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New treatment strategies are urgently needed for glioblastoma
(GBM)—a tumor resistant to standard-of-care treatment with a
high risk of recurrence and extremely poor prognosis. Based on
their intrinsic tumor tropism, adoptively applied mesenchymal
stem cells (MSCs) can be harnessed to deliver the theranostic
sodium/iodide symporter (NIS) deep into the tumor microen-
vironment. Interleukin-6 (IL-6) is a multifunctional, highly ex-
pressed cytokine in the GBM microenvironment including re-
cruited MSCs. MSCs engineered to drive NIS expression in
response to IL-6 promoter activation offer the possibility of a
new tumor-targeted gene therapy approach of GBM. There-
fore, MSCs were stably transfected with an NIS-expressing
plasmid controlled by the human IL-6 promoter (IL-6-NIS-
MSCs) and systemically applied in mice carrying orthotopic
GBM. Enhanced radiotracer uptake by 18F-Tetrafluoroborate-
PET/magnetic resonance imaging (MRI) was detected in tu-
mors after IL-6-NIS-MSC application as compared with mice
that received wild-type MSCs. Ex vivo analysis of tumors and
non-target organs showed tumor-specific NIS protein expres-
sion. Subsequent 131I therapy after IL-6-NIS-MSC application
resulted in significantly delayed tumor growth assessed by
MRI and improvedmedian survival up to 60% of GBM-bearing
mice as compared with controls. In conclusion, the application
of MSC-mediated NIS gene therapy focusing on IL-6 biology-
induced NIS transgene expression represents a promising
approach for GBM treatment.

INTRODUCTION
Glioblastoma (GBM) is themost aggressive andmost commonmalig-
nant type of primary brain tumor in adults with a median survival of
<2 years after diagnosis.1 Major hurdles encountered in the treatment
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of GBM result from multiple factors linked to the biology of this tu-
mor, including diffuse infiltrative growth, intra- and intermolecular
heterogeneity, and the location itself limiting complete surgical resec-
tion as well as the delivery of drugs into the tumor across the blood-
brain barrier (BBB).2 The standard treatment of newly diagnosed
GBM patients includes extensive surgery followed by radiotherapy
and concomitant/adjuvant chemotherapy (“Stupp Protocol”).3,4

Therapy resistance to conventional standard-of-care as well as to
new treatments almost always occurs and may correlate in part
with the unique genetic, epigenetic, and microenvironmental features
of the brain’s neural tissue.2,5

The tumormicroenvironment plays a pivotal role in tumor growth and
progression of most human cancers including GBM.6 In the glioblas-
tomamicroenvironment, an increased abundance of inflammatory cy-
tokines, chemokines, and growth factors has been reported.7 One such
cytokine is interleukin (IL)-6, a potent mediator that is omnipresent in
the inflammatorymicroenvironments ofmany solid tumors. This cyto-
kine displays pleiotropic functions and is released by various cell types
within the tumor setting.8 The regulation of IL-6 gene expression is
complex and involves numerous transcription factors and their interac-
tions.9 Strong inducers of the IL-6 promoter are tumor necrosis factor
(TNF)-f, IL-1b and interferon (IFN)-g.10 IL-6 signaling in gliomas
is thought to sustain and promote tumor proliferation, tumor invasion,
and angiogenesis, and contribute to immune escape, as well as
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inhibition of apoptosis of cancer cells during chemo- and radio-
therapy.7,11,12 According to datasets derived from The Cancer Genome
Atlas and the Repository of Molecular Brain Neoplasia Data
(REMBRANDT), high IL-6 gene expression is associated with high-
grade gliomas in comparison with lower-grade patient samples, and
correlates with poor survival and, thus, may represent a prognostic
marker in patients for a poor outcome.13–15 Due to the role of IL-6
and its signaling pathways as a driver of the malignant progression of
GBM, tumor therapy that targets pathways linked to upregulation of
IL-6 inMSCs represents an elegant platform for the targeted treatment
of newly diagnosed as well as refractory GBM.13

Inflammatory cytokines and chemokines that originate from theGBM
micromilieu are implicated in the active recruitment of mesenchymal
stem cells (MSCs) to the tumor area.16,17 MSCs have recently gained
attention as a cell-based delivery system for the treatment of GBM
based on their intrinsic tumor-homing and migratory properties.17,18

Several studies, including our own, have shown that MSCs possess the
ability to cross the BBB after systemic application and thus, circum-
vent a major limitation in the treatment of GBM often encountered
in systemic drug delivery to the brain.19–28 Genetic engineering of
MSCs opens the prospect of their application as shuttle vectors for
the delivery of therapeutic genes, such as the sodium/iodide sym-
porter, into the critical microenvironment of growing tumors.29

The sodium/iodide symporter (SLC5A5; NIS) is an intrinsic plasma
membrane glycoprotein with 13 putative transmembrane domains
that is predominantly found in the thyroid gland. Based on its active
transport function for iodide andother substrates, it represents a power-
ful theranostic gene that allows for radionuclide imaging and treatment
thathasbeen successfullyused routinely in the treatment of thyroid can-
cer and its metastases, including brain metastases.30–33 Different
isotopes are efficiently transported by NIS when used in the context
of a reporter gene (e.g., 123I, 124I, 125I, 99mTc, 18F-tetrafluoroborate
[18F-TFB]) and can be quantitatively visualized using standard nuclear
medicine imaging technologies such as scintigraphy, single-photon
emission computed tomography or positron emission tomography
(PET) imaging. For the monitoring of low-volume tumor disease
such as GBM, three-dimensional, high-resolution PET imaging is the
most appropriate technique. In this context, 124I or 18F-TFB can be
used as radiotracers for NIS-mediated PET imaging. Both agents have
been demonstrated to be delivered to the brain and allow brain tumor
imaging. The use of 18F-TFB further enables an improved, more accu-
rate and less “blurred” imaging quality as compared with 124I based on
the radio-physicochemical properties of 18F.34,35 Importantly, NIS can
also be used as an effective therapy gene by the facilitated uptake of
the b-emitters 131I or 188Re, or the a-emitter 211At. Because of the resul-
tant cytotoxic effects including a significant bystander effect, treatment
effectively eliminatesNIS-transduced cells as well as adjacent cells in the
course of therapy.30

Cloning of the cDNA encoding NIS in 1996 provided the molecular
platform for NIS gene transfer into non-thyroidal tumors and, thus,
expanded its function to the treatment of extrathyroidal malig-
nancies.36 We and others have shown the potential of NIS gene-based
therapy using MSCs as delivery vectors for the treatment of distinct
non-thyroidal tumors.23,37–42 Most recently, we demonstrated the po-
tential use of NIS as a reporter gene to track adoptively applied MSCs
using NIS-MSCs constitutively expressing NIS driven by the cytomeg-
alovirus (CMV) promoter in GBM after systemic delivery followed by
therapeutic application of 131I, which led to a significant increase in sur-
vival and reduced tumor growth.28 In this context, MSC recruitment to
non-tumor tissue due to normal tissue homeostasis along with trans-
gene expression might lead to undesirable extratumoral toxicity.

