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The tropism of mesenchymal stem cells (MSCs) for tumors
forms the basis for their use as delivery vehicles for the tu-
mor-specific transport of therapeutic genes, such as the thera-
nostic sodium iodide symporter (NIS). Hyperthermia is used
as an adjuvant for various tumor therapies and has been pro-
posed to enhance leukocyte recruitment. Here, we describe
the enhanced recruitment of adoptively applied NIS-expressing
MSCs to tumors in response to regional hyperthermia. Hyper-
thermia (41�C, 1 h) of human hepatocellular carcinoma cells
(HuH7) led to transiently increased production of immuno-
modulatory factors. MSCs showed enhanced chemotaxis to su-
pernatants derived from heat-treated cells in a 3D live-cell
tracking assay and was validated in vivo in subcutaneous
HuH7 mouse xenografts. Cytomegalovirus (CMV)-NIS-MSCs
were applied 6–48 h after or 24–48 h before hyperthermia treat-
ment. Using 123I-scintigraphy, thermo-stimulation (41�C, 1 h)
24 h after CMV-NIS-MSC injection resulted in a significantly
increased uptake of 123I in heat-treated tumors compared
with controls. Immunohistochemical staining and real-time
PCR confirmed tumor-selective, temperature-dependent MSC
migration. Therapeutic efficacy was significantly enhanced
by combining CMV-NIS-MSC-mediated 131I therapy with
regional hyperthermia. We demonstrate here for the first
time that hyperthermia can significantly boost tumoral MSC
recruitment, thereby significantly enhancing therapeutic effi-
cacy of MSC-mediated NIS gene therapy.

INTRODUCTION
Thermal therapy (hyperthermia) is an emerging therapeutic modality
for the treatment of cancer that makes use of the diverse biological ef-
fects that occur following regionally induced heating. Hyperthermia,
in contrast with fever, is defined as addition of excess heat resulting
in a rise of tissue or core temperature without a regulated change in
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the hypothalamic set point and in absence of pyrogenic agents.1

Although the intrinsic biologic effects of elevated temperature in can-
cer tissues are still not well understood, it has been well demonstrated
that increasing the temperature of the tumor (39�C–42.5�C) acts as
an adjuvant in multimodal cancer treatment schemes in clinical prac-
tice, such as radiotherapy and chemotherapy.1,2 Hyperthermia is able
to induce irreversible cellular DNA damage, to interfere in the DNA
repair response cascades, to alter the fluidity and stability of cell
membranes, and to concomitantly modify the cytoskeleton in treated
cells. These physiological changes effectively sensitize tumor cells to
chemotherapy or radiotherapy and can thus enhance the beneficial
effects of therapeutic strategies that target DNA stability.3 In addition,
studies are currently underway using thermally labile liposomes to
enhance the targeting of chemotherapy agents during regional
hyperthermia.4,5

Regional hyperthermia has also been proposed to enhance tumor
immunogenicity and can result in increased systemic tumor control
by stimulating immune regulation of both the primary tumor and
metastases.6 In addition, it has been reported that heat can increase
the adhesion of lymphocytes to the endothelium and thereby facilitate
their infiltration.7 The best studied phenomenon in this regard in-
volves the enhanced trafficking of lymphocytes from draining tissues
to secondary lymphatics in response to hyperthermia, primarily by
the enhanced expression of chemokines, integrins, and the chemo-
kine receptors linked to lymphoid migration (CCL21, ICAM, and
CCR7; recently summarized in Skitzki et al.8). Mesenchymal stem
an Society of Gene and Cell Therapy.
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cells (MSCs) also show a pronounced capacity for recruitment to
growing tumors; however, the exact molecular mechanisms at work
in this context are not fully understood but are thought to parallel
the processes underlying the recruitment of leukocytes from the pe-
ripheral circulation to inflamed tissues.9

MSCs are defined as multipotent progenitor cells that are capable of
differentiating into multiple cell types, including osteocytes, chondro-
cytes, smooth muscle cells, stromal cells, and fibroblasts.10 MSCs are
characterized by a fibroblast-like morphology, a phenotypically spe-
cific cell surface marker profile, their adherence to cell culture plastic,
and a high in vitro expansion potential.11 In vivo, MSCs have the
unique property of migration from the bone marrow or other tissue
niches to the peripheral circulation followed by their active recruit-
ment to sites of tissue damage and ischemia, as is generally present
in solid tumors.10 The recruitment of adoptively applied MSCs to
various cancer types, such as breast cancer,12 glioma,13 multiple
myeloma,14 ovarian cancer,15 colon cancer metastases,16 hepatocellu-
lar carcinoma (HCC),17,18 as well as pancreatic cancer,19,20 has been
demonstrated by various groups, including ours.

This general feature has made engineered versions of MSCs attractive
candidates for use as shuttle vectors to efficiently deliver a therapeutic
gene or agent deep into microenvironments of growing tumors.21 The
homing of MSCs is thought to depend on the combined effects of
various inflammatory cytokines, chemokines, and growth factors
secreted within the tumor microenvironment.9,22 Hyperthermia has
been shown to enhance the release of many of the inflammatory
chemokines and cytokines shown to attract MSCs.6,8 We hypothe-
sized that mild regional hyperthermia could act as a means of
enhancing the selective recruitment of MSCs to the tumor stroma
and thus open the exciting prospect of enhancing tumor selectivity,
as well as the therapeutic efficacy of MSC-mediated cancer gene
therapy.

In the present report, we characterized the stimulatory effect of
regional hyperthermia on recruitment of adoptively applied
MSCs, engineered to express the theranostic sodium iodide sym-
porter (NIS) gene under control of the cytomegalovirus (CMV)
promoter, to experimental hepatocellular tumors. The HCC cell
line HuH7 was chosen as the tumor model as a logical continuance
of our previous work in the same model system in developing
MSCs for NIS gene delivery. Studies using hyperthermia or
external beam radiation as adjunct therapies18,23–28 can therefore
be directly compared and contrasted with regard to the efficacy
of different MSC approaches. This xenograft model further effec-
tively excludes potential confounding effects linked to the adaptive
immune response.

