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Abstract
Background Head and neck cancer (HNC) is one of the most common cancers, associated with a huge mortality and morbidity.
In order to improve patient outcomes, more efficient and targeted therapies are essential. Bone marrow-derived mesenchymal
stromal cells (BM-MSCs) express tumour homing capacity, which could be exploited to target anti-cancer drug delivery to the
tumour region and reduce adverse side-effects. Nevertheless, dental pulp stromal cells (DPSCs), anMSC-like population present
in teeth, could offer important clinical benefits because of their easy isolation and superior proliferation compared to BM-MSCs.
Therefore, we aimed to elucidate the tumour homing and safe usage of DPSCs to treat HNC.
Methods The in vivo survival as well as the effect of intratumourally administered DPSCs on tumour aggressiveness was tested
in a HNC xenograft mouse model by using bioluminescence imaging (BLI), (immuno)histology and qRT-PCR. Furthermore, the
in vitro and in vivo tumour homing capacity of DPSCs towards a HNC cell line were evaluated by a transwell migration assay
and BLI, respectively.
Results Intratumourally injected DPSCs survived for at least two weeks in the tumour micro-environment and had no significant
influence on tumour morphology, growth, angiogenesis and epithelial-to-mesenchymal transition. In addition, DPSCs migrated
towards tumour cells in vitro, which could not be confirmed after their in vivo intravenous, intraperitoneal or peritumoural
injection under the tested experimental conditions.
Conclusions Our research suggests that intratumourally delivered DPSCs might be used as safe factories for the continuous
delivery of anti-cancer drugs in HNC. Nevertheless, further optimization as well as efficacy studies are necessary to understand
and improve in vivo tumour homing and determine the optimal experimental set-up of stem cell-based cancer therapies, including
dosing and timing.
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Background

Head and neck cancer (HNC) is the eighth most com-
mon cancer type worldwide with a yearly incidence rate
of 835,000 cases [1]. HNC is a generic term for all
cancers originating from the upper aerodigestive tract,
including the nasal and oral cavity, pharynx and larynx
[2]. The most prominent histological subtype (> 90% of
all HNC types) is head and neck squamous cell carci-
noma (HNSCC), derived from the squamous mucosa
cells in the upper aerodigestive tract [3]. Incidence of
HNC strongly depends on country, age, gender and can-
cer subtype [4], which is related to different exposure to
associated risk factors, including smoking [5], alcohol
[6] and Human Papilloma Virus (HPV) infections [7].
The classical therapeutic strategies of surgery,
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chemotherapy, radiotherapy or a combination are asso-
ciated with a low survival rate of only 33–63% after
five years, depending on the tumour site [8]. In addi-
tion, high morbidity is induced by complications of
these therapies, such as disturbed aesthetics, sensory
deficits and functional problems with eating and speech,
since tumours are located on difficult attainable and
important organs [9].

HNSCC used to be divided into two genetic subclasses
(HPV-positive or -negative tumours), but more recently,
new types and subtypes were described based on histology
and molecular characteristics [10]. Due to inhibition of the
p53 and retinoblastoma (RB) pathways, cell cycle regulations
are severely perturbed in HNSCC. In addition, a subgroup of
HNSCC becomes independent of certain growth factors in the
epidermal growth factor receptor (EGFR) pathway.
Furthermore, mostly all HSCC succeed in escaping the
transforming growth factor-ß (TGFß) pathway, which is re-
sponsible for the inhibition of growth. Genetic alterations also
lead to frequent activations of the ‘phosphoinositide-3-kinase’
(PI3K)/‘phosphatase and tensin homolog’ (PTEN)/Akt path-
way in HNSCC [10, 11]. These findings emphasize the het-
erogeneity of HNSCC and the associated difficulties in prog-
nosis and therapy. Therefore, alternative targeted therapies,
less dependent on the HNSCC subtype, with less adverse
side-effects and better functional outcomes are essential to
treat HNC. A promising strategy is the use of mesenchymal
stromal cells (MSCs) as therapeutic vehicles for the delivery
of anti-tumour drugs or therapeutic genes. These stem cells
express a specific in vitro and in vivo tropism towards injury
and tumour sites under the influence of secreted chemotactic
mediators, including stromal cell-derived factor-1 (SDF-1)
[12–18]. Reciprocal communication between tumour cells
and MSCs is mediated by paracrine extracellular vesicles
(EVs), growth factors, cytokines and chemokines, and direct
cell-cell contact [19]. The resulting effect of this bidirectional
interaction on tumour growth and aggressiveness is controver-
sial [20, 21]. Some studies indicate that MSCs promote tu-
mour progression by immunosuppression and stimulation of
cell survival, proliferation, angiogenesis, epithelial-to-
mesenchymal transition (EMT), invasion and metastasis
[22–27]. In contrast, a tumour-suppressing capacity has been
ascribed to MSCs via the inhibition of angiogenesis, tumour
growth, invasion and metastasis, and via exerting pro-
inflammatory effects [28–33]. These effects are mediated di-
rectly via differentiation ofMSCs intomalignant cells, cancer-
associated fibroblasts and vascular-related cells or indirectly
by (paracrine) interaction with immune cells, cancer stem
cells, endothelial cells and tumour cells [34]. For example,
in vitro co-culture of human palatine tonsil-derived MSCs
with hypopharyngeal or laryngeal squamous carcinoma cell
lines inhibited cell growth, induced cell cycle arrest in the G0/
G1 phase and apoptosis of the tumour cells in a dose-