Selective control of transgene expression allows the restriction of radio-
toxicity to tumor tissue, sparing non-target tissues from potential dam-
age.Using this additional layerof specificity, the general efficacy ofMSC-
based NIS gene therapy can be improved by the use of inducible gene
promoters specifically activated in response to signaling pathways asso-
ciated with factors present in the tumor environment. Our group has
demonstrated the useof ex vivo engineeredMSCswith various gene pro-
moters to drive NIS transgene expression including RANTES/CCL5-,
hypoxia-responsive HIF1a-, heat-inducible (HSP70B)-, and a synthetic
transforming growth factor b1 (TGFb1)-inducible Smad-responsive
promoter in hepatocellular carcinoma (Huh7) andmetastatic colon car-
cinoma xenograft models.39–45

The major goal of the present study was to make use of the factors asso-
ciated with the activation of IL-6 expression in high-grade gliomas to
target NIS gene therapy to the GBM stroma in an immunocompetent
setting. For this purpose, syngeneic murine bone-marrow-derived
MSCs were genetically modified to express NIS under the control of
thehuman IL-6 gene promoter (IL-6-NIS-MSCs). Invivobiodistribution
of IL-6-NIS-MSCs and induction of IL-6 promoter activationwasmoni-
tored byNIS-mediated 18F-TFB-PET imaging after systemic administra-
tion. Tumor-selective, NIS-mediated radiotracer accumulation was
further examined by co-registration of PET imaging with anatomical
brain magnetic resonance imaging (MRI) and analysis of NIS protein
expression ex vivo. Finally, an 131I therapy in GBM-bearing mice was
conducted after systemic IL-6-NIS-MSC administration and assessed
by analysis of tumor volume using MRI and animal survival.

RESULTS
In vitro stimulation of IL-6-NIS-MSCs resulting in enhanced NIS-

mediated radioiodide uptake

Murine bone-marrow-derived MSCs were engineered to express NIS
driven by the human IL-6 promoter (IL-6-NIS-MSC). IL-6 is induced
by a variety of cell types within tumor environments in response to
proinflammatory signals.6,8 To validate the inducibility of the IL-6
promoter in IL-6-NIS-MSC, the murine cytokines (IL-1b, TNF-a,
and IFN-g), which have been reported as strong activators of the
IL-6 pathway,10 were used to stimulate promoter activation followed
by analysis of the resulting functional NIS expression by 125I-uptake
assay in vitro (Figure 1). The NIS-specific inhibitor perchlorate was
used to confirm NIS specificity, which reduced radioiodide uptake
to background levels. Stimulation with murine cytokines led to
a dose-dependent, significant increase of radioiodide uptake of
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Figure 1. Establishment of mesenchymal stem cells (MSCs) stably expressing NIS regulated by the IL-6 promoter

(A–C) Stimulation with cytokines IL-1b (0.5–5 ng/mL), IFN-g (40–60 ng/mL), and TNF-a (1–15 ng/mL) showedNIS-specific 125I-uptake that was reduced to background levels

using perchlorate as NIS-specific inhibitor. (D) Treatment of IL-6-NIS-MSCs with IL-1b (1 ng/mL), IFN-g (50 ng/mL), and TNF-a (10 ng/mL) revealed an increased radioiodide

uptake as compared with single stimulation studies. (E) Stimulation with GL261-CM led to a significant increase of radioiodide uptake as compared with unstimulated IL-6-

NIS-MSCs and was further increased by combined treatment with IL-1b (1 ng/mL), IFN-g (50 ng/mL), and TNF-a (10 ng/mL). In contrast, stimulation with 4T1-CM was

significantly lower as compared with stimulation with GL261-CM, but treatment with 4T1-CM and IL-1b (1 ng/mL), IFN-g (50 ng/mL), and TNF-a (10 ng/mL) led to similar

radioiodide uptake activity of IL-6-NIS-MSCs as treatment with GL261-CM and combined factors. Results are expressed as mean ± SEM of three independent experiments

(two-tailed Student’s t test *p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001). CM = conditioned medium.
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IL-6-NIS-MSCs (Figures 1A–1C). A plateauwas reachedwith all cyto-
kines. IL-1b alone (maximal level at 1 ng/mL) showed the highest in-
crease of 125I accumulation as compared with IFN-g (maximal level at
50 ng/mL) and TNF-a (maximal level at 10 ng/mL). The combination
of those factors using the concentration yielding the maximal iodide
uptake level of each resulted inmaximalNIS-mediated radioiodide up-
take as compared with untreated IL-6-NIS-MSCs (Figure 1D). As a
basis for the in vivo application, incubation of IL-6-NIS-MSC with
conditionedmedia (CM) ofmurineGL261GBMcells (Figure 1E) con-
taining diverse tumor-derived factors resulted in significant increase of
radioiodide uptake as compared with untreated cells. This stimulation
could be further enhanced by adding the mixture of cytokines at their
optimal concentrations. In contrast, IL-6-NIS-MSCswere additionally
treated with CM of mouse 4T1 breast cancer cells to determine
whether this effect is also observedby cells derived fromanother tumor
entity. Treatment with 4T1-CM alone did not induce statistically sig-
nificant stimulation of iodide uptake in IL-6-NIS-MSC as compared
with untreated IL-6-NIS-MSCs. But stimulation with a combination
240 Molecular Therapy: Oncolytics Vol. 30 September 2023
of 4T1-CMand themixture of IL-1b, TNF-a, and IFN-g—factors pro-
duced by the tumor’s stromal compartment—led to a level of iodide
uptake that was comparable to that reached with GL261-CM.
IL-6-NIS-MSC migration toward GL261 tumor cell conditioned

medium is increased

To evaluate the chemotactic behavior of IL-6-NIS-MSCs in response to
a linear gradient of GL261-CM, a 3D migration assay using a collagen
Imatrix and time-lapsemicroscopy over a periodof 24hwas performed
(Figure 2). IL-6-NIS-MSCs did not show directed chemotaxis without
the influence of a chemoattractant (yFMI = �0.0075 ± 0.0087 and
yCoM = �3.7 ± 2.1 mm) used as a negative control (Figures 2A
and 2C). Further, when subjected to a gradient between GL261-CM
and serum-free medium, IL-6-NIS-MSCs showed a strong directed
chemotaxis toward the GL261-CM with significantly increased yFMI
(0.0972 ± 0.0006; **p < 0.01) and yCoM (56.8 ± 21.5 mm; *p < 0.05)
displacement along the gradient (Figures 2B and 2C).