When used as a reporter gene,NIS allows non-invasive monitoring of
the in vivo biodistribution, level, and duration of functional NIS
expression by 123I-scintigraphy, 124I-PET (positron emission tomog-
raphy), or 99mTcO4-SPECT (single-photon emission computed to-
mography) imaging.16,24,25,29–31 The biology of NIS as a therapy
gene has been widely applied in patients for over 70 years, allowing
highly effective therapeutic application of 131I or alternative radionu-
clides, such as 211At or 188Re.32

RESULTS
Effects of Hyperthermia on HCC Cell Survival Are Time and

Temperature Dependent

Hyperthermic treatment led to acute cell killing only when the heat
treatment was applied for an extended period of time (120 min) or
at higher temperatures (42�C) (Figure S1A). In a long-term cell sur-
vival evaluation, following moderate hyperthermia (60 min at 41�C),
growth of heat-treated HuH7 cells was significantly delayed in vitro as
compared with controls as seen 5 and 7 days after heat exposure
(Figure S1B).

NIS Expression and MSC Viability Are Not Sensitive to Heat

Treatment for 1 h at 41�C
CMV-NIS-MSCs showed high functional NIS expression (28,114 ±

1,516 counts per minute [cpm]/A620) in vitro as seen in a 125I uptake
assay (Figure S1C), which was sensitive to the NIS-specific inhibitor
perchlorate (378 ± 60 cpm/A620), demonstrating NIS dependency
of the reaction (***p < 0.001). Thermo-stimulation caused no signif-
icant difference in 125I accumulation between heated (41�C, 1 h) and
non-heated CMV-NIS-MSCs (37�C, 1 h) (Figure S1D). In addition,
cell viability demonstrated no significant alteration in response to
mild heat treatment (Figure S1E).

Hyperthermia Alters the Inflammatory Profile of HCC Tumor

Cells In Vitro

Diverse chemokines and cytokines have been implicated in the
directed migration of MSCs.22,33–35We therefore sought to determine
whether hyperthermic treatment could mimic inflammatory
processes by stimulating the expression and secretion of a set of pre-
viously identified factors.9,21,22 To this end, steady-state mRNA
expression levels of a set of relevant factors (Table 1) were assessed
in the HCC cells HuH7 after heat treatment (60 min at 41�C). The
results were compared with those of untreated control cells (Figure 1).
mRNA analysis indicated a substantial increase in the expression of
some growth factors and chemokines after heat exposure of HuH7
cells as compared with controls (37�C). Although the tumor necrosis
factor-a (TNF-a; TNF) (non-significant), basic fibroblast growth fac-
tor (FGF2), and thrombospondin-1 (TSP-1; THBS1) levels were
found to be increased immediately (4–12 h) following hyperthermia,
the chemokine CCL15, placental growth factor (PGF), and hypoxia-
inducible factor 1-alpha (HIF-1a; HIF1A) were increased at later
time points (24–48 h). 48 h after thermostimulation, the enhanced
expression of many factors tested had returned to untreated control
levels, while the expression of others was even reduced compared
with unheated cells, such as the chemokine CXCL8, vascular endothe-
lial growth factor (VEGF), insulin-like growth factor 1 (IGF-1), and
TNF. Transforming growth factor-b (TGF-b; TGFB1) and CXCL12
mRNA levels, in contrast, showed no rise but were significantly
reduced by thermo-stimulation. The expression of platelet-derived
growth factor-b (PDGF-b; PDGFB) mRNA was not significantly
Molecular Therapy Vol. 29 No 2 February 2021 789
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Table 1. Primers for qPCR

Gene Forward Primer (50/30) Reverse Primer (50/30)

CXCL8 TCTGCAGCTCTGTGTGAAGG TTCTCCACAACCCTCTGCAC

CXCL12 AGAGCCAACGTCAAGCATCT TAGCACAGCCTGGATAGCAA

CCL15 CTGCTGCACCTCCTACATCT CATGCAATCCTGAACTCCCG

FGF2 GGAGAAGAGCGACCCTCAC AGCCAGGTAACGGTTAGCAC

PDGFB (PDGF-b) TTGGCTCGTGGAAGAAGG CGTTGGTGCGGTCTATGA

PGF CATCCTGTGTCTCCCTGCTG GTCTCCTCCTTTCCGGCTTC

TGFB (TGF-b) CAGCACGTGGAGCTGTACC AAGATAACCACTCTGGCGAGTC

VEGF CTACCTCCACCATGCCAAGT ATGATTCTGCCCTCCTCCTT

IGF-1 GCTGGTGGATGCTCTTCAGT TTGAGGGGTGCGCAATACAT

TNF (TNF-a) CAGAGGGCCTGTACCTCATC GGAAGACCCCTCCCAGATAG

THBS1(TSP-1) TTGTCTTTGGAACCACACCA CTGGACAGCTCATCACAGGA

HIF1A (HIF-1a) GCTTTAACTTTGCTGGCCCC TTCAGCGGTGGGTAATGGAG

SLC5A5(NIS) TGCTAAGTGGCTTCTGGGTTGT ATGCTGGTGGATGCTGTGCTGA

CCAATTATGTCACACCACAGA

ACTB (b-Actin) AGAAAATCTGGCACCACACC TAGCACAGCCTGGATAGCAA

RNA18S (r18s) CAGCCACCCGAGATTGAGCA TAGTAGCGACGGGCGGTGTG
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altered in response to heat. No mRNA for interleukin-1 beta (IL1B),
hepatocyte growth factor (HGF), epidermal growth factor (EGF),
CCL2, CCL5, and interleukin-6 (IL6) was detected (data not shown).

