from mice that received monoDBCO-PEG24-GE11/NIS polyplexes
48 h (Figure 4A) before sacrifice showed a higher number of NIS-pos-
itive cells (red) than tumor sections from the 24h group (Figure 4B).
Immunohistochemical staining of tumor sections from control ani-
mals that received non-targeted monoDBCO-PEG24/NIS (Figure 4C)
or LUC-coding monoDBCO-PEG24-GE11/LUC (Figure 4D) poly-
plexes showed no NIS-specific immunoreactivity that was compara-
ble to untreated (Figure 4E) tumor tissue.

Immunohistochemical NIS staining of tumor sections derived from
mice treated with bisDBCO-PEG24-GE11/NIS (Figure 4F) polyplexes
demonstrated an analogous outcome. The experimental group re-
vealed clusters of NIS-positive cells, in contrast with control groups
bisDBCO-PEG24/NIS (Figure 4G) and bisDBCO-PEG24-GE11/LUC
(Figure 4H), which showed no NIS detection.

In tissue sections of control organs (liver [Figure 4I], lung [Figure 4J],
kidney [Figure 4K], and spleen [Figure 4L]), no NIS expression was
detected.

131I therapy studies after polyplex-mediated NIS gene transfer

in vivo

Based on the results of the imaging studies, GBM bearing mice were
then treatedwithmonoDBCO-PEG24-GE11/NIS followedby

131I appli-
cation 48 h later (therapy group). This application cycle was repeated
three times.Control groups concurrently receivednon-targetingmono-
DBCO-PEG24/NIS polyplexes followed by

131I or monoDBCO-PEG24-
GE11/NIS polyplexes and thenNaCl orNaCl only as a negative control.
Tumor growth was monitored by high-resolution magnetic resonance
imaging (MRI) twice a week. The therapy group (Figure 5A) showed
a significant delay in tumor growth compared with the control groups.
The tumor growth was only mildly decreased in the group mono-
DBCO-PEG24/NIS followedby

131I (Figure 5B) andanaggressive tumor
growth was observed in the two control groups, namely, monoDBCO-
PEG24-GE11/NIS plus NaCl (Figure 5C) and NaCl only (Figure 5D).
The enhanced therapy effect seen in tumor growth (Figure 5E) resulted
in a significant extension of survival of the therapy group (Figure 5F).
pared with no EGFR expression in normal brain tissue (B). Original magnifications of

en. Tumoral iodide uptake in 124I PET studies was significantly higher in mice treated

-PEG24/NIS (n = 4) (E). No tumoral iodide uptake above backgroundwasmeasured

(F), comparable to mice that did not bear a tumor (J). An interval of 48 h between

than an interval of 24 h (n = 5) (C, D). Analogous outcomes and reproduction of the

PEG24-GE11/NIS (n = 5) (G) for targeted, bisDBCO-PEG24/NIS (n = 3) (H) for non-

presentative image is shown for each group. Tumoral iodide uptake was measured

illiliter tumor (K) (*p % 0.05). Results are reported as mean ± SEM (S, snout, nasal
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Figure 4. Analysis of NIS protein expression in U87

tumors ex vivo

Immunohistochemical staining of NIS protein in GBM xe-

nografts embedded in paraffin revealed a higher NIS

expression (red) in mice treated with targeted polyplexes

(monoDBCO-PEG24-GE11/NIS [A] and bisDBCO-PEG24-

GE11/NIS [F]) 48 h before sacrifice compared with the 24h

time point (B). No positive NIS staining in tumors of mice that

received control polyplexes (C, D, G, and H) or untreated (E)

mice was observed. Liver (I), lung (J), kidney (K), and spleen

(L) did not show any NIS expression. One representative

image with 20� original magnification is shown for each

group (scale bar: 100 mm). A 40� original magnification was

chosen for the close up (scale bar: 50 mm).
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On day 26, the last control mouse was sacrificed based on the animal
welfare protocol, while 60% of the therapy mice were still alive. The
mean survival times were 26.6 days for the therapy group, 22.6 days
for the monoDBCO-PEG24/NIS +

131I group, 20.4 days for the mono-
DBCO-PEG24-GE11/NIS + NaCl group, and 20 days for the NaCl-
only group.