dependent way [35, 36]. Similar results were observed for
human bone marrow-derived MSC conditioned medium
(hBM-MSC CM) with an in vitro decrease in FaDu cell pro-
liferation, survival, EMT marker expression, migration and
invasion, at least partially via the paracrine effects of CD109
[36]. In contrast, Scherzad et al. and Liu et al. demonstrated
paracrine stimulating effects of hBM-MSCs on in vitro and
in vivo proliferation, viability, EMT, migration and metastasis
of different HNC cell lines by interleukin-6 (IL-6) secretion
and PI3K/Akt signalling [37, 38]. Moreover, in vitro 3D co-
culture spheroids of human BM-MSCs or adipose tissue-
derived MSCs (AT-MSCs) and HNSCC cells stimulated tu-
mour migration and invasion via increased matrix metallopro-
teinase (MMP), IL-8 and VEGF expression [39, 40].

While these in vitro and in vivo migration and safety data
were mainly obtained on BM-MSCs, these multipotent stem
cells can be isolated from various other tissue sources, includ-
ing adipose tissue [41, 42], umbilical cord [43] and dental soft
tissues [44]. Comparative studies showed significant differ-
ences in tumour homing capacity, depending on MSC origin,
with a slower and more limited potency for BM-MSCs [45].
Moreover, their invasive isolation and restricted proliferation
capacity complicate their clinical use compared to other MSC
types [46]. Dental pulp stromal cells (DPSCs), an MSC sub-
type present in the tooth pulp, have been suggested as a ben-
eficial alternative [47, 48]. DPSCs are embryonically derived
from the neural crest and reside in the perivascular niche of the
pulp where they play an important role during tooth develop-
ment and repair. Such as MSCs, they can differentiate into
osteocytes, chondrocytes and adipocytes [44]. In addition,
in vitro differentiation towards neuron-like cells [48, 49], en-
dothelial cells [50, 51] and Schwann cells [52] has been de-
scribed. However, the most important beneficial effects of
DPSCs are their paracrine actions, since angiogenic, anti-
apoptotic and neurotrophic factors are abundantly present in
their secretome [53]. In concordance with these findings, they
have been successfully applied in various preclinical models
such as myocardial infarction, ischemic stroke and peripheral
nerve injuries [54–57]. As immunomodulatory properties
have been attributed to DPSCs as well, they represent a valu-
able cell source for clinical applications [58, 59].
Nevertheless, studies on their tumour homing capacity and
tumour-promoting or -suppressing effects are currently
restricted.

Therefore, the aim of this study was to elucidate whether
DPSCs can be used as vehicles for targeted delivery of anti-
cancer therapies in a safe way to treat HNSCC. The impact of
DPSCs on tumour growth, angiogenesis, EMT and stem cell
survival was monitored in vivo over time in mice HNSCC
xenografts using bioluminescence imaging (BLI), quantitative
reverse transcriptase polymerase chain reaction (qRT-PCR)
and (immuno)histology. Furthermore, in vitro tropism of
DPSCs towards the HNSCC FaDu cell line was assessed in
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a transwell migration assay, while in vivo biodistribution was
studied in a HNSCCmousemodel by BLI. To our knowledge,
this is the first study that evaluated both in vivo safety and
homing capacity of DPSCs in HNC.