Enzyme-linked immunosorbent assay (ELISA) was then conducted to
validate effects seen at the mRNA level on protein level in superna-
tants of HuH7 cells (Figure 2). The chemokines CXCL12 and
FGF-2 showed transiently induced protein levels in response to hy-
perthermic treatment (60 min at 41�C), and IL-6, PDGF-b, and
IGF-1 showed the same trend without reaching significance, whereas
heat resulted in reduced protein levels of CXCL8, VEGF, and TGF-b.
Hyperthermic treatment was thus found to transiently mimic some
aspects of an inflammatory response. To determine whether these
events could elicit the directed migration of MSCs, we applied an
in vitro migration assay.

The Heat-Stimulated Secretome of HCC Cells Enhances MSC

Migration

The chemotactic behavior of CMV-NIS-MSCs in response to heat-
treated (60 min at 41�C) or control HuH7 cell conditioned medium
was examined using a 3D gel migration assay and time-lapse micro-
scopy for a period of 24 h. CMV-NIS-MSCs, seeded in a collagen I
matrix, showed no directed chemotaxis when subjected to superna-
tants derived from untreated HuH7 cells in both chambers (Fig-
ure 3A). Similarly, MSCs under the influence of a gradient between
supernatants derived from untreated and heat-treated HuH7 cells
0 h (Figure 3B) and 12 h (Figure 3C) after heat treatment showed
only random chemokinesis. Using supernatants collected 24 h after
thermo-stimulation, however, MSCs showed directed chemotaxis
toward the heat-treated supernatant (Figure 3D). This effect was
even stronger with supernatants collected 48 h after hyperthermia
790 Molecular Therapy Vol. 29 No 2 February 2021
(Figure 3E). Quantification of chemotactic parameters revealed a
strong increase in forward migration index along the y axis (yFMI;
Figure 3F) and mean directness (Figure 3G), a slightly increased
velocity (Figure 3H), and a significant rise in the mean center of
mass (yCoM) (red dots in Figures 3A, 3E) (Figure 3I) of MSCs toward
supernatants from heat-treated HuH7 cells, demonstrating enhanced
MSC migration toward conditioned media taken from heat-treated
HuH7 cells.

Heat Treatment of Tumors Elicits an Inflammatory Response

and Enhances CMV-NIS-MSC-Mediated 123I Uptake In Vivo

As a next step, we tested whether the enhanced recruitment seen
in vitro could be confirmed in vivo using a subcutaneous (s.c.)
HCC (HuH7) xenograft mouse model. Quantitative analysis of tu-
moral radioiodine accumulation (Figure 4A) revealed a signifi-
cantly increased uptake of 123I in heat-treated (60 min at 41�C)
as compared with non-heated tumors (tumoral iodine accumula-
tion 1 h after 123I injection of 37�C controls: 5.4 ± 0.5% injected
dose [ID]/g; n = 6), with the strongest effect found in group D
(8.9 ± 1.1% ID/g; n = 6), where the MSCs were injected 24 h prior
to the thermo-stimulation, followed by group E (8.0 ± 1.5% ID/g;
n = 6) and group C (6.5 ± 2.0% ID/g; n = 7), where MSCs were
administrated 48 h before, or 6 h after, hyperthermic treatment.
In contrast, when heat was applied 24 h prior to MSC injection,
only a slight rise of tumoral iodine accumulation was seen in
group B (6.0 ± 0.7% ID/g; n = 6) as compared with controls,
and essentially control levels were seen in group A (5.9 ± 1.4%
ID/g; n = 6), where regional hyperthermia was administered
48 h before the MSCs. In addition to tumoral uptake, radioiodide
signals were also characteristically visible in endogenously
NIS-expressing organs: thyroid, salivary glands (SGs), and



Figure 1. Chemokine and Cytokine Gene Expression Profile of HuH7 In Vitro

Real-time PCR analysis of mRNA extracted from heat-treated HuH7 cells 0–48 h after hyperthermia compared with non-heated HuH7 using primers listed in Table 1. Results

are normalized to the internal control b-actin (ACTB) and expressed as mean fold change ± SEM (n = 4; two-tailed Student’s t test; *p < 0.05; **p < 0.01; ***p < 0.001).
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stomach, as well as in the urinary bladder, which is responsible for
123I elimination. This NIS-specific iodide uptake was blocked by
administration of perchlorate (Figure 4B).
Analysis of ex vivo steady-state mRNA levels for the NIS gene
demonstrated significantly increased NIS mRNA expression in tu-
mors heated to 41�C (1 h), as compared with controls at 37�C
Molecular Therapy Vol. 29 No 2 February 2021 791
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Figure 2. Chemokine and Cytokine Protein Secretion Profile of HuH7 In Vitro

Protein levels in culture supernatants derived from heat-treated HuH7 cells 0–48 h after hyperthermia were analyzed by ELISA. Results are presented as mean fold change ±

SEM compared with non-heated control cells (n = 3; two-tailed Student’s t test; *p < 0.05).
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(Figure 4C). Strong NIS-specific immunoreactivity (red) was visible
in the tumor stroma of heat-treated tumors, whereas controls ex-
hibited weaker signals. No immunoreactivity was detected in non-
target organs (lung, kidney, spleen, and liver), andNISmRNA expres-
sion levels were below the detection limit of the qPCR (data not
shown) at the time point of radioiodide injection (3 days after MSC
application), confirming tumor stroma-selective MSCmigration after
systemic application of CMV-NIS-MSCs (Figure 4D). The ex vivo
cytokine mRNA expression profile of heat-treated compared with
unheated tumor sections (Figure 5) showed a pattern similar to the
in vitro data, however without reaching significance, except for
PDGF-b (PDGFB) mRNA levels that were significantly reduced after
hyperthermia.
792 Molecular Therapy Vol. 29 No 2 February 2021
Mild Regional Hyperthermia Enhances Therapeutic Efficacy of