Figure 2. Impact of GL261-CM on IL-6-NIS-MSC migratory behavior

Chemotactic behavior of MSCs subjected to a gradient of GL261-CM was evaluated using 3D live-cell imaging migration assay over a period of 24 h. (A) Negative control is

shown without the influence of a gradient on MSCs. (B) Migration of IL-6-NIS-MSCs along a gradient of GL261-CM resulted in strong migration toward the GL261-CM

gradient. (C) Quantification of the chemotaxis parameters mean forward migration index (yFMI) and center of mass (yCoM, displayed by red dotes). Results are ex-

pressed as mean ± SEM from two independent experiments. Two-tailed Student’s t test was used for statistical analysis (*p < 0.05; **p < 0.01). CM = conditioned medium.
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In vivo 18F-TFB biodistribution studies show elevated NIS-

mediated tumoral tracer accumulation after systemic IL-6-NIS-

MSC administration

Once mice had developed brain tumors, the utilization of a single
intravenous (i.v.) injection of murine IL-6-NIS-MSCs or two cycles
of IL-6-NIS-MSCs in 2-day intervals followed by 18F-TFB injection
(10 MBq, i.v.) after 48 h was investigated to identify an optimized
dosing and application schedule. In vivo whole-body, high-resolution
18F-TFB-PET imaging was performed over a period of 2 h allowing an
optimal discrimination of exogenous and endogenous NIS-mediated
signals in the head region. 18F-TFB-PET imaging showed high levels
of NIS-mediated radionuclide accumulation in brain tumors after sys-
temic injection of IL-6-NIS-MSCs (Figures 3A and 3B). Administra-
tion of wild-type MSCs (WT-MSCs) was used as a control, as well
as non-treated GBM-bearing mice that did not receive MSCs, both re-
sulted in a tumoral tracer accumulation comparable to background
level (Figures 3C and 3D). In addition, 18F-TFB uptake was also
observed in organs that physiologically expressNIS, including the thy-
roid, salivary glands, and stomach as well as the urinary bladder due to
mainly renal elimination of the radiotracer. Tumors from mice that
had received a single IL-6-NIS-MSC application accumulated a
maximum of 1.9% ± 0.3% ID/mL 18F-TFB 1 h post injection (Fig-
ure 3E). When PET imaging was performed after two IL-6-NIS-
MSC injections, tumoral tracer accumulation revealed amaximal level
of 1.5% ± 0.1% ID/mL. The quantification of tumoral 18F-TFB uptake
showed no significant differences between the single-dose and two-
dose application schemes of IL-6-NIS-MSC-treated mice and were
measured in the same range as comparedwith a subset ofmice injected
with constitutively NIS-expressing (CMV-NIS-MSCs) MSCs (1.9% ±

0.4% ID/mL 1 h post injection; Figure S1). Magnification of the brain
area and co-registration of anatomical in vivo MRI of the brain with
18F-TFB-PET imaging was used to facilitate delineation of areas of
active tumor-selective tracer accumulation in the GBM of mice after
systemic IL-6-targeted MSC-mediated NIS gene delivery (Figures 3F
and 3G), whereas tumors of mice that had received WT-MSCs or un-
treated tumor-bearingmice showed no tumoral radionuclide accumu-
lation above background level (Figures 3H and 3I).

Based on this finding that a higher MSC load did not lead to an in-
crease in tumoral tracer uptake, a single MSC application that reduces
the stress level of mice and allows for a shortened therapy schedule
was used as a basis for the following 131I therapy study.

Ex vivo analysis of GL261 brain tumors and control organs

demonstrate tumor-selective NIS expression

Immunohistochemistry for IL-6 protein expression was performed on
formalin-fixed paraffin embedded (FFPE) GL261 tumor sections. IL-6
protein expressionwasobserved inall tumors and its stroma (Figure4A).
Ex vivo immunofluorescence staining revealed heterogeneous NIS pro-
tein expression throughout the tumor stroma of GL261 tumors after
systemic IL-6-NIS-MSC injection with patchy areas of high NIS immu-
noreactivity and areas of lowNIS protein expression, while sparing non-
tumor brain tissue (Figures 4B–4D). No NIS-specific immunoreactivity
was detectable in brain tumors of mice that were injected with WT-
MSCs (Figure 4E). Non-target organs such as liver, lung, kidney, and
spleen were analyzed for NIS immunoreactivity that showed no detect-
able NIS protein expression (Figures 4F–4I). IL-6 and NIS protein
expression was further analyzed by immunofluorescence co-staining
of GL261 tumors in mice injected with IL-6-NIS-MSCs demonstrating
nice co-localization of NIS and IL-6 protein expression (Figure S2).

MSC-mediated IL-6 induced NIS gene therapy led to improved

survival of GBM-bearing mice

Based on the results of the PET/MRI data and the rapidly growing nature
of the GL261model, a short therapy schedule was conducted using three
cycles of a single i.v. MSC administration (days 1/5/9) each followed by
an intraperitoneal (i.p.) 131I injection 2 days later (days 3/7/11). Mice
were included in the therapy study as soon as a tumor was clearly visible
Molecular Therapy: Oncolytics Vol. 30 September 2023 241

http://www.moleculartherapy.org


Figure 3. 18F-TFB uptake of brain tumors is elevated

after systemic IL-6-NIS-MSC delivery

Representative images of 18F-TFB-PET imaging (hori-

zontal planes; SUVbw = 1.6) are shown 1 h after tracer

injection of GBM-bearing mice after (A) single IL-6-NIS-

MSC injection (n = 5), (B) two IL-6-NIS-MSC injections

(n = 5), after (C) WT-MSC injection (n = 3), which served

as a control, and (D) no MSC injection (n = 1). Brain area

is encircled in red dotted lines and tumor is marked with

a white arrow. (E) Tumoral radionuclide accumulation

showed significantly higher levels after IL-6-NIS-MSC

delivery as compared with WT-MSC control mice 1 h

post 18F-TFB injection. (F–I) Exemplary images of co-

registration of anatomical MRI and PET imaging of the

brain of the same mice as demonstrated in (A)–(D)

showing tumor-selective tracer accumulation. A strong

tumoral 18F-TFB accumulation is revealed after systemic

IL-6-targeted MSC-mediated NIS gene transfer (F–G),

while tumors after WT-MSC injection did not show levels

above background level (H) as well as compared with

non-treated tumor (I). Tumors are encircled in yellow

dotted lines. Results are expressed as % of the injected

dose per mL (volume assessed by MRI) and mean ±

SEM is given (two-tailed Student’s t test at each time

point; *p < 0.05). sg = salivary glands.
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Figure 4. Ex vivo analysis of brain tumors and control organs show tumor-specific IL-6 and NIS protein expression

(A, upper and lower panel) IL-6 protein expression was confirmed in GL261 tumors and throughout the tumor stroma (DAB-positive stain is shown in brown). (B) NIS

immunofluorescence staining is shown with �1 magnification to demonstrate tumor mass and the implantation site in the right caudate putamen. Tumor is encircled

in yellow dotted lines. (C) No detectable NIS protein expression is observed in non-tumor brain tissue (close-up view: pink window in B). (D, upper and lower panel)

Close-up view (indicated by the white window in B) shows NIS-specific immunoreactivity within the tumor stroma, with areas of high and low NIS protein expression,

after systemic application of IL-6-NIS-MSCs, while tumors of mice that had received (E, upper and lower panel) WT-MSCs did not show detectable NIS expression.