The results were further validated by staining of the blood vessel den-
sity and proliferation status (Figures 6A–6D). The therapy group
showed a trend toward the lowest number of Ki67-positive cells (Fig-
ure 6E) and a significantly smaller area of CD31 positivity (Figure 6F)
compared with the control groups.

DISCUSSION
As themost commonmalignantprimarybrain tumor,GBMhas an inci-
dence of 3.19 cases per 100,000 person years.51 The remarkably poor
prognosis of 15 months median survival52 results from very limited
treatment options and the diffuse-invasive nature of GBM with a re-
maining poor understanding of tumor pathophysiology.52,53 The cur-
438 Molecular Therapy: Oncolytics Vol. 23 December 2021
rent therapeutic strategy is multidisciplinary. Diag-
nostic procedures involve MRI scan and biopsy,
whereas therapy involves surgical resection fol-
lowed by adjuvant therapies. The gold standard of
post-operative strategies is radiation therapy com-
bined with the alkylating agent temozolomide.52,54

For recurrent disease that is progressive despite
prior therapy, the monoclonal antibody bevacizu-
mab was authorized by the US Food and Drug
Administration (FDA).55 T cell inhibitors, peptide-
and dendritic cell-based vaccination, adoptive cell
therapy, and viral immunotherapy are new ap-
proaches currently in clinical phase studies for
GBM, but have not been approved by the FDA or
EMA yet. To date, these therapeutic approaches
do not differmuch regarding prognosis and overall
survival,51 highlighting the need for new strategies.

The cloning of NIS in 1996 opened up the oppor-
tunity of using this theranostic gene for non-inva-
sive imaging and therapy purposes.56 Due to its origin in thyroid
follicular cells, it is a self-protein with no immunogenic potential
and no cell toxicity.11 In addition to scintigraphic imaging, NIS facil-
itates tumor monitoring by PET using 124I or 18F-TFB as tracers.7,8

PET allows for the quantitative analysis of tumoral iodide uptake
mediated by functional NIS expression with a high resolution and
sensitivity and allows a three-dimensional reconstruction of tumors.
NIS imaging allows a precise estimation of radiation dose for radio-
ablation of the individual tumor based on dosimetric calculations.57

Applying 131I leads to radionuclide trapping within the NIS-positive
cells and cell death induced by beta decay. The cross-fire effect further
boosts the impact of 131I, as neighboring cells also suffer cytotoxic
destruction.58 Off-target toxicity affects mainly the thyroid and sali-
vary glands due to their physiologic NIS expression. Pretreatment
with LT4 causes a downregulation of thyroidal iodide uptake due to
the TSH dependency of NIS expression. Should hypothyroidism
nonetheless arise after therapy, it can be treated by thyroid hormone
substitution.11 The efficacy of radioiodide therapy is well established
in thyroid cancer treatment, even in advanced metastatic disease.59
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This therapeutic effectiveness empowers the potential translation of
NIS-mediated radioiodide therapy to other tumor diseases such as
GBM. In the past, Cho et al.60 showed functional NIS expression in
subcutaneous glioma tumors after intratumoral injection of NIS-ex-
pressing recombinant adenoviruses. In a further step, Opyrchal
et al.61 have shown a prolonged survival of orthotopic GBM-bearing
mice treated with intratumoral injection of measles virus engineered
to express NIS followed by the intraperitoneal (i.p.) injection of 131I
compared with the MV-NIS-only group. In the present study, we
used sequence-defined polyplexes as artificial virus-like carrier sys-
tems. These synthetic carriers may have distinct advantages over viral
vectors, as they overcome limitations in virus gene therapies such as
immunogenicity, limited cargo capacity, and difficulties in produc-
tion.62 But, at the same time, this technology is inspired by virus
biology in that they allow targeted, dynamic, and potent nucleic
acid delivery.37 Importantly, in our study, we injected polyplexes sys-
temically instead of intratumorally, highlighting the flexibility of this
approach in clinical applicability. Critical parameters for polyplexes
are size, charge, and surface characteristics. The T-shaped lipo-
OAA 1252 packages the NIS pDNA and is responsible for the balance
between stability and endosomal release.63 Very small polyplexes
(<6 nm) are rapidly eliminated by the kidney, while very big poly-
plexes (>400 nm) need extensive vascularization for their accumula-
tion in solid tumors.35 Our polyplexes have been designed for a size
between 120 and 140 nm for optimal biodistribution and pharmaco-
kinetics. Modification with the PEGylated ligands resulted in surface
charges below 20mV. This might be advantageous in view of avoiding
self-aggregation and aggregation with biomacromolecules and to pro-
vide longer blood circulation (Figure 1).35 Size and charge influence
non-specific accumulation in the liver, lungs, and kidneys, which
can create toxicity issues.57 In ex vivo immunohistochemical stain-
ings, we found no NIS expression in these healthy organs (Figures
6I–6L). To increase the internalization of our synthetic vectors to tu-
mor stroma, we used GE11 ligands for specific tumor targeting.31 We
further showed EGFR-dependent transfection efficiency in vitro and
in vivo. The comparison of targeted polyplexes (monoDBCO-PEG24-
GE11/NIS and bisDBCO-PEG24-GE11/NIS) with their correspond-
ing non-targeted polyplexes (monoDBCO-PEG24/NIS and
bisDBCO-PEG24/NIS) demonstrated the advantageous effect of using
GE11 targeting ligands. In in vitro cell transfection (Figure 2) and
in vivo PET imaging experiments (Figure 3), the use of GE11 ligands
led to a significantly higher transfection efficiency compared with the
PEG24 ligands alone. Transfection resulted in background levels when
using LUC-coding polyplexes (monoDBCO-PEG24-GE11/LUC and
bisDBCO-PEG24-GE11/LUC), thus demonstrating that iodide uptake
Figure 5. 131I therapy studies in vivo