CMV-NIS-MSC-Mediated Radioiodide Therapy

Following characterization of the optimal criteria for MSC recruit-
ment following hyperthermia by non-invasive in vivo imaging, poten-
tial enhanced therapeutic efficacy of MSC-mediatedNIS gene therapy
was validated in the HuH7 xenograft mouse model using 131I in com-
bination with regional hyperthermia. The optimal application
regimen of group D of the imaging series was used to verify enhanced
therapeutic efficacy. Hyperthermia was applied 24 h after the systemic
CMV-NIS-MSC injection, and 72 h after MSC application, therapeu-
tic 131I was administrated (Figure 6A). 131I treatment combined with
tumoral 41�C hyperthermia application for 60 min resulted in a
significantly reduced tumor growth as compared with 37�C controls,



Figure 3. CMV-NIS-MSCs Migration Assay

Chemotaxis of MSCs in relation to a gradient of supernatants was tested using a live-cell tracking migration assay and monitored by time-lapse microscopy for 24 h. MSCs

subjected to supernatants derived from untreated HuH7 cells in both chambers (A). Cells under the influence of a gradient between supernatants from untreated

(top chamber) and thermo-stimulated HuH7 cells derived 0–48 h after hyperthermia (bottom chamber) (B–E). Quantification of chemotaxis parameters as mean forward

migration index (yFMI) (F), mean directness (G), velocity (H), and themean center of mass (yCoM; red dots in AE) (I) of MSCs toward supernatants from heat-treated compared

with untreated HuH7 cells. One representative image each is shown from two independent experiments (mean ± SEM; two-tailed Student’s t test; *p < 0.05).
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Figure 4. 123I-Scintigraphy following CMV-NIS-MSC Administration

s.c. HuH7 tumor-bearing mice were injected with CMV-NIS-MSCs and subjected to hyperthermic treatment (1 h at 41�C or 37�C, as controls; n = 6) at different time points:

48 h (group A, n = 6), 24 h (group B, n = 6), 6 h (group C, n = 7) prior and 24 h (group D, n = 6, **p = 0.0055 [group D versus control], *p = 0.024 [group D versus group A],

*p = 0.028 [group D versus group B], p = 0.086 [group D versus group C], p = 0.90 [group D versus group E]) and 48 h (group E, n = 6) after hyperthermia. Three days later,
123I-scintigraphy was performed and tumoral iodine uptake and efflux were analyzed (A). Results are expressed as mean ± SEM, and significance was tested by ANOVA

(legend continued on next page)
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and with the saline-only control group (Figure 6B), with a partial tu-
mor remission seen in one mouse. Hyperthermia co-treatment also
resulted in a prolonged survival (Figure 6C) (CMV-NIS-MSCs +
41�C + 131I; n = 8) as compared with the control groups (CMV-
NIS-MSCs + 37�C + 131I, n = 7; saline only, n = 5). On day 26 after
therapy start, all animals of the saline control had to be sacrificed
because of the tumor volume reaching the allowed limit of
1,500 mm3, whereas 85.7% of MSC + 131I therapy groups were still
alive, demonstrating a significantly prolonged overall survival. All
mice from the 37�C controls reached endpoint criteria by day 32; at
this time point 50% of the hyperthermia group was still vital. Four
out of eight heat-treated mice showed a similar survival as the normo-
thermic therapy group (approximately 30 days), whereas two of eight
mice lived more than 1 week, and two of eight 100 days longer than
the controls with a partial remission seen in one mouse, which had to
be sacrificed on day 158 after therapy start because of a therapy-un-
related tail injury.
DISCUSSION
The tropism of MSCs for solid tumors forms the basis for their use as
delivery vehicles for the tumor-specific transport of therapeutic genes,
such as the theranosticNIS.36We show here that hyperthermia (41�C,
1 h) can enhance the recruitment of adoptively applied NIS engi-
neered MSCs to the tumor stroma. This strategy supports the use
of regional hyperthermia to optimize the efficacy of MSC-based
NIS gene cancer therapy with potential for future clinical translation.

The response of cancer cells to hyperthermia is of great clinical inter-
est. Its use as an adjuvant in multimodal treatment approaches
enhances therapeutic effectiveness without increasing general
toxicity. The benefit of hyperthermia in combination with radio-
therapy, chemotherapy, or radiochemotherapy has been well estab-
lished in various randomized clinical trials (reviewed in Rao
et al.37). Hyperthermia shows pleiotropic effects on malignant cells
and tumor tissue, including reduction of DNA repair, the production
of heat shock proteins (HSPs), modulation of inflammatory cyto-
kines, and changes in endothelial cell adhesion molecule expression.
These transient changes within the tumor microenvironment are
thought to help trigger an antitumor immune response.38–40 In addi-
tion, hyperthermia is capable of increasing the amount of neutrophils,
natural killer cells, and lymphocytes in the tumor microenviron-
ment.8 Leukocyte trafficking is a highly regulated process that may
be influenced by hyperthermia at multiple stages. Hyperthermia
can augment lymphocyte diapedesis across the endothelial layer,
improve their adhesive properties to the endothelium, and thereby
facilitate their infiltration. Chemokines, chemoattractant molecules
followed by post hoc Tukey (honestly significant difference) test. One representative im

displaying besides the tumoral iodine accumulation a 123I signal from the endogenou
123I elimination. The competitive NIS inhibitor perchlorate was added 30min prior to 123I a

real-time PCR (C) (n = 3; two-tailed Student’s t test; **p = 0.0033). On paraffin-embedde

of 37�C control animals, heat-treated tumors of mice, and control organs. One represent

of NIS staining on tumor sections (dots represent counts in a single visual field, lines re
responsive to hyperthermic stimuli, help direct leukocyte trafficking
and migration.6,8

The exact mechanisms underlying MSC recruitment are not fully
understood but are thought to parallel those seen in leukocytes.
The well-characterized innate ability of MSCs to traffic to solid tu-
mors is thought to derive from the observation that tumor stroma
formation resembles a chronic, non-healing wound and MSCs are
recruited to “help repair” the damaged tissue.15,41 This general pro-
cess has been adapted by many groups as a Trojan Horse-like tumor
therapy approach by using engineered versions of MSCs as vehicles
for the delivery of agents deep into the tumor environment.15,21,36

This approach has now advanced to clinical trials for advanced
gastrointestinal,42 ovarian, and lung cancers (ClinicalTrials.gov:
NCT02530047 and NCT03298763).