(F–I) No NIS protein expression was detected in control organs such as liver, lung, spleen, and kidney after IL-6-NIS-MSC administration. A representative image is

shown in each.
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(0.6–2.1 mm3) as assessed by 7T-MRI and mice were randomly distrib-
uted to all groups. Twice a week, tumor growth was monitored by MRI
resulting in a significantly reduced tumor volume of mice in the therapy
group (IL-6-NIS-MSCs + 131I; Figures 5A and 5D) as compared with
control groups (IL-6-NIS-MSCs + NaCl; Figures 5B and 5D;
*p < 0.05 day 7 after therapy start, and NaCl + NaCl; Figures 5C and
5D; *p < 0.05 day 7 and 10 after therapy start). Therapy mice demon-
strated significantly prolonged survival (Figure 5E) as compared with
control groups (IL-6-NIS-MSCs + NaCl; **p < 0.01 and NaCl + NaCl;
***p < 0.001). Themedian survival (MS) after therapy start was extended
up to 60% as compared with controls (IL-6-NIS-MSCs + 131I MS =
16 days; IL-6-NIS-MSCs + NaCl MS = 10 days; NaCl + NaCl MS =
11 days).

At the end of therapy, animals were euthanized and brains were
dissected. Ex vivo immunofluorescence analysis was used to analyze
cell proliferation (Ki67) andbloodvessel density (CD31)on cryosections
of the brain to determine the effect of 131I after systemicMSC-mediated
NIS gene transfer (Figure 6). The intratumoral cell proliferation index
(Ki67; Figures 6A–6D) of the therapy group (IL-6-NIS-MSCs + 131I:
2.6% ± 0.3% Ki67-positive cells) was significantly lower as compared
with control groups (IL-6-NIS-MSCs + NaCl: 4.7% ± 0.9% and
NaCl + NaCl: 5.1% ± 0.5% of Ki67-positive cells). Blood vessel density
(CD31; Figures 6A–6C and 6E) analysis showed reduced tumor vascu-
larization in the IL-6-NIS-MSCs+ 131I treated animals as comparedwith
the IL-6-NIS-MSCs + NaCl-treated group, while no significant reduc-
tion was assessed as compared with the NaCl-only group.

DISCUSSION
Despite recent advances in the treatment of GBM, long-term treat-
ment efficacy is poor and the disease remains incurable, thus new
GBM therapeutic strategies are urgently needed. Based on their
inherent tumor-homing properties and abilities to overcome the
BBB, MSCs represent a promising tool for the delivery of therapy
Molecular Therapy: Oncolytics Vol. 30 September 2023 243
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Figure 5. IL-6-targeted MSC-mediated NIS gene 131I therapy of GBM-bearing mice led to reduced tumor growth and improved survival

Three cycles of a single i.v. IL-6-NIS-MSC injection was applied followed by an i.p. administration of 131I 48 h later (MSCs on days 1/5/9 and 131I on days 3/7/11, respectively).

Representative MR images 10 days after therapy start are shown after treatment with (A) IL-6-NIS-MSCs + 131I, (B) IL-6-NIS-MSCs + NaCl, and (C) NaCl + NaCl. (D) Tumor

growth wasmonitored using MRI showing a significantly reduced tumor mass of IL-6-NIS-MSCs + 131I as compared with controls after completion of two therapy cycles (day

7 after treatment start, n = 7 each, *p < 0.05). At day 10 after therapy start, tumor growth ofmice from the therapy group (n = 7/7) was delayed as compared with the NaCl-only

group (n = 6/7, *p < 0.05) and the IL-6-NIS-MSC + NaCl-treated mice (n = 5/7, ns). Fourteen days after therapy start, all mice from the therapy schedule were included in the

tumor measurement (n = 7/7), but n = 3 had to be euthanized the same day, while in the NaCl-only group only n = 1 of 7 and the IL-6-NIS-MSC + NaCl n = 2 of 7 of the mice

were still alive and included in the measurement. (E) The survival of IL-6-NIS-MSCs + 131I-treated mice was significantly extended as compared with the controls treated with

NaCl + NaCl (***p < 0.001) and IL-6-NIS-MSCs + NaCl (**p < 0.01). Tumors are encircled in yellow dotted lines and results are expressed as mean ± SEM. One-way ANOVA

using Tukey’s post hoc test was performed for tumor growth analysis and log rank test for comparison of survival curves.
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genes deep into the microenvironment of GBM.23,24,26,28 MSC-medi-
ated NIS gene therapy has been described in various experimental
models, such as hepatocellular carcinoma,37,39,41–46 pancreatic can-
cer,38 metastatic colon carcinoma,40 and glioma.23NIS is a theranostic
gene that allows in vivo tracking of NIS-transfected MSCs after sys-
temic application and their use in cancer therapy in combination
with administration of therapeutically active radionuclides. The clin-
ical use of radioiodide treatment in thyroid cancer patients started in
1946 and is still considered one of the most effective molecularly tar-
geted and imaging-based radiation treatments in cancer with a well-
understood safety profile.47,48 The application of ex vivo engineered
MSCs using NIS in the context of solid tumor treatment is currently
244 Molecular Therapy: Oncolytics Vol. 30 September 2023
being examined in early-phase human clinical trials. One study ex-
plores the safety and tolerability of MSCs engineered with an onco-
lytic measles virus encoding NIS (MV-NIS) in recurrent ovarian can-
cer (NTC02068794).

Previous work by the authors has made use of engineered versions of
syngeneic MSCs constitutively expressing NIS driven by the CMV
promoter (CMV-NIS-MSCs). Successful tumor tropism was shown
after systemic application by in vivo imaging using NIS as reporter
gene followed by effective therapeutic trials in several tumor models,
including most recently in experimental GBM demonstrating selec-
tive MSC recruitment and homing to GBM tumors by overcoming



Figure 6. Ex vivo analysis of brain tumors after IL-6 promoter-induced MSC-mediated NIS gene therapy

At the end of the therapy study, frozen brain tissue sections derived from mice that were treated with IL-6-NIS-MSCs + 131I (A), IL-6-NIS-MSCs + NaCl (B), and NaCl only

(C) were subjected to Ki67 (proliferation index; green) and CD31 (blood vessels; red) immunofluorescence staining. Nuclei were counterstained with Hoechst (blue). A

representative picture is shown in each at�40 magnification (scale bar, 40 mm). Quantification of the proliferation index (D) and blood vessel density of IL-6-NIS-MSCs + 131I

in comparison with both control groups (E). Results are expressed as mean ± SEM (two-tailed Student’s t test *p < 0.05; **p < 0.01).
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the BBB.28,37,38 While the application of CMV-NIS-MSCs showed
strong tumor tropism, a portion of exogenously applied MSCs might
potentially be recruited to non-target organs in the process of normal
tissue homeostasis or by entrapment in vascular organs after intrave-
nous injection.28,37,49,50 The use of MSCs genetically engineered with
gene promoters activated by factors in the tumormicromilieu to drive
NIS expression in the tumor stroma can reduce the risk of potential
off-target effects to non-tumor tissue.