GBM-bearing mice, confirmed byMRI on day 0, were treated with three cycles of i.v. inje

later, on days 3, 7, and 11. Tumor sizes were monitored twice a week by MRI. Exemplary

GE11/NIS + 131I (A), a monoDBCO-PEG24/NIS + 131I (B), a monoDBCO-PEG24-GE1

highlighted by green lines. Injection of monoDBCO-PEG24-GE11/NIS + 131I led to a de

monoDBCO-PEG24/NIS + 131I (n = 5; mean ± SEM; *p < 0.05 on day 15), monoDBCO-P

*p < 0.05 on days 18 and 21) (E). Therapy mice treated with monoDBCO-PEG24-GE11

groups monoDBCO-PEG24/NIS + 131I (n = 5; *p < 0.05), monoDBCO-PEG24-GE11/NI
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is indeed NIS mediated. The outcome of our therapy study matched
closely the results of the PET imaging study. The effective therapeutic
cytoreduction achieved after treatment with targeted monoDBCO-
PEG24-GE11/NIS polyplexes followed by 131I application resulted in
a significant decrease in tumor growth compared with the two control
groups monoDBCO-PEG24-GE11/NIS plus NaCl and NaCl only. The
non-targeted polyplexes (monoDBCO-PEG24/NIS) showed an up-
take of 124I only slightly above background levels in the imaging
study. Accordingly, mice treated with these non-targeted polyplexes
followed by 131I in the therapy study showed a mild delay in tumor
growth compared with the other two control groups. These observa-
tions in tumor growth behavior during therapy were mirrored by an-
imal survival (Figure 5). The ex vivo analysis of NIS protein expres-
sion showed a heterogeneous, patchy transgene expression pattern
in vivo after polyplex-mediated transfection (Figures 4A and 4F).
Nevertheless, the 131I therapy resulted in a significant therapeutic ef-
fect. This outcome is attributed to the bystander effect of the beta-
emitter 131I, which is able to compensate heterogeneous tumoral
NIS expression due to the range of approximately 2.4 mm of the
beta particles.10,17,64,65 This is one of the major advantages of NIS
as a therapy gene and makes the approach highly effective.66

Ex vivo staining for blood vessel density demonstrated a long-term
antiangiogenic therapeutic effect of 131I treatment. The vasculariza-
tion status of a tumor influences the growth rate. A highly
vascularized tumor grows more rapidly, whereas low vascularization
decelerates tumor growth.67 The tumors of the therapy group showed
the lowest blood vessel density, delayed growth, and a trend
toward lower cell proliferation as determined by Ki67 staining
(Figure 6).