The effective homing of adoptively appliedMSCs to the tumor stroma
is a crucial step for successful MSC-mediated therapeutics. The prim-
ing of MSCs in culture with TNF-a or hypoxic conditions has been
reported to enhance their migratory behavior in vitro and in vivo.43,44

The functional expression of chemokine receptors, such as CXCR4,
has also been shown to increase MSC homing to the bone marrow
and tumors.45,46

Effects of MSCs on tumor progression appear to depend on the tumor
type and means of MSC application used.47,48 In our previous MSC
therapy studies using the HuH7 tumor model, MSCs alone were
not found to influence tumor growth.18,28 In addition, the adoptively
applied MSCs are effectively eliminated in the context of 131I
treatment.

In the present study, we sought to characterize the effect of regional
hyperthermia on the direct recruitment of MSCs and, specifically,
on events that occur within hours or days following treatment. A
key question in this setting was whether regional hyperthermia could
elicit processes associated with inflammation. Using a panel of genes
previously associated with MSC migration, leucocyte recruitment,
and inflammation,9,21,22,33,48,49 we could show that a subset of those
factors is transiently modulated at different time points following
hyperthermic treatment in vitro (41�C for 1 h). Steady-state mRNA
expression levels in HuH7 cells showed an upward trend for some
genes in response to treatment starting 4 h (CXCL8, PDGFB, TNF,
THBS1) after hyperthermia, with peak levels seen in most genes by
12–24 h (especially CCL15, FGF2, IGF1). Within 48 h the expression
of nearly all cytokines had returned to normal or even reduced levels.
By contrast, mRNA expression of TGFB and CXCL12 was reduced
initially in response to heat treatment. Cells respond metabolically
age for the best performing hyperthermia treatment group and the control group,

sly NIS expressing organs, thyroid, SGs, stomach, and the urinary bladder due to

dministration (B). mRNA isolated from frozen tumor sections was analyzed forNIS by

d tumor section, NIS-specific immunohistochemistry (red) was performed on tumors

ative image is shown each at 20�magnification, scale bar, 50 mm (D). Quantification

present the median) (E).
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when subjected to a heat challenge. They upregulate HSPs and other
cell-protective proteins, while reducing the steady-state levels of genes
not involved in the heat response.2 Subsequent mRNA analysis of
heat-treated tumor sections ex vivo presented a similar trend of
time-dependent cytokine secretion as seen in vitro, thereby corrobo-
rating the upregulation of immunomodulatory factors potentially
enhancing MSC migration ex vivo. These general effects were further
validated in a 3D migration model that showed enhanced migration
toward conditioned media taken from heat-treated HuH7 cells.

The effects of the heat treatment protocol (41�C for 1 h) on cell
viability in vitro were characterized, and a slight reduction in HuH7
cell viability was observed. The cell viability of MSCs was not affected
by mild heat treatment, and no significant difference in 125I accumu-
lation was seen between heated (41�C) and non-heated CMV-NIS-
MSCs (37�C). This confirms the previous observation that normal tis-
sues are generally not damaged during hyperthermia,50 whereas tu-
mors are more sensitive to hyperthermia.51 However, effects of
hyperthermia on MSCs have been reported in previous studies. Peri-
odic hyperthermic treatment of bone marrow MSCs was found to
enhance their differentiation into osteoblasts and accelerated matu-
rity.52 Alekseenko et al.53 demonstrated that mild heat treatment of
menstrual blood MSCs did not affect the viability of MSCs in vitro.
Only cells challenged with “sublethal” heating (45�C for 30 min) pre-
sented signs of stress-induced premature senescence, but surviving
MSCs retained the properties of parental cells.53 Rühle et al.54

observed that after hyperthermia, MSCs remain viable and do not
change their surface marker expression profile or their motility in
response to hyperthermia.

The enhanced recruitment effects seen in the in vitro experiments
were validated in vivo. A promising candidate therapy gene for the
next generation of clinical applications of MSC-mediated cancer ther-
apy is the NIS transgene. NIS as a well-characterized theranostic gene
that allows detailed non-invasive in vivo tracking of MSCs by 123I-
scintigraphy or 124I-PET imaging, as well as highly effective therapeu-
tic application of radionuclides (131I, 188Re).31 We and others have
demonstrated MSC-mediated transfer of therapeutic transgenes to
diverse cancer entities, including HCC,23,24 glioma,13 breast cancer,55

prostate cancer,56,57 colon cancer metastases,16 multiple myeloma,58

and pancreatic ductal adenocarcinoma.19,20 In our studies using the
NIS theranostic gene, we have found that MSC injections followed
by the therapeutic administration of 131I have led to significantly
reduced tumor growth with a prolonged survival of animals in mul-
tiple experimental tumor settings.18,24,26,59

In the present study, a single systemic injection of CMV-NIS-MSCs
combined with thermo-stimulation at 41�C showed that hyperther-
Figure 5. Chemokine and Cytokine Secretion Profile of HuH7 In Vivo

mRNA was isolated from frozen tumor sections from heat-treated tumors 8, 24, and 48

levels of different chemokines and cytokines were evaluated by real-time PCR. Results ar

as mean ± SEM (two-tailed Student’s t test; *p < 0.05; **p < 0.01).
mia enhances the selective migration of MSCs into the tumor stroma
of murine s.c. HCC (HuH7) xenografts. Testing the application of
heat at different time points 48, 24, and 6 h before and 24 and 48 h
after MSC injection, we observed the highest tumoral iodine uptake
when injecting MSCs 24 h prior to hyperthermia (group D). After
intravenous injection, MSCs are initially trapped in the microcapilla-
ries of the lungs and start to migrate from the lungs to other organs,
such as the liver, spleen, or kidneys, or, if present, to a tumor only after
24 h.60–62 This effect may help explain our observation that the high-
est recruitment was seen after applying heat 24 h after MSC injection,
which may represent optimized timing of the transiently enhanced
tumoral cytokine secretion following hyperthermia with the egress
of the adoptively transferred cells from the lungs.