Methods

Cell Isolation and Culture

Human DPSCs (hDPSCs) were isolated from dental pulp tis-
sue derived from wisdom teeth of healthy donors (n = 14, age
17 ± 0.47 years, both sexes) undergoing tooth extraction for
orthodontic or therapeutic reasons in Ziekenhuis Oost-
Limburg (ZOL, Genk, Belgium). The explant outgrowth iso-
lation method was applied as previously described [60].
Briefly, the teeth were disinfected with 100% ethanol, and
mechanically fractured after which the dental pulp could be
gently removed. Next, pulp tissue was rinsed in cell culture
medium, consisting of alpha modified Minimum Essential
Medium (α-MEM, Sigma-Aldrich, St-Louis, MO, USA),
enriched with 10% heat-inactivated foetal bovine serum
(FBS, Biowest, Nuaillé, France), 2 mM L-glutamine, 100 U/
mL penicillin and 100 μg/mL streptomycin (Sigma-Aldrich).
The tissue was minced into fragments of 1–2 mm3, placed in
6-well plates and maintained at 37 °C in a humidified atmo-
sphere containing 5% CO2. Every 2–3 days, culture medium
was refreshed and when reaching 70–80% confluence, cells
were passaged by using 0.05% Trypsin/EDTA (Sigma-
Aldrich). In compliance with the International Society for
Cell & Gene Therapy (ISCT) guidelines [61], resulting cells
could differentiate into osteocytes osteoblasts, chondrocytes
and adipocytes and expressed a MSC marker profile.
Immunophenotyping was performed by flow cytometry and
showed the presence of MSC markers CD29, CD44, CD73,
CD90 and CD105, while endothelial and haematopoietic
markers CD31, CD34, CD45 and CD117 were absent [60,
62]. Pooled DPSCs of three donors were transduced with a
lentiviral vector encoding Firefly luciferase (Fluc), enhanced
green fluorescent protein (eGFP) and a blasticidin resistance
cassette. After transduction, stably expressing cells were se-
lected with blasticidin (10 μg/mL, InvivoGen, Toulouse,
France). Stem cells were used until passage 15.

The FaDu tumour cell line, a human HNSCC cell line of
the hypopharynx, was purchased from the American Type
Culture Collection (ATCC, HTB-43, Wesel, Germany) and
cultured in Dulbecco’s Modified Eagle Medium, high-
glucose (DMEM, Sigma-Aldrich), supplemented with 10%
heat-inactivated FBS, 100 U/mL penicillin and 100 μg/mL
streptomycin. FaDu cells between passage 30 and 65 were
used.

All cells were monthly screened for mycoplasma infections
with the PlasmoTest™ kit (InvivoGen).

Flow Cytometry

The percentage of eGFP-positive DPSCs was first quantified
by flow cytometric analysis. Hence, naïve and transduced
DPSCs were rinsed twice in FACS buffer (2% FBS in phos-
phate buffered saline (PBS, Lonza, Walkersville, MD, USA))
and analysed by the FACSCalibur equipped with CellQuest
Pro Software (BD, Erembodegem, Belgium) for 5000 or
10,000 events.

Immunofluorescence

Protein expression of eGFP by transduced DPSCs was further
analysed by immunofluorescent stainings. Cells were seeded
on coverslips and fixed with 4% paraformaldehyde (PFA).
Unspecific binding sites were blocked in serum-free
Blocking Buffer (Dako, Heverlee, Belgium) for 20 min at
room temperature, after permeabilization in 0.05% Triton
(Sigma-Aldrich) in PBS during 30 min at 4 °C. Primary poly-
clonal rabbit anti-GFP antibody (0.5 μg/mL, #ab6556,
Abcam, Cambridge, UK) was incubated overnight at 4 °C.
Alexa Fluor 555-labelled secondary antibody goat anti-
rabbit (4 μg/mL, #A21430, Thermo Fisher Scientific,
Erembodegem, Belgium) was incubated for 30 min and nuclei
were stained with 4′,6-diamidino-2-phenylindole (DAPI,
0.1 μg/mL, Thermo Fisher Scientific) during 10 min at room
temperature in the dark. Negative control samples, omitted of
primary antibody, were included. Coverslips were mounted
by Fluoromount-G™ (Thermo Fisher Scientific) and pictures
were taken by the Leica DM4000 B Microscope (Leica
Microsystems, Wetzlar, Germany) at a final magnification of
200× and 400 × .