In summary, our work clearly shows the potential of post-function-
alized targeted polyplexes for NIS gene therapy of GBM using the
EGFR targeting ligand GE11. During the last decade, it has been
shown that GBMs comprise a group of highly heterogeneous tumor
types, including mutations, rearrangements, and genetic alterations
of EGFR.43 EGFR amplification is acquired by GBM cells early in
tumorigenesis and substantially contributes to the invasive pro-
cess.43 In a study by van den Bent et al., approximately 84% of
the evaluated GBMs were considered to retain their EGFR amplifi-
cation at the time of tumor recurrence.68 As amplification of tu-
moral EGFR is essential for the success of our personalized therapy
approach, EGFR expression is optimally assessed pre-therapeutically
as part of the molecular tumor profiling. The theranostic approach
of the NIS gene therapy offers the major advantage of non-invasive
monitoring of the efficacy of EGFR-targeted NIS gene delivery
ction of polyplexes on days 1, 5, and 9 followed by i.p. injection of 55.5 MBq 131I 48 h

MRI images of tumor sizes on day 18 of the therapy trial from amonoDBCO-PEG24-

1/NIS + NaCl (C), and a NaCl + NaCl (D)-treated mouse are shown. Tumors are

crease in tumor growth in the therapy group (n = 5) compared with control groups

EG24-GE11/NIS + NaCl (n = 5; mean ± SEM), and NaCl + NaCl (n = 5; mean ± SEM;

/NIS + 131I (n = 5) showed a significant extension of survival compared with control

S + NaCl (n = 5; **p < 0.01), and NaCl + NaCl (n = 5; **p < 0.01) (F).



Figure 6. Analysis of proliferation index and blood

vessel density of therapy tumors ex vivo

Frozen tissue sections from GBM dissected after the ther-

apy study were stained for Ki67 (green) for proliferation in-

dex and CD31 (red) for blood vessel density. Nuclei are

stained with Hoechst (blue). The therapy group that

received monoDBCO-PEG24-GE11/NIS followed by 131I (A)

showed fewer Ki67-positive cells (E) and a significantly

smaller CD31-positive area (F) (*p < 0.05, ***p < 0.001)

compared with the control groups treated with mono-

DBCO-PEG24/NIS plus 131I (B), monoDBCO-PEG24-GE11/

NIS plus NaCl (C), or NaCl only (D). One representative

picture of each group is shown at 20� original magnification

(scale bar: 100 mm). Results are reported as mean ± SEM

(for each group n = 4).
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before a therapeutic dose of radioiodide is applied, as demonstrated
in our preclinical in vivo studies (Figures 3C, 3D, and 3G). Further-
more, the use of DBCO click chemistry provides the opportunity to
design polyplexes quickly, based on the genetic differentiation and
receptor status of the individual tumor. After biopsy and analysis
of the molecular tumor profile, the polyplex design can be tailored
via the targeting domain to provide a personalized and individual
therapy. The application of alternative targeting ligands
suitable for DBCO click chemistry is the subject of ongoing work
and can provide a broad spectrum of polyplexes for individualized
therapy.
Molecular T
MATERIALS AND METHODS
Cell culture

The GBM cell line U87 (CLS 300367, Cell Line
Service GmbH, Eppelheim, Germany) was
cultured in Dulbecco’s modified Eagle’s medium
(DMEM; 1 g/L glucose; Sigma Aldrich, St. Louis,
MO) supplemented with 1% (v/v) MEM non-
essential amino acids (Thermo Fisher Scientific,
Waltham, MA). The GBM cell line LN229
(ATCC CRL-2611, American Type Culture
Collection, Manassas, VA) was grown in Roswell
Park Memorial Institute (RPMI)-1640 culture
medium (Sigma Aldrich) supplemented with
1% (v/v) sodium pyruvate (Thermo Fisher Scien-
tific). The follicular thyroid carcinoma cell line
FTC-133 (94,060,902, Sigma Aldrich) was
cultured in DMEM/F12 (Sigma Aldrich) supple-
mented with 1% (v/v) L-glutamine (Sigma Al-
drich). The human breast cancer cell line MCF-
7 (ATCC HTB-22) was grown in minimum
essential Eagle’s medium (MEM; Sigma Aldrich)
supplemented with 1% (v/v) L-glutamine (Sigma
Aldrich), 1% (v/v) sodium pyruvate (Thermo
Fisher Scientific), and 5 mg/mL insulin (Sigma Al-
drich). We added 10% (v/v) fetal bovine serum
(FBS Superior, Sigma Aldrich) and 1% (v/v) peni-
cillin/streptomycin (Sigma Aldrich) to all media.
The patient-derived GBM cell line GBM14 was cultured in DMEM/
F12 (Sigma Aldrich) supplemented with 1% (v/v) penicillin/strepto-
mycin (Sigma Aldrich), B-27 supplement (Thermo Fisher Scientific),
10 ng/mL human EGF (PeproTech, Hamburg, Germany), and 10 ng/
mL human FGF (PeproTech). All cells were passaged at 70% conflu-
ency and maintained at 37�C, 5% CO2, and a relative humidity of
95%. The culture medium was replaced every 48 h.