The optimal regional hyperthermia recruitment protocol identified
by non-invasive imaging using 123I-scintigraphy was then further
tested and validated in the context of NIS gene-based 131I-therapy.
Animals treated with MSCs, hyperthermia, and 131I showed signifi-
cantly reduced tumor growth and a prolonged survival compared
with the normothermic group and with the saline control group,
demonstrating a significantly improved efficacy of MSC-mediated
NIS gene therapy. In a parallel study by our group using the same
HuH7 tumormodel, no effect of hyperthermia was observed on either
tumor growth or survival when MSCs were applied without 131I
(MSCs + 41�C + NaCl versus MSCs + 37�C + NaCl) even after up
to three rounds of hyperthermic therapy.28 For this reason, in the pre-
sent study we do not believe that hyperthermia-induced tumor cell
death is responsible for the therapy effect observed. In addition,
past studies with the same model have shown that treatment with
MSCs without 131I (MSCs + NaCl) did not influence tumor growth.18

The tumoral therapy response here showed signs of a late divergence
in tumor growth and survival curves, a phenomenon that has been
described in immune therapy trials, as well in a phase III trial of neo-
adjuvant chemotherapy plus regional hyperthermia.63,64 In our in vivo
therapy, overall, we observed a heterogeneous response to the ther-
apy, with four out of eight hyperthermia-treated mice showing a clear
therapeutic effect from significant reduction of tumor growth to a
partial remission. Heterogeneous response rates have also been seen
in clinical hyperthermia trials, such as in the recent EORTC 62961-
ESHO 95 phase III trial on neoadjuvant chemotherapy alone or
with regional hyperthermia for localized high-risk soft tissue sar-
coma.63 We believe that a main reason for the heterogeneous
response may be our experimental setup for hyperthermia using a
conventional water bath with its limitations in establishing andmoni-
toring stable and homogeneous intratumoral temperatures. Several
trials have demonstrated a strong correlation between intratumoral
temperatures and response to treatment.65 Recent technical improve-
ments in the sources used to apply and measure heat have expanded
h later, including 8 h 123I imaging (each n = 4) and controls (n = 4), and expression

e normalized to the internal control (average ofACTB, r18s, andUBC) and expressed
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Figure 6. In Vivo 131I Therapy Study

In a s.c. HuH7 xenograft mousemodel, the best treatment scheme identified in the imaging study was adapted for a therapy study using 131I (A). Tumor growth (B) and survival

(C) were monitored for the treatment with CMV-NIS-MSCs, regional hyperthermia, and 131I (MSCs + 41�C + 131I; n = 8; red line), compared with the normothermic control

group (MSCs + 37�C+ 131I; n = 7; blue line) and the saline only group (NaCl + 37�C+NaCl; n = 5; gray line). Results are expressed asmean ±SEM (one-way ANOVA for tumor

growth and log-rank test for Kaplan-Meier survival plots; *p < 0.05; **p < 0.01; ***p < 0.001).
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the clinical use of hyperthermia. In this regard, hybrid magnetic reso-
nance-guided high-intensity focused ultrasound has been adapted
for tumor hyperthermia therapy that allows a highly focused heating
of the region with real-time temperature mapping and energy
deposition.66
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The results outlined here show that the natural tropism of exoge-
nously applied MSCs for solid tumors can be transiently enhanced
by the application of regional hyperthermia. Because the directed
recruitment of adaptively applied MSCs involves a complex interplay
of various factors (inflammatory cytokines and chemokines) and
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cellular events (rolling across the endothelium, firm adhesion, diape-
desis, etc.), the identification of the central players mediating the
enhanced effects seen in the context of regional hyperthermia will
require extensive future studies.

Using NIS in its function as reporter gene, we were able to determine
the optimal timing of hyperthermia treatment in the course of MSC
application by non-invasive imaging that ultimately resulted in a sig-
nificant therapeutic effect of CMV-NIS-MSC-based 131I therapy in
liver cancer xenografts. These data open the promising prospect of
using hyperthermia to enhance the effectiveness of MSC-mediated
cancer gene therapy for future clinical application and of potential
implementation of this strategy in other MSC-based therapy contexts
such as regenerative medicine.

MATERIALS AND METHODS
Cell Culture and In Vitro Studies

SV40 large T antigen-immortalized human bone marrow-derived
MSCs were stably transfected with NIS driven by the CMV promoter
(CMV-NIS-MSCs) as described previously.18 The MSC cell line
(CMV-NIS-MSCs) was grown in RPMI-1640 culture medium
(Sigma-Aldrich, St. Louis, MO, USA) and supplemented with 10%
(v/v) fetal bovine serum (FBS; FBS Superior; Biochrom/Merck Milli-
pore, Berlin, Germany), 100 U/mL penicillin and 100 mg/mL strepto-
mycin (P/S; Sigma-Aldrich), and 1% geneticin (G-418; Invitrogen,
St. Louis, CA, USA). The human HCC cell line HuH7 (JCRB0403;
Japanese Collection of Research Bioresources Cell Bank, Osaka,
Japan) was cultured in Dulbecco’s modified Eagle’s medium
(DMEM; 1 g/L glucose; Sigma-Aldrich) enriched with 10% (v/v)
FBS and 1% P/S. Both cell lines were kept in an incubator at 37�C,
5% (v/v) CO2 atmosphere, and 95% relative humidity.