As seen in other solid tumors, the GBM microenvironment is com-
posed of non-malignant stromal cells such as endothelial cells, peri-
cytes, cancer-associated fibroblasts (CAFs), and immune cells (e.g.,
brain-resident microglia and infiltrating macrophages [GAMs]) and
the tumor cells themselves.51 Further, endogenous MSCs are recruited
from different origins in the body into the tumor as part of its stromal
compartment. In addition to the cellular constituents, GBMs are also
surrounded by a pool of proinflammatory cytokines, chemokines,
and growth factors such as TNF-a, TGF-b, IL-6, IL-10, IL-8, CCL2/
MCP-1, and RANTES/CCL5.52,53

In the present study, NIS transgene expression was linked to activa-
tion of the promoter for the human IL-6 gene in MSCs. The IL-6
gene is upregulated in response to various proinflammatory factors
present in solid tumor environments and the protein is associated
with important aspects of tumor biology.6 IL-6 regulates a variety
of biological functions including acute phase response, leukocyte
maturation, and infiltration at sites of inflammation and endothelial
cell properties.54 In the GBM environment, IL-6 is produced by resi-
dent MSCs, GAMs, tumor-associated endothelial cells, and glioma
stem cells (GSCs), a small cellular subpopulation with potent tumor-
igenic and stem-cell-like properties that have been implicated to play
a crucial role in GBM maintenance and recurrence as well as by the
tumor cells themselves.14,55,56

Reports have demonstrated the impact of IL-6 on the tumorigenicity
of GBM using transgenic mice, where genetic IL-6 depletion blocked
GBM formation.57 Furthermore, a study by Lamano et al. reported
increased IL-6 plasma levels of mice orthotopically implanted with
GL261 cells as compared with sham-operatedmice 14 days post injec-
tion and mice implanted with CRISPR-Cas9 IL-6 knockout (KO)
GL261 cells showed significantly smaller tumors and an overall
increased survival of 77% as compared with unmodified GL261
cells.58 GBM cells producing IL-6 are associated with an enhanced
chemo- and radioresistant phenotype.59–61 In addition, IL-6 signaling
exerts immunosuppressive effects in GBM via stimulation of GAMs
and suppresses T cell functions.15 Tumors often modify their stromal
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compartment to favor its progression. In this context, indirect cross-
talk of MSCs (or other cell types) with tumor cells via growth factors,
chemokines, and cytokines functions in a bidirectional way and leads
to functional changes of both cell types through activation of intracel-
lular signaling. The MSC-mediated release of IL-6 has been found in
various preclinical tumor models such as ovarian cancer,62 nasopha-
ryngeal carcinoma,63 breast cancer,64 and glioma65 and is often asso-
ciated with their differentiation into CAFs, endothelial cells, smooth
muscle cells, and pericytes, where IL-6 produced by MSCs (or cell
types they differentiated to) helps promote tumor growth, resistance
to drugs, and tumor vascularization.66 Besides its well-known role as a
critical driver of cancer formation, IL-6 plays a dual role in the tumor
microenvironment (TME) by its additional contribution to anti-tu-
mor immunity through mobilizing anti-tumor T cell immune re-
sponses.67 Increasing evidence points to IL-6 as a key player in the
activation, proliferation, and survival of lymphocytes as well as
T cell trafficking, thereby boosting immune surveillance.67,68 While
the exact mechanisms regulating the balance between the anti-tumor
and pro-tumor effects of IL-6 are not fully understood, there is clear
evidence of robust expression of IL-6 within GBM tissues highlighting
the potential of using TME-expressed factors for activation of the IL-6
promoter and subsequent therapeutic transgene expression by MSCs.

In the present study, syngeneic murine bone-marrow-derived MSCs
were stably transfected with the IL-6 gene promoter driving NIS
expression (IL-6-NIS-MSCs) that enabled NIS-mediated in vivo
tracking ofMSC homing to the tumor as well as therapeutic 131I appli-
cation in response to activation of the IL-6 gene promoter signaling.
The upregulation of IL-6 pathway inducers like TNF-a has been re-
ported in GBM patient samples69 as well as in the experimental
GBM used in this study.70 In vitro characterization of IL-6-NIS-
MSCs demonstrated their ability to significantly concentrate 125I in
a dose-dependent manner after stimulation with the proinflamma-
tory cytokines IL-1b, TNF-a, and IFN-g previously shown to stimu-
late increased IL-6 biosynthesis.15,71–73 The iodide uptake was
perchlorate-sensitive demonstrating NIS-dependent radionuclide
accumulation of these MSCs. Treatment with tumor cell CM derived
from GL261 glioma cells led to a significant accumulation of radioio-
dide in IL-6-NIS-MSCs that was further enhanced by combination
with a mixture of IL-1b, TNF-a, and IFN-g. Stimulation with
GL261-CM alone showed a significantly higher NIS-mediated iodide
uptake ability as compared with the breast cancer 4T1-CM, demon-
strating a stronger IL-6 promoter induction when using GL261
supernatants.

Further, in vitro analysis of IL-6-NIS-MSCsmigration toward GL261-
CM, which represents a mix of diverse factors, demonstrated a strong
directed chemotaxis as compared with random basal chemotactic
behavior of those MSCs lacking the influence of a gradient as seen
in several other tumor models, suggesting that the tumor produces
factors that can enhance the selective recruitment of MSCs.42,74 The
mechanisms underlying MSC tropism to the tumor have not been
fully elucidated, but are thought to parallel the mechanisms used by
leukocytes in the course of inflammation where recruitment is driven
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by the presence of inflammatory chemokines and cytokines such as
TGF-b, TNF-a, interleukins (e.g., IL-1, IL-6, IL-8, IL-10), interferons,
and chemokines secreted by the tumor and the tumor stroma and the
associated receptors on MSCs.17,75

In the in vivo imaging studies, small-animal PET/MRI after adminis-
tration of IL-6-NIS-MSCs in GBM-bearing mice showed significant
tumoral 18F-TFB accumulation after a single or double MSC injection
as compared with mice that received WT-MSCs or no MSCs that
showed only background levels. Co-registration with MRI demon-
strated tumor-selective tracer accumulation with spots of higher and
lower tracer concentration, whichmay be due to a combination of het-
erogeneous MSC recruitment and/or proinflammatory factor expres-
sion resulting in heterogeneous IL-6 promoter-driven NIS transgene
expression. No off-target NIS protein expression was observed in
the current study using tumor-stroma selective IL-6 gene promoter:
ex vivo NIS protein immunofluorescence of IL-6-NIS-MSC-treated
mice exhibited NIS expression largely restricted to tumors, while no
NIS protein expression was detected in healthy brain tissue and
non-target organs, and thus may avoid severe off-target damage,
e.g., in the lungs when therapeutic radioiodide doses are employed.
These findings are consistent with our previous study in the same
GBM model using constitutively NIS-expressing CMV-NIS-MSCs
that showed MSC homing with NIS protein expression restricted to
the tumor areas.28 In contrast to the current study using IL-6-NIS-
MSCs, in the previous study a small number of CMV-NIS-MSCs
were detected in the lungs of mice, probably due to entrapment in
the microvascular system,28 thereby demonstrating enhanced tumor
selectivity of NIS transgene expression by the use of TME-inducible
gene promoters.