Synthesis of plasmids, carrier, and DBCO agents

The NIS cDNA was synthesized and optimized by GENEART (Re-
gensburg, Germany) based on the plasmid pCpG-hCMV-Luc. The
herapy: Oncolytics Vol. 23 December 2021 441
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establishment of the expression vector pCpG-hCMV-NIS has been
described in detail previously.29 The pNIS-DNA and pCMVLuc69

(encoding a Photinus pyralis LUC under control of the cytomegalo-
virus promoter) that were applied in all in vitro and in vivo experi-
ments were produced and purified by Plasmid Factory GmbH (Biele-
feld, Germany).

The T-shaped OAA 1252 was synthesized via standard Fmoc SPPS as
described previously.45,63

The shielding and EGFR targeting agents, bearing one or two DBCO
units as attachment sites for orthogonal click reaction, were synthe-
sized as described previously.45,47
Polyplex formation

The final pDNA concentration was 10 mg/mL for cell transfection ex-
periments and 200 mg/mL for in vivo experiments. The pDNA and the
calculated amount of OAA at N/P 12 (protonatable nitrogen/phos-
phate ratio) were diluted separately in the same volume. The solvent
was 20 mM HEPES buffer with 5% (w/v) glucose (pH 7.4) (HBG
buffer). The pDNA solution was mixed in OAA solution by pipetting
rapidly 10 times, followed by an incubation period of 30 min at room
temperature to form core polyplexes. Ligands for post-modification
were diluted in HBG buffer with an equivalence of 0.25.36 The total
volume of the diluted ligand was one-quarter of the volume of the
OAA-pDNA mixture. The ligand was added to the core polyplex so-
lution after the incubation period by pipetting rapidly 10 times, fol-
lowed by further incubation for 4 h at room temperature.
Particle size and zeta potential measurement

DLS was performed on a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK) to measure the particle size and zeta potential
of the polyplexes. Polyplexes were formed in 100 mL HBG buffer
with a final DNA concentration of 200 mg/mL (in vivo condition).
For zeta potential measurement, 700 mL HBG was added.
EGFR expression levels in vitro

Flow cytometry was performed to screen for EGFR expression levels
on cell surfaces. U87, LN229, MCF-7, and FTC-133 were trypsinized
and GBM14 was treated with Accutase solution (Sigma Aldrich). We
washed 8� 105 cells of each cell line and resuspended them in 100 mL
PBS supplemented with 10% (v/v) FBS (FACS buffer). An antibody
for human EGFR detection (monoclonal mouse IgG1, clone H11;
Dako, Glostrup, Denmark) or a negative isotype control antibody
(Abcam, Cambridge, UK) was added at a dilution of 1:200 and the
samples were incubated for 1 h on ice. Subsequently, the cells were
washed with FACS buffer and stained with an Alexa Fluor 488 anti-
body at a dilution of 1:400 (Thermo Fisher Scientific) for 1 h on ice.
Propidium iodide (Sigma Aldrich) was added at a dilution of 1:100 to
exclude dead cells. An analysis was performed on a BDAccuri C6 flow
cytometer (BD Bioscience, Franklin Lakes, NJ). Cell aggregates or
fractions were excluded by appropriate gating.
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Transfection studies and 125I uptake assay