For in vitro heat treatment, cell culture dishes were sealed with paraf-
ilm and submerged in a circulating water bath for 30, 60, or 120min at
40�C, 41�C, or 42�C, followed by a recovery time in an incubator at
37�C (5% CO2, 95% humidity) for 0, 1, 2, 5, or 7 days based on
previously establishedmethods.4,28 In a series of unpublished, prelim-
inary heat treatment experiments, the water bath system was cali-
brated using exact temperature measurements to reach the desired
temperature inside of our plastic cell culture dishes. For all of the
following experiments, the same standard heat treatment protocol
(41�C + 60 min) was chosen, because this temperature is clinically
most relevant.

For the preparation of HuH7 supernatants, 1 � 106 HuH7 cells were
seeded in a 100 mm3 cell culture dish, and 12 h before thermo-stim-
ulation full-growth medium was replaced by serum-free DMEM.
Supernatants from heat-treated and non-treated cells were collected
0, 4, 8, 12, 24, and 48 h after heat treatment and immediately stored
at �80�C.

Cell Viability Assay

Cell viability was determined using a commercially available thiazolyl
blue tetrazolium blue (MTT) reagent (Sigma Aldrich) for 2 h at 37�C.
The absorbance of the resulting formazan product wasmeasured after
incubation with 10% (v/v) dimethylsulfoxide (DMSO; Sigma Aldrich)
in isopropanol (Carl Roth, Karlsruhe, Germany) at a wavelength of
620 nm, using a Sunrise microplate absorbance reader and the
Magellan software (Tecan, Männedorf, Switzerland).

125I Uptake Assay

Functional NIS expression of CMV-NIS-MSCs was determined
in vitro using a 125I uptake assay at steady-state conditions as
described previously.28 In brief, 0.1 mCi Na125I/mL (PerkinElmer,
Waltham, MA, USA), Hank’s balanced salt solution (GIBCO/Life
Technologies, Carlsbad, CA, USA), 10 mM 4-(2-hydroxyethyl)-1-pi-
perazineethanesulfonic acid (HEPES; Sigma) (pH 7.3), and 10 mM
NaI was added to the wells, and the cells were incubated for 45 min
at 37�C. To demonstrate NIS specificity of iodide uptake, we added
the NIS-specific inhibitor KClO4 (100 mM;MerckMillipore, Burling-
ton, MA, USA) to control wells. After washing, cells were lysed in 1N
NaOH (Carl Roth, Karlsruhe, Germany) for 15min, and captured 125I
was investigated by g-counting (Beckman Coulter, Krefeld, Ger-
many). Results were normalized to cell survival and expressed as
cpm/A620.

Quantitative Real-Time PCR and ELISA

HuH7 RNA was isolated from heat-treated and control cells 0, 4, 8,
12, 24, and 48 h after hyperthermia using the RNeasy Mini Kit with
QIAshredder (QIAGEN, Venlo, the Netherlands) according to the
manufacturer’s recommendations. Reverse transcriptase reaction
was performed using Superscript III reverse transcriptase (Invitrogen,
Carlsbad, CA, USA), and the quantitative real-time PCR was run in a
Mastercycler ep gradient S PCR cycler (Eppendorf, Hamburg, Ger-
many) or a LightCycler 96 System (Roche, Basel, Switzerland) using
the primers listed in Table 1. DD�Ct values were normalized to the
internal control (b-actin; ACTB), and results were expressed as fold
change relative to un-heated controls.

An ELISA of supernatants derived from HuH7 cells 0–48 h after heat
exposure (41�C or 37�C, as controls) was performed using the respec-
tive DuoSet ELISA Kit (R&D Systems, Abington, UK) according to
the manufacturer’s recommendations. Relative protein levels were
calculated as fold change relative to controls.

3D Migration Assay

Chemotaxis of MSCs, seeded in collagen I (0.3 � 106 cells/mL), in
relation to a gradient of unheated and heat-treated HuH7 superna-
tants, was tested in a live-cell tracking migration assay using the
m-slide Chemotaxis3D system (ibidi, Planegg, Germany) and moni-
tored by time-lapse microscopy (Leica Microsystems, Wetzlar, Ger-
many) for 24 h as previously described.26 Every 15 min a picture
was taken, using a Jenoptik ProgRes charge-coupled device (CCD)
camera (Jenoptik, Jena, Germany) and an automatic xy-stage (Prior
Scientific, Jena, Germany), controlled by the open access software
ImageJ (NIH, Bethesda, MD, USA) using the mManager plug-in.
The ImageJ Manual Tracking plug-in (Fabrice Cordelières, Orsay,
France) was used to track 20 randomly selected cells, and the
Molecular Therapy Vol. 29 No 2 February 2021 799
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Chemotaxis and Migration Tool plug-in (ibidi) was used for analysis
of migration. The following parameters were evaluated to quantify
cell migration: the yFMI is obtained by dividing the displacement
of each cell along the y axis by its total path length and represents a
measure of the migration potency of the cells toward one supernatant
in the direction of the gradient; the yCoM (mm) expresses the median
endpoint of the single cells and direction of migration; the velocity
(mm/min) of the migrating cells is determined; directness (D) is
measured with D = 1 representing a straight-line migration; and
the Rayleigh value derives from a statistical test for circular distribu-
tion of points (p < 0.05 statistically significant).

Establishment of s.c. HuH7 Xenografts

Establishment of s.c. HuH7 xenograft mouse model in female CD1
nu/nu mice (Charles River, Sulzfeld, Germany), which were main-
tained under specific pathogen-free conditions with ad libitum access
to mouse chow and water, was performed as described previously.18

In brief, mice were s.c. injected with 5 � 106 HuH7 cells suspended
in 100 mL phosphate-buffered saline (PBS; Sigma Aldrich) into the
right flank region. s.c. tumors were measured using a caliper, and vol-
umes were calculated using the following equation: length � weight
� height � 0.52. 10 days prior to iodine application, 5 mg/mL
L-thyroxine (L-T4; Sigma-Aldrich) was added to drinking water to
reduce thyroidal radioiodine accumulation. All animal experiments
were approved by the regional governmental commission for animals
(Regierung von Oberbayern, Munich, Germany). Potential hyper-
thermic effects on adaptive anti-tumor immunity could be excluded
based on the mouse model used (CD1 nu/nu mice).