In Vivo HNSCC Mouse Model

Eight-week-old female Hsd:Athymic Nude-Foxn1nu mice
(Harlan Laboratories, Indianapolis, IN, USA) were subcuta-
neously inoculated with 1 × 106 FaDu cells in both flanks at
the level of the shoulder (n = 26). Tumour cells were resus-
pended in 50 μL serum-free DMEM medium and 50 μL
growth factor-reduced Matrigel (Corning, Lasne, Belgium).
After 10 days, 1 × 106 DPSCs in 50 μL serum-free α-MEM
medium were directly injected into one tumour per mice,
while 50 μL serum-free medium was added to the contralat-
eral control tumour. In a second study, animals received a
single injection of 1 × 106 FaDu cells in the right flank and
were inoculated with 1 × 106 DPSCs by an intravenous, intra-
peritoneal, peritumoural (n = 3) or intratumoural injection
(n = 8) after 10 days. Tumour growth, stem cell survival and
biodistribution were monitored for 2–4 weeks until humane
endpoints were reached. Mice were euthanized by cervical
dislocation and tumours were dissected for qRT-PCR and
(immuno)histology.
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Tumour Growth Measurements

The effect of DPSCs on HNSCC growth was studied by mon-
itoring the tumour size after intratumoural stem cell injection.
The tumour size was measured blindly twice a week by a
calliper. Tumour volume (mm3) was calculated by the formula
0.5 x a2 x b, with a and b representing the width and length of
the tumour in mm, respectively [63].

Bioluminescence Imaging (BLI)

The survival and biodistribution of Fluc-expressing DPSCs
were monitored noninvasively 24 h, 7 days and 14 days after
their injection by BLI. Mice were anesthetized with isoflurane
(2% in 100% oxygen) at a flow rate of 2 L/min. D-luciferin
(15 mg/mL in PBS, Promega, Leiden, The Netherlands) was
intravenously injected at a dose of 126 mg/kg body weight.
Consecutive frames were acquired using an IVIS Spectrum
(PerkinElmer,Waltham,MA, USA) until the maximum signal
intensity was achieved. Images were processed using the
Living Image Software (PerkinElmer). Regions of interest
(ROIs) were marked around the BLI signal and the total pho-
ton flux (p/s) within this area was quantified by Aura Imaging
Software (Spectral Instruments Imaging, Tucson, AZ, USA).

Quantitative Reverse Transcriptase Polymerase Chain
Reaction (qRT-PCR)

Tumour expression of angiogenic- and EMT-related genes
was analysed in mice bearing two contralateral tumours by
the StepOne Plus PCR system (Applied Biosystems,
Carlsbad, CA, USA). Tumours were snap frozen and stored
at −80 °C until further processing. After shredding of the
tissues, total RNA was extracted by the RNeasy Plus Mini
Kit (Qiagen, Venlo, The Netherlands), following the manu-
facturer’s instructions. The concentration and purity of the
isolated RNA were measured by Nanodrop spectrophotome-
try (NanoDrop 2000, Thermo Fisher Scientific) at 260 nm,
260/230 nm and 260/280 nm ratio, respectively. cDNA was
generated from 500 ng RNA template with the qScript cDNA
SuperMix (Quanta Biosciences, Gaithersburg, MD, USA),
according to the manufacturer’s protocol. qPCR mixes
contained 0.3 μL forward and reverse primers (10 μM,
Eurogentec, Seraing, Belgium) (Table 1), 5 μL FAST Sybr
Green Master Mix (Applied Biosystems) and 2 μL cDNA
(1/10 diluted in RNase-free water) in a final reaction volume
of 10 μL. The amplification protocol consisted of an initial
denaturation step at 95 °C during 20 s, 40 cycli at 95 °C for 3 s
and 60 °C during 30 s, followed by one cycle at 95 °C during
15 s and a final elongation step of 60 s at 60 °C. The melting
curve was analysed by a gradual increase in temperature to
95 °C (+ 0.3 °C/15 s). Data were normalized to the endoge-
nous expression of housekeeping genes human ribosomal

protein L13a (RPL13a) and cyclophilin A (cyc A) and mouse
yrosine 3-monooxygenase/tryptophan 5-monooxygenase ac-
t ivat ion protein zeta (Ywhaz) and hypoxanthine
phosphoribosyltransferase 1 (HPRT1). A non-template con-
trol was included for every gene. Data were analysed with the
StepOne Software 2.3 (Applied Biosystems).