Cells (U87, LN229, GBM14, MCF-7, and FTC-133) were seeded in
six-well plates and grown to 60%–70% confluency. Medium was re-
placed by 400 mL/well serum- and antibiotic-free medium. We added
200 mL/well monoDBCO-PEG24-GE11/NIS or bisDBCO-PEG24-
GE11/NIS polyplex solutions with a DNA concentration of 10 mg/
mL and the cells were incubated for 4 h at 37�C before the medium
was changed to normal growth medium. As negative controls, ligands
without the targeting domain (monoDBCO-PEG24/NIS or bisDBCO-
PEG24/NIS) or LUC-coding polyplexes (monoDBCO-PEG24-GE11/
LUC or bisDBCO-PEG24-GE11/LUC) were applied. The EGFR-spe-
cific antibody cetuximab (Erbitux, Merck, Darmstadt, Germany) was
added in different concentrations (0.5, 1.5, 2.5, and 3.5 mg/mL)
15 min before the cell treatment with monoDBCO-PEG24-GE11/
NIS polyplexes. Furthermore, the NIS-specific inhibitor perchlorate
(1 mM potassium perchlorate; Merck) was added as an additional
control. At 24 h after transfection, NIS-mediated 125I uptake was
examined as described previously.10,14 Results are normalized to
cell survival and specified as counts per minute (cpm)/A620 (for
cell viability assay, see below).
Cell viability assay

A commercially available 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) reagent (Sigma Aldrich) was added
24 h after transfection and cells were incubated for 1 h at 37�C. For
cell lysis, 10% dimethyl sulfoxide in isopropanol with an incubation
time of 15 min at room temperature was used. The measurement
was performed on a Sunrise microplate absorbance reader (Tecan,
Männedorf, Switzerland) at a wavelength of 620 nm.
Establishment of intracranial U87 tumors in vivo

Six- to 7-week-old female CD-1 nu/nu mice (Charles River, Sulzfeld,
Germany) were anesthetized and immobilized, and a skin incision
was made on the top of the skull. Mice were mounted onto a stereo-
tactic head holder (David Kopf Instruments, Tujunga, CA) in the flat-
skull position. A hole was carefully drilled into the skullcap 1.0 mm
anterior and 1.5 mm lateral to the bregma with a 21G cannula. A
blunt syringe with an injection volume of 1 mL (22G Hamilton sy-
ringe; Hamilton, Reno, NV) was inserted 4 mm deep and retracted
to 3 mm depth. We injected 1 mL U87 cell suspension (1 � 105

cells/mL PBS) slowly (over 2 min) into the brain before the syringe
was removed carefully within 2 further minutes. The area of injection
was the right caudate putamen. The skin incision was stitched with
surgical thread (Johnson & Johnson, New Brunswick, NJ) and the
mice were kept warm while awakening. Mice were treated with Meta-
cam (0.5 mg/kg) pre- and post-operatively to reduce pain and the risk
of inflammation. Animals were maintained with access to mouse
chow and water ad libitum and under specific-pathogen-free condi-
tions. More than 15% weight loss or signs of ill health (impairment
of breathing, drinking, eating, or cleaning behavior) led to sacrifice.
All experimental protocols were authorized by the regional govern-
mental commission for animals (Regierung von Oberbayern) and
meet the requirements of the German Animal Welfare Act.
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In vivo PET imaging studies after systemic NIS gene transfer

At 3.5–4 weeks after i.c. tumor cell inoculation, polyplexes (mono-
DBCO-PEG24-GE11/NIS and bisDBCO-PEG24-GE11/NIS poly-
plexes for EGFR targeting, non-targeted monoDBCO-PEG24/NIS
and bisDBCO-PEG24/NIS polyplexes, monoDBCO-PEG24-GE11/
LUC and bisDBCO-PEG24-GE11/LUC containing pCMVLuc as
additional negative control) with a DNA dose of 2.5 mg/kg (for a
20-g mouse, 50 mg DNA in a total volume of 250 mL; solvent,
HBG) were applied systemically via the tail vein. After 24 or 48 h,
mice received 10 MBq of 124I (PerkinElmer, Waltham, MA, or DSD
Pharma, Purkersdorf, Austria) as an NIS PET tracer by i.v. injection,
and NIS-mediated iodide accumulation in tumor areas was deter-
mined by small-animal PET (Inveon, SIEMENS Preclinical Solutions,
Erlangen, Germany). Serial scanning took place 1, 3, and 5 h after 124I
application. Results were assessed with the software Inveon Acquisi-
tion Workplace (Siemens, Munich, Germany), were analyzed using
Inveon Research Workplace (Siemens), and are represented as a per-
centage of the injected dose per milliliter tumor (% ID/mL). Mice
were pretreated with L-thyroxine (LT4; 5 mg/mL, Sigma Aldrich)
in their drinking water 10 days before imaging to reduce thyroidal io-
dide uptake, and at the same time the mouse chow was changed to a
low-iodine diet (ssniff Spezialdiäten GmbH, Soest, Germany).