Although 18F-TFB is a poorer NIS substrate in comparison with 124I
used as traditional tracer for NIS PET imaging, and the short physical
half-life of 18F precludes its use for dosimetric studies for the required
therapeutic dose of 131I in context of personalized cancer treatment,
the physical properties of 18F are much better suited for PET imaging
in small animals.34 In the current study, a subset of mice received
CMV-NIS-MSCs as a standard application and showed approxi-
mately the same level of 18F-TFB accumulation in the GBM tumors
as compared with levels of mice that were injected with IL-6-NIS-
MSCs. Based on these comparative studies38 and our previous expe-
rience in the same tumor model using CMV-NIS-MSCs followed by
124I-PET imaging, including dosimetric calculations and therapy
studies,28 we hypothesized that the tumoral tracer uptake after IL-
6-NIS-MSC application in the present study should be sufficient to
obtain a therapeutic effect. In the current study, the survival of
GBM mice was significantly extended after systemic IL-6-NIS-
MSCs administration followed by 131I and a significant reduction of
the tumor volume as compared with control groups was observed.
The MS after therapy start was improved up to 60% as compared
with the controls. In line with earlier studies by our group using
various tumor models, the number of proliferating cells was signifi-
cantly decreased in tumors of the therapy group as compared with
control groups.37,39,41,43 MSC recruitment to the GBM TME with
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activation of the IL-6 pathway followed by IL-6-targeted NIS trans-
duction is suggested to lead to cell death of NIS-expressing MSCs
through particle decay of accumulated 131I and the neighboring tissue
(e.g., tumor cells or GSCs) through bystander effects based on the
path length in tissue of up to 2.4 mm of the decaying particles. Poten-
tial problems encountered by the use of MSCs, such as tumor-pro-
moting effects or their long-term retention time,76 is reduced by the
inclusion of suicide genes, such as NIS, that allow the efficient elimi-
nation of the applied cells.77

A potential clinical implementation of the IL-6-directedMSC-mediated
NIS gene concept would be as an adjuvant treatment to enhance the
therapeutic effect of established conventional treatments such as sur-
gery, radiotherapy45 or novel targeted treatments. Current challenges
for the treatment ofGBM include the extreme heterogeneity, infiltrative
growth including microsatellites, aberrant vascularization, intrinsic
resistance to the conventional treatments, and delivery problems to
the brain. Many of these issues may be effectively addressed through
the use ofMSC-based therapy vehicles. GBM is a highly vascularized tu-
mor,78 anti-angiogenic treatments such as bevacizumab, a monoclonal
antibody that blocks vascular endothelial growth factor (VEGF)
approved by the Food and Drug Administration for the treatment of
GBM has not led to an improvement of patient survival as a monother-
apy, and the tumor often develops resistance to treatment within
months of starting therapy.79 Targeting IL-6 signaling in combination
with aVEGF-signaling blockade has been reported as a promising treat-
ment strategy to reduce tumor invasiveness and growth in experimental
GBM.80 Immunotherapy for GBM treatment is currently being evalu-
ated in human clinical phase II/III trials.81 Combination of anti-IL-6
treatment and anti-programmed death-ligand 1 treatment has been re-
ported to have additive beneficial effects in terms of animal survival in
preclinical GL261 that was not observed with either monotherapy.58

The essential role of IL-6 in tumor biology makes the IL-6 signaling
pathway an attractive candidate to potentially control NIS expression
within the TME. Genetically engineered MSCs were employed to
targetNIS expression to theGBMenvironment andmediate transgene
induction through IL-6 signaling to reduce potential side effects asso-
ciated with MSC recruitment to non-target tissue and use synergistic
effects in terms of enhanced MSC recruitment and promoter activa-
tion during 131I therapy. An improvement of the therapeutic effect
may be based on a possible self-energizing effect: a potential increased
inflammatory response and enhanced vascular permeability due to tis-
sue damage following radioiodide treatment may enhance MSC
recruitment to the tumor stroma and increase IL-6 signaling that in
turn stimulates promoter activation. Repeated cycles of this treatment
regime may lead to an amplification of the therapeutic effect.45

Effective MSC recruitment and robust, tumor-selective NIS expres-
sion and induction of NIS-mediated radionuclide accumulation in
GBM tumors driven by the inflammatory micromilieu in GBM was
visualized by 18F-TFB-PET/MRI in vivo and ex vivo staining using
the function of NIS as reporter gene. 131I treatment was employed to
IL-6-NIS-MSCs-treated mice resulting in a reduction of GBM growth
and significantly extended median survival of GBM-bearing mice. In
conclusion, the flexibility of theMSC-basedNIS gene therapy concept
may help address many of the major hurdles associated with the treat-
ment of GBM and offers the opportunity for more individualized and
optimized treatment concepts especially when combined with con-
ventional treatment approaches adjustable to the patient’s situation.

MATERIALS AND METHODS
Cell culture

The murine glioma cell line GL261 was purchased and authenticated
from the National Cancer Institute (Frederick, MD, USA). Cells were
grown in DMEM low glucose (Sigma-Aldrich, St. Louis, MO, USA)
containing 10% (v/v) fetal bovine serum (FBS Superior, Sigma-
Aldrich), 1% (v/v) MEM non-essential amino acid solution (Thermo
Fisher Scientific, Waltham, MA, USA) and 1% (v/v) penicillin/strep-
tomycin (Sigma-Aldrich).

The murine breast cancer cell line 4T1 was purchased from the ATCC
and cultured in RPMI-1640 (Sigma-Aldrich) supplemented with 10%
(v/v) FBS and 1% (v/v) penicillin/streptomycin.

Murine bone marrow-derived MSCs (WT-MSCs) were isolated from
C57Bl/6 p53�/� mice as described and characterized previously.38,49

MSCs were grown in RPMI (Sigma-Aldrich) supplemented with
10% (v/v) FBS and 1% (v/v) penicillin/streptomycin.

Cells were maintained in an incubator in a humidified atmosphere at
37�C with 5% CO2. For in vivo experiments, cells were tested for my-
coplasma and viruses according to the FELASA guidelines by Charles
River Research Animal Diagnostic Services (Wilmington, MA, USA;
Mouse essential panel).

Plasmid construct

To establish the pcDNA6-2LITRHygro-IL-6-Promoter-NIS plasmid
construct, the Multisite Gateway Pro Plus Kit (Invitrogen Thermo
Fisher Scientific,Waltham,MA,USA)was used following themanufac-
turer’s recommendations and the plasmids produced as previously
described.44,82 The pcDNA6-2LITRHygro-IL-6-Promoter-NIS plas-
mid contains the full-length human NIS gene (NIS cDNA kindly pro-
vided by SM Jhiang, Ohio State University, Columbus, OH, USA)
driven by the human IL-6-promoter, two sleeping beauty transposition
sites, and a hygromycin resistance gene.