In Vivo Regional Hyperthermia

For regional hyperthermic treatment, mice were anesthetized by
inhalation of isoflurane/oxygen anesthesia and placed on top of a wa-
ter bath at 41�C or, as control, at 37�C for 1 h. The water bath was
covered with a plastic plate specifically designed to allow only the
tumor-bearing leg to be submerged into the water, through small
holes in the plastic cover. Body temperature was monitored using a
rectal thermometer (Homeothermic Blanket Systems with Flexible
Probe; Harvard Apparatus, MA, USA).

In a series of pilot heat treatment experiments, to confirm stable and
sufficient heat delivery into the tumor, a thermo probe was placed in-
tratumorally, and tumor temperature was monitored over the entire
treatment time (60 min) to establish our treatment parameters (Fig-
ure S2). A rapid, stable, and reliable tumoral temperature delivery was
confirmed (Figure S2A), while body temperature of mice stayed
within physiological levels (Figure S2B). These preliminary studies al-
lowed us to conduct the following experiments without a tumoral
probe, which would distort our results because the wound caused
by the probe would artificially enhance MSC recruitment.

123I-Scintigraphy after NIS Gene Transfer

When the tumors reached a volume of 500–800 mm3, a single sys-
temic injection of 0.5 � 106 CMV-NIS-MSCs into the tail vein was
applied to HuH7 tumor-bearing mice, and hyperthermia was locally
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applied either 48 h (n = 6), 24 h (n = 6), or 6 h (n = 7) before or 24 h
(n = 6) or 48 h (n = 6) after MSC injection. To reduce the number of
animals, we conducted the control normothermic group (37�C; n = 6)
in the same way as the best hyperthermic group (group D; MSCs 24 h
before heat treatment). Seventy-two hours after MSC administration,
mice received 18.5 MBq 123I (GE Healthcare Buchler, Braunschweig,
Germany) intraperitoneally (i.p.), and iodide biodistribution was
measured by serial scanning (1–6 h) on a gamma camera (e.cam;
Siemens, Munich, Germany) using a low-energy, high-resolution
collimator. As control of NIS-specific iodide accumulation, the NIS
inhibitor perchlorate (Merck, Darmstadt, Germany) was injected
30 min prior to 123I injection. Regions of interest (ROIs) were
analyzed by HERMES GOLD (Hermes Medical Solutions, Stock-
holm, Sweden) software, and tumoral iodide accumulation was ex-
pressed as % of the ID per gram tumor (% ID/g).

Ex Vivo Analysis

Immunohistochemical staining of paraffin-embedded tumor sections
and control organs was performed using a NIS-specific antibody
(dilution 1:500; Merck Millipore) as described previously.67 Tumor
and organ samples taken 8, 24, and 48 h after heat treatment
(including 8 h 123I-scintigraphy) were analyzed by real-time PCR.
DD�Ct values were normalized to the internal control (the average
of ACTB, UBC, and r18s).

131I-Therapy Study

Approximately 10 days after s.c. HuH7 cell injection, when tumors
had reached a size of 5 mm in diameter, the drinking water was sup-
plemented with 5 mg/mL L-T4 (Sigma Aldrich), and the mice
received a low-iodine diet (ssniff Spezialdiäten, Soest, Germany) to
potentially enhance tumoral iodide accumulation and to reduce
thyroidal iodide uptake. At a tumor volume of around 100 mm3,
the mice received a single systemic injection of CMV-NIS-MSCs
via the tail vein, followed by hyperthermic treatment (41�C or 37�C
for 1 h) 24 h later. 2 days after hyperthermia, 55.5 MBq 131I was
applied i.p. (CMV-NIS-MSCs + 41�C + 131I, n = 8; CMV-NIS-
MSCs + 37�C + 131I, n = 7). As the control group, MSCs and 131I
were replaced by saline, and mice were treated with 37�C (NaCl +
37�C +NaCl, n = 5). Mice were sacrificed based on tumor growth (tu-
mor volume exceeded 1,500 mm3) and animal care protocols.

Statistical Analysis

All in vitro experiments were performed at least three times, and
values are expressed as mean ± SEM. Rayleigh value was used for
analysis of MSC migration. Statistical significance was tested by
two-tailed Student’s t test or by ANOVA with post hoc Tukey (hon-
estly significant difference) test for multiple comparisons. Survival
was plotted by Kaplan-Meier survival plots and analyzed by log-
rank test. p values < 0.05 were considered significant (*p < 0.05;
**p < 0.01; ***p < 0.001).
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Figure S1: Hyperthermia effects in vitro 

The effect of hyperthermia on HuH7 cells in vitro was analyzed by MTT assay 24 hours after heat treatment in a 
water bath for 30 to 120 minutes, at temperatures ranging from 40 to 42 °C. The red line represents the cell viability 
of the 37 °C controls (A). Following hyperthermia at 41 °C for 60 minutes, long-term cell viability was analyzed 
after 1 - 7 days (B). In vitro iodine uptake of CMV-NIS-MSCs was determined by a 125I uptake assay. Perchlorate 
was added to demonstrate NIS dependency of the reaction (C; n = 6). In addition, the effects of hyperthermia on 
the iodine accumulation by CMV-NIS-MSCs (D) and their viability (E) was evaluated 0 - 5 days after one hour at 
41 °C. All experiments were conducted at least in triplicate and are expressed as mean ± SEM (two-tailed Student’s 
t test for comparison of heat-treated to unheated cells; *p < 0.05; **p < 0.01; ***p < 0.001).  



 

 

Figure S2: Establishment of in vivo heat treatment 

In vivo heat treatment establishing experiments were conducted using intratumoral (A) and rectal temperature 
probes (B). Tumors were heat-treated either with 41 °C or 37 °C (control) for 1 hour using a water bath (n = 3). 
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