Mouse brain tissue preparation

After anesthesia and thorax incision, mice were perfused transcar-
dially with 1� PBS followed by a 4% formaldehyde solution. The
brain was explanted and fixed in 4% formaldehyde solution for
48 h at room temperature and stored in 1� PBS at 4�C for further
preparation. The liver, spleen, kidney, and lungs were collected as
control organs under the same procedure.

Immunohistochemical EGFR staining

Immunohistochemistry of tumor tissues derived from mice used for
the imaging study was performed using a Bond RXm system (Leica,
Wetzlar, Germany; all reagents from Leica) with an EGFR antibody
(clone E235, 1:100, ab32077; Abcam). Briefly, slides were deparaffi-
nized and pretreated with Epitope retrieval solution 1 (EDTA buffer
[pH 6]) before the diluted primary antibody was applied for 15 min.
Antibody binding was detected with a polymer refine detection kit
without a post primary agent and visualized with diaminobenzidine
as a dark brown precipitate. Counterstaining was done with hematox-
ylin. A positive control was included in each run. The stained slides
were scanned with an automated slide scanner (Leica Biosystems;
AT-2), and the Aperio Imagescope software (version 12.3; Leica Bio-
systems) was used to take representative images. The receptor expres-
sion level was evaluated by a veterinary pathologist.

Tumor volume estimation ex vivo

Tumors were cut in axial sections with a microtome. Twenty trans-
verse layers with defined anatomical characteristics were selected
with the help of a mouse brain atlas.70 The interval between selected
brain sections was 0.32–0.52 mm. Hematoxylin and eosin (H&E)
staining was performed according to standard protocol, slides were
scanned, all sections containing tumor were taken into consideration,
and the tumor area (A) was determined by encircling the
tumor (Aperio Imagescope software). The average area was calculated
(Aaverage = Atotal/N [number of selected sections]) and the height of
the tumor (H) was considered as the interval between the first and
the last section containing tumor. The final tumor volume (in cubic
millimeters) is the multiplication of Aaverage (in square millimeters)
and H (in millimeters).71

Only mice bearing a GBM with a size of >30 mm3 were considered in
the in vivo PET imaging studies. There was no significant difference in
the mean tumor sizes between control and experimental groups: the
groups that received targeted polyplexes had a mean tumor size of
44.6 ± 5.1 mm3 (monoDBCO-PEG24-GE11/NIS 48 h), 51.2 ±

6.0 mm3 (monoDBCO-PEG24-GE11/NIS 24 h), and 57.6 ±

8.6 mm3 (bisDBCO-PEG24-GE11/NIS), while those treated with
non-targeted polyplexes developed tumors 43.9 ± 2.9 mm3 (mono-
DBCO-PEG24/NIS) and 43.9 ± 6.2 mm3 (bisDBCO-PEG24/NIS) in
size. Animals treated with LUC-coding polyplexes had tumors with
a mean size of 71.5 ± 10.0 mm3 (monoDBCO-PEG24-GE11/LUC)
and 42.7 ± 8.9 mm3 (bisDBCO-PEG24-GE11/LUC).

Immunohistochemical staining of NIS protein

Paraffin-embedded tumor and control organ samples were immuno-
histochemically stained as described previously.72 A primary mouse
monoclonal NIS-specific antibody (Merck Millipore; dilution 1:500)
was incubated on tissue samples for 60 min at room temperature, fol-
lowed by a biotin-SP-conjugated goat antimouse IgG antibody (Jack-
son ImmunoResearch, West Grove, PA; dilution 1:200) for 20 min
and peroxidase-conjugated streptavidin (Jackson ImmunoResearch;
dilution 1:300) for a further 20 min. Scanning was performed as
described above.