Stable transfection of MSCs

IL-6-NIS-MSCs were produced by stable transfection of WT-MSCs
with the two plasmids pcDNA6-2ITRHygro-IL-6-Promoter-NIS
(pSB.H.IL6.hNIS) and pCMV (CAT)T7-SB100X (provided from Z
Ivics, Max Delbrück Center for Molecular Medicine, Berlin, Ger-
many), which contains the sleeping beauty transposase system.82

1 � 106 WT-MSCs were electroporated with 500 ng of each plasmid
at 800 V, 30 ms, and two pulses using the Neon Nucleofection system
(Invitrogen). From t = 24 h on, cells were cultivated in selection
medium containing RPMI (Sigma-Aldrich) supplemented with
10% (v/v) FBS, 1% (v/v) penicillin/streptomycin), 100 mg/mL
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hygromycin (Invivogen, San Diego, CA, USA), and 50 mg/mL geneti-
cin (Sigma-Aldrich).

CMV-NIS-MSCs were produced by stable transfection of WT-MSCs
and cells cultured as described previously.28,38

Single clones of stably transfected MSCs were isolated and tested for
functional NIS expression using 125I uptake assay (see below). About
35 clones were screened over 2–3 passages and the sub-cell line with
the highest NIS-mediated radioiodide uptake activity was used for
further experiments and referred to as IL-6-NIS-MSC in the following.

Tumor cell conditioned medium

GL261 and 4T1 cells (1� 106 cells) were seeded on a 100mm3 surface
cell culture plate and cultured for 24 h. Afterward, cells were starved
for 12 h in serum-free medium. Supernatant was removed after 48 h
and GL261- and 4T1-conditioned medium (GL261-CM and 4T1-
CM) was centrifuged and stored at �80�C. Tumor cell CM was
used for migration assay and in vitro iodide uptake experiments.

125I-uptake assay in vitro

IL-6-NIS-MSCs (1.5� 105 cells/well) were seeded on a 6-well cell cul-
ture plate and after 48 h starved for 12 h. Cells were stimulated for 24 h
with the murine cytokines IL-1b (0.5–5 ng/mL; Peprotech, Cranbury,
NJ, USA; Catalog #211-11B), TNF-a (1–15 ng/mL; Peprotech; Catalog
#315-01A), or IFN-g (40–60 ng/mL; Peprotech; Catalog #315-05), the
combination of the three cytokines at given concentrations, tumor cell
conditioned medium (GL261-CM/4T1-CM) or a combination of
GL261-CM/4T1-CM plus the mixture of the three cytokines. 125I-up-
take was performed as previously described43 and normalized to cell
viability. Cell viability was measured using commercially available
MTT reagent (Sigma-Aldrich) according to the manufacturer’s in-
structions. Absorbance wasmeasured at 620 nmwith a SunriseMicro-
plate Absorbance Reader (Tecan). Results were expressed as counts
per minute normalized to cell viability (cpm/A260).

3D migration assay

The migratory capacity of IL-6-NIS-MSCs was investigated using the
m-slide Chemotaxis system3D (Ibidi, Martinsried, Germany) accord-
ing to the manufacturer’s protocol. IL-6-NIS-MSCs (2 � 106 cells/
mL) were seeded in collagen I (bovine, Gibco, Carlsbad, CA, USA;
Catalog #A1064401) and a gradient was established between serum-
free unconditioned medium and GL261-CM to monitor MSC migra-
tion. Time-lapse live-cell imaging was performed over 24 h on a Leica
DMI6000B microscope equipped with a Leica DFC365 FX camera
and Leica MM AF software (Leica Microsystems GmbH, Wetzlar,
Germany), and pictures were taken in 15-min intervals. Randomly
selected cells (n = 20) were manually tracked with the Manual
tracking ImageJ (NIH, Bethesda, MD, USA) plug-in. The Chemotaxis
and Migration Tool software (Ibidi) was used for the analysis of the
migratory behavior by the center-of-mass localization, which is deter-
mined by the averaged point of all cell endpoints and forward migra-
tion index, which is a measure of the efficiency of forward migration
of the MSCs in relation to the chemoattractant (GL261-CM).
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Animals

Female (7-week-old) C57Bl/6 mice were purchased from Charles
River (Sulzfeld, Germany). Mice were housed under specific path-
ogen-free conditions with ad libitum access to chow and water.

To establish orthotopic brain tumors, 8- to 9-week-old mice were
anesthetized with ketamine/xylazine and GL261 (1 � 105 cells/
1 mL) tumor cells were stereotactically inoculated 1 mm anterior,
1.5 mm to the right of the bregma, and 4 mm deep using a blunt
Hamilton syringe (22G, Hamilton, Reno, NV, USA) as previously
described.28

Ten days prior to the PET imaging and during 131I therapy exper-
iments, mouse chow was changed to an iodide-deficient diet (ssniff
Spezialdiäten GmbH, Soest, Germany) and mice were treated with
5 mg/mL levothyroxine (L-T4, Sigma-Aldrich) in 0.01% (v/v)
bovine serum albumin (Sigma-Aldrich) supplemented to the
drinking water to reduce the inherent tracer accumulation of the
thyroid gland.

Animal experiments were performed in compliance with the German
animal welfare laws and the approval of the local animal care commit-
tee of the Government of Upper Bavaria (Regierung von Oberbayern)
under the license ROB-55.2-2532.Vet_02-17-133. According to the
animal protocol, mice were euthanized at defined presymptomatic
time points or at a defined humane endpoint during survival studies
(significant weight loss; neurological symptoms; changes in drinking,
eating, or cleaning behavior; signs of pain).

18F-TFB tracer synthesis
18F-TFB radiotracer for NIS-based PET imaging was produced in-
house on aModular-Lab Standard synthesis module (Eckert & Ziegler,
Berlin, Germany) using the protocol previously described byKoshnevi-
san et al.83 In brief, [18F]F�was eluted from a Sep-PakQMACarbonate
Plus Light cartridge (Waters, Milford, MA) using 500 mL saline (0.9%
NaCl, B. Braun,Melsungen, Germany), dried twice at 95�C by addition
of 550 mL acetonitrile (MeCN for DNA synthesis; Merck) and reaction
was started by addition of boron trifluoride diethyl etherate (BF3OEt;
1 mL; Sigma-Aldrich) and 15-Crown-5 (24 mg; Sigma-Aldrich) in
1 mL acetonitrile (Merck). Fluorination reaction was carried out for
10 min at 80�C and subsequently the product solution was diluted
with 10mL of H2O and passed through a Sep-Pak Plus AluminaN car-
tridge (Waters) to remove free fluorine and a QMA Carbonate Plus
Light cartridge in tandem. The resulting product was eluted from the
QMA cartridge with 500 mL saline(B. Braun). Quality control was per-
formed by radio thin-layer chromatography (radio-TLC) using a
neutral alumina stationary phase (10 � 80 mm, Polygram ALOX
N/UV254, Macherey-Nagel, Düren, Germany) with methanol as a mo-
bile phase. Plates were scanned using a radio-TLC scanner (Mini-Scan,
Bioscan Inc,Washington, DC, USA). This radio-TLC resulted in a sep-
aration of free [18F]F� that reacts with the aluminum (Rf = 0) and mo-
bile 18F-TFB (Rf = 0.6).83 Reactions were started with 5–6 GBq and re-
sulted in a decay-corrected radiochemical yield of 15% and
radiochemical purity of >97.5%.
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Radionuclide biodistribution studies in vivo in orthotopic GBM