Histology and Immunohistochemistry

Tumours were fixed in 4% PFA for 48 h at 4 °C and the
presence of blood vessels and EMT was evaluated.
Following antigen retrieval in 10% citrate buffer (Dako), en-
dogenous peroxidase activity was inhibited. In addition,
aspecific binding sites were blocked in serum-free Blocking
Buffer for 20 min at room temperature. Tissues were incubat-
ed with primary monoclonal antibodies rabbit anti-mouse/hu-
man CD146 (2.5 μg/mL, EPR3208, #ab75769, Abcam),
mouse anti-human alpha-smooth muscle actin (α-SMA,
ready-to-use, ASM-1, #PA0943, Leica Biosystems, Diegem,
Belgium) or mouse anti-human Snail-2 (2 μg/mL, A-7, #sc-
166,476, Santa Cruz, Heidelberg, Germany) for 1 h, followed
by secondary antibody horseradish peroxidase (HRP) labelled
goat anti-rabbit (ready-to-use, #K4002, Dako) or anti-mouse
(0.5 mM, #P0447, Dako) during 30 min at room temperature.
Protein expression was visualized by 3,3’-Diaminobenzidine
(DAB, Dako), according to the manufacturer’s instructions.
Nuclei were counterstained with Mayer’s haematoxylin for
8 min at room temperature. Negative controls in which prima-
ry antibodies were omitted were included. Tumour morphol-
ogy was evaluated by haematoxylin-eosin (H&E) and
Masson’s trichrome stainings. The H&E staining was per-
formed by incubation of tumour sections with haematoxylin
for 8 min and eosin during 3 min at room temperature. For the
Masson’s trichrome staining, tissues were stained with
haematoxylin and Ponceau/Fuchsine for 10 min and 5 min,
respectively. This was followed by incubation with 1%
phosphomolybdic acid, aniline blue and again 1%
phosphomolybdic acid during 5 min and finally 1% acetic
acid for 2 min. Tissue sections were rehydrated, enclosed with
DPX mounting medium (Merck, Darmstadt, Germany) and
scanned by the Mirax digital slide scanner or Axio Scan.Z1
(Carl Zeiss, Jena, Germany). The percentage of positive cells
was quantified by Axiovision 4.6 Software (Carl Zeiss) or
ImageJ Software (National Institutes of Health (NIH),
Bethesda, MD, USA), respectively.

Transwell Migration Assay

The in vitro tumour homing capacity of DPSCs was studied
by a Boyden chamber migration assay. FaDu cells were seed-
ed at a density of 25,000 cells/cm2 in a 24-well plate in their
standard culture medium. After overnight adherence, cells
were rinsed in PBS and 500 μL serum-free α-MEM medium
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was added. 24 h later, 50,000 or 100,000 DPSCs were seeded
in 24-Transwell inserts (pore size 8.0 μm, Corning) in 300 μL
serum-free α-MEM medium and placed in the wells contain-
ing tumour cells. Medium with or without 10% FBS in the
bottom wells was used as positive and negative control, re-
spectively. After 24 h, DPSCs were fixed in 4% PFA and
stained with 0.1% crystal violet (Sigma-Aldrich) in 70% eth-
anol. Non-migrated cells on the upper side of the insert were
swept away by a cotton swab. Representative pictures of
transmigrated DPSCs on the lower side were captured by a
Nikon eclipse TS100 inverted microscope with Jenoptik
ProgRes C3 camera (Jenoptik, Jena, Germany) at a final mag-
nification of 100×. Alternatively, migrated DPSCs were dis-
sociated and stained with 1.67 mM calcein acetoxymethyl
esther (BD) in Non-Enzymatic Cell Dissociation Solution
Buffer (Sigma-Aldrich). The resulting fluorescent signal was
measured by a FLUOstar Omega plate reader (excitation:
485 nm, emission: 520 nm, BMG LABTECH, Ortenberg,
Germany). The absolute number of transmigrated stem cells
was quantified based on a standard curve.