Radioiodide therapy study in vivo

Starting 5 days after i.c. tumor cell inoculation, tumor growth was as-
sessed twice a week by high- resolution MRI. A visible tumor in one
slice with a diameter between 0.8 and 1.3 mm was used as inclusion
parameter (day 0). Therapy trials were started the day after. To this
end, therapy mice were treated systemically with monoDBCO-
PEG24-GE11/NIS followed by an i.p. injection of 55.5 MBq 131I (GE
Healthcare, Braunschweig, Germany) 48 h later. The therapy trial
was repeated three times; thus, i.v. polyplex injection took place
on days 1, 5, and 9 and i.p. 131I injections were performed on days
3, 7, and 11. Accordingly, control mice received monoDBCO-
PEG24/NIS followed by 131I or monoDBCO-PEG24-GE11/NIS fol-
lowed by saline (NaCl), or NaCl i.v. followed by NaCl i.p., respec-
tively. Once at least one endpoint criterion was met (>15% weight
loss; impairment of breathing, drinking, eating, or cleaning behavior;
self-isolation from the group), as monitored by independent animal
care personnel blind to treatment and hypothesis, the mice were
sacrificed.

MRI was acquired with a small animal 7T preclinical scanner (Agilent
Discovery MR901 magnet and gradient system, Bruker AVANCE III
HD electronics running ParaVision software release 6.0.1). A
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birdcage quadrature volume resonator (inner diameter 72 mm;
RAPID Biomedical, Rimpar, Germany) was used for 300 MHz RF
transmission, and a rigid-housing two-channel surface receiver coil
array (RAPID Biomedical) was placed over the mouse’s head. Ani-
mals were screened for tumor growth with a T2-weighted rapid acqui-
sition with relaxation enhancement (RARE) sequence, with a repeti-
tion time of 2.5 s, an effective echo time of 40 ms, 8 echoes per
excitation, an acquisition matrix 192 � 192, an in-plane resolution
of 0.104 � 0.104 mm2, 1 average, and 7 slices with a thickness of
1 mm. The oblique coronal (horizontal) slices were tilted to be parallel
with the brain anterior-posterior axis, which was tilted anterior-down
due to mouse positioning under the coil. Images were exported in a
Digital Imaging and Communications in Medicine (DICOM) format
for analysis with the DICOM viewer RadiAnt (Medixant, Poznan,
Poland). The tumor area of each slice was encircled and RadiAnt pro-
vided the size in square millimeters. The tumor volume was calculated
using the same formula as for ex vivo tumor volume estimation (see
above).

Ex vivo immunofluorescence assay

The U87 GBMs from therapy mice were prepared as described above.
Two days after post-fixation in paraformaldehyde (PFA), the brains
were left in 30% sucrose for at least 24 h at 4�C. Freezing was per-
formed by embedding the tissue in Cryomatrix (Leica). Frozen tumor
sections were stained with an antibody against Ki67 (Abcam; dilution
1:200) for cell proliferation and CD31 (BD Pharmingen, Heidelberg,
Germany; dilution 1:100) for blood vessel density as described previ-
ously.34 The stained tumor sections were scanned with the Pannor-
amic MIDI digital slide scanner and pictures were taken using Case-
viewer software (3DHISTECH Ltd., Budapest, Hungary). For
quantification, four visual fields (20� magnification) per tumor
were chosen and analyzed with ImageJ software (NIH, Bethesda,
MD).

Statistical methods

All in vitro experiments were performed at least in triplicate and re-
sults are shown as mean ± SEM, mean fold change ±SEM, and per-
centage for survival plots. Two-tailed Student’s t test was used to
prove statistical significance.

For therapy studies, differences in tumor growth were tested by one-
way ANOVA followed by post hoc Fisher’s LSD or Games Howell.
Mouse survival is presented in a Kaplan-Meier-plot and statistical sig-
nificance was tested by log rank. Statistical significance was defined as
a p value of <0.05 (*p < 0.05; **p < 0.01; ***p < 0.001).
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