tumors using 18F-TFB-PET imaging

IL-6-NIS- or WT-MSCs (5 � 105 cells/injection) were systemically
applied via the tail vein 2–2.5 weeks after intracranial (i.c.) tumor
cell implantation and three-dimensional serial PET imaging was per-
formed. MSCs were applied twice in 2-day intervals or in a shortened
application regime using only oneMSC injection, followed by 18F-TFB
PET imaging 48 h after the last MSC administration. Mice received 10
MBq of in-house synthesized 18F-TFB intravenously and serial acqui-
sition was conducted 1 h and 2 h post injection using a preclinical
nanoScan PET/MRI system (Mediso Medical Imaging Solutions,
Budapest, Hungary). PET images were reconstructed with Monte
Carlo-based Tera-Tomo 3D PET reconstruction (Mediso). All PET
datasets were analyzed using Nucline acquisition software (Mediso)
and volumes of interests of the whole tumor (VOIs) were drawn
and stated as fraction of the initially injected 18F-TFB dose (% ID/
mL). Tumor volume was assessed by MRI and only mice with tumors
>30mm3were taken into consideration for the quantification (average
tumor volume = 57.6 ± 4.5 mm3 at the day of the imaging).

Mouse brain tissue preparation

Mice were transcardially perfused by manual infusion of PBS (Sigma-
Aldrich) followed by 4% formaldehyde solution (Pharmacy, University
Hospital LMUMunich, Munich, Germany). Brains were removed and
incubated in 4% formaldehyde for 24 h at room temperature. Subse-
quently, brains were either transferred into 30% sucrose solution at
4�C until the brain sank to the bottom of the tube and embedded in
Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA, USA) or
directly paraffin embedded following formalin-fixation (FFPE). Hori-
zontal sections were cut (10-mm-thick slices of cryopreserved tissue
or 3-mm-thick slices of FFPE tissue) and subjected to immunostaining.

IL-6 immunohistochemistry

Immunohistochemical staining for mouse IL-6 of FFPE brain sections
was performed on a Bond RXm autostainer (Leica Biosystems, Nus-
sloch, Germany) using primary rabbit anti-mouse IL-6 (ab290735,
abcam, Cambridge, UK; 1:50 dilution) antibody and polymer refined
detection kit (Leica Biosystems). After deparaffinization, slides were
pretreated with EDTA buffer (pH 6) for 30 min at 100�C for antigen
retrieval. Primary antibody diluted in antibody diluent was incubated
for 15 min after blocking of endogenous peroxidase for 5 min. Anti-
body binding was detected with diaminobenzidine (DAB) as chro-
mogen for 10 min and hematoxylin for 5 min was used for counter-
staining. Slides were digitalized using an automated slide scanner
(Leica Biosystems; AT-2) and representative images were taken
with Aperio Imagescope software (version 12.3; Leica Biosystems).

Immunofluorescence analysis of NIS

Immunofluorescence staining of frozen sections of brain tumors and
sections of control organs (liver, lung, kidney, spleen) were stained for
NIS using rabbit anti-NIS (EUD4101, Origene, Rockville, MD, USA;
1:1,000) primary antibody and an anti-rabbit Alexa Fluor 488-
conjugated secondary antibody (Jackson ImmunoResearch, West
Grove, PA, USA). Hoechst bisbenzimide (5 mg/mL) was used to coun-
terstain nuclei and sections were mounted with fluorescence
mounting medium (Dako, Hamburg, Germany).

Sections were scanned using a Panoramic MIDI II slide scanner and
pictures were taken with CaseViewer (version 2.4, 3DHISTECH, Bu-
dapest, Hungary).

Immunofluorescence analysis of NIS and IL-6 co-expression

Immunofluorescence staining of frozen sections of brain tumors after
imaging experiments were stained using the primary antibodies
mouse anti-NIS (antibody MAB3564, clone FP5A, Merck Millipore;
1:650 dilution) and rabbit anti-IL-6 (ab290735, abcam, Cambridge,
UK; 1:50 dilution), followed by the secondary antibodies anti-mouse
Alexa Fluor 488-conjugated (Jackson ImmunoResearch, West Grove,
PA, USA) and anti-rabbit Alexa Fluor Cy3-conjugated (Jackson
ImmunoResearch, West Grove, PA, USA), respectively. Hoechst bis-
benzimide (5 mg/mL) was used to counterstain nuclei and sections
were mounted with fluorescence mounting medium (Dako, Ham-
burg, Germany).

Radioiodide therapy studies in vivo

Five to 6 days post i.c. tumor inoculation, an initial MRI scan was per-
formed to assess tumor onset using a preclinical small-animal 7T-
MRI scanner (Agilent & GE healthcare MR Discovery 901 with
Bruker AVANCE III HD electronics) with a volume resonator and
a dedicated two-channel brain coil (RAPID Biomedical, Rimpar, Ger-
many). Mice were randomly assigned to the treatment groups as soon
as a tumor volume of 0.6–2.1 mm3 was detected (day 0) to start with a
therapeutic trial. An application schedule with a single i.v. MSC appli-
cation (day 1) followed by i.p. injection of 131I (55.5 MBq; Rotop
Pharmaka, Dresden, Germany) 48 h later was conducted and this
therapy cycle was repeated after 2 days for a total of three times
(MSCs on days 1/5/9 + 131I injection on days 3/7/11). Three treatment
cohorts were investigated: IL-6-NIS-MSCs + 131I (referred to as ther-
apy group) and the control groups IL-6-NIS-MSCs + saline (NaCl) or
NaCl only (n = 7, respectively).

MRI screenings to assess tumor volume and to monitor tumor growth
were performed twice a week. Tumor volume was determined as pre-
viously described.35

Indirect immunofluorescence analysis of CD31/Ki67

Following 131I therapy, immunofluorescence staining for Ki67 (ab
16667, abcam, Cambridge, UK; 1:200) and CD31 (blood vessel den-
sity; BD Pharmingen; 1:100) was performed on frozen brain tumor
sections as described previously.28 Six visual fields (�20 magnifica-
tion) per tumor were examined for Ki67-positive cells (fraction of
proliferating cells) and blood vessel density (CD31-positive area) us-
ing ImageJ (NIH).

Statistical analysis

Results are expressed as mean ± SEM. Statistical significance of
in vitro experiments and in vivo imaging experiment was determined
by two-tailed Student’s t test.
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Statistical analysis of the in vivo therapy study was performed by one-
way ANOVA for tumor volumes followed by post hoc Tukey’s hon-
estly significant difference test. Survival plots were analyzed by log
rank test. p values < 0.05 were considered as significant (*p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant).
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