Statistical Analysis

All quantitative data were expressed as mean ± standard error
of the mean (S.E.M.). Statistical analysis was performed with
GraphPad Prism 8 software (Graphpad Software, La Jolla,
CA, USA). After testing data normality by the D’Agostino

and Pearson omnibus normality test, theMann-WhitneyU test
was performed to compare two groups. Tumour growth over
time was statistically analysed using the two-way ANOVA
and Sidak’s multiple comparisons test. For the comparison
of multiple groups, the one-way ANOVA test combined with
the Dunnett’s multiple comparisons test was used. P values
below 0.05 were considered statistically significant.

Results

In Vivo Survival of DPSCs in the Tumour
Microenvironment

In order to evaluate the therapeutic potential of DPSCs as
carriers to specifically deliver anti-cancer treatment in the tu-
mour region, we investigated stem cell survival and
biodistribution over time using BLI after intratumoural stem
cell injection (Fig. 1). Therefore, immune-deficient mice bear-
ing two HNSCC xenografts were injected with control medi-
um or Fluc- and eGFP-expressing DPSCs. Successful
lentiviral transduction of DPSCs was confirmed by immuno-
fluorescence and flow cytometry, in which 97.91 ± 0.16% of
the transduced DPSC population was eGFP positive (see
Additional file 1). Following intratumoural injection in the
mouse xenograft model, DPSCs were detectable in the tu-
mours for two weeks, while no BLI signal could be measured

Table 1 Overview of primers used for qRT-PCR

Gene Gene accession number Primer sequence 5′-3′

Mouse Cd31 NM_001032378.2 Forward GAC-TCA-CGC-TGG-TGC-TCT-ATG-C

Reverse TCA-GTT-GCT-GCC-CAT-TCA-TCA

Mouse Vegf NM_001025250.3 Forward CTC-CAG-GGC-TTC-ATC-GTT-A

Reverse CAG-AAG-GAG-AGC-AGA-AGT-CC

Human TWIST NM_000474.4 Forward CAT-CCT-CAC-ACC-TCT-GCA-TTC-T

Reverse ACT-ATG-GTT-TTG-CAG-GCC-AGT-T

Human SNAIL2 NM_003068.5 Forward CTT-TTT-CTT-GCC-CTC-ACT-GC

Reverse GCT-TCG-GAG-TGA-AGA-AAT-GC

Human α-SMA NM_001320855.1 Forward GCA-CCC-CTG-AAC-CCC-AAG-GC

Reverse GCA-CGA-TGC-CAG-TTG-TGC-GT

Human RPL13a NM_012423.4 Forward AAG-TTG-AAG-TAC-CTG-GCT-TTC

Reverse GCC-GTC-AAA-CAC-CTT-GAG-AC

Human Cyc A NM_021130.5 Forward AGA-CTG-AGT-GGT-TGG-ATG-GC

Reverse TCG-AGT-TGT-CCA-CAG-TCA-GC

Mouse Hprt1 NM_013556.2 Forward CTC-ATG-GAC-TGA-TTA-TGG-ACA-GGA-C

Reverse GCA-GGT-CAG-CAA-AGA-ACT-TA-TAG-CC

Mouse Ywhaz NM_011740.3 Forward GCA-ACG-ATG-TAC-TGT-CTC-TTT-TGG

Reverse GTC-CAC-AAT-TCC-TTT-CTT-GTC-ATC

α-SMA: alpha-smooth muscle actin; Cyc A: cyclophilin A; HPRT1: hypoxanthine phosphoribosyltransferase 1; RPL13a: ribosomal protein L13a;
VEGF: vascular endothelial growth factor; Ywhaz: yrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta.
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in the control tumours on the contralateral side (Fig. 1a).
Quantification of the total photon flux showed a decrease in
stem cell survival after 14 days to about 25%, ranging from
4.2 × 106 ± 1.8 × 106 p/s after 24 h, to 4.6 × 106 ± 2.8 × 106 p/s
and 1.2 × 106 ± 3.8 × 105 p/s after 7 and 14 days, respectively
(Fig. 1b). These data suggest the survival and in situ persis-
tence of intratumourally injected DPSCs in the applied HNC
mouse model. In addition, no detectable BLI signal was no-
ticed outside the original engraftment zone, indicating that
stem cells have not migrated towards other tissues and organs.

No Significant Effect of Transplanted DPSCs on the
Morphology, Growth, EMT and Vascularization of
Mouse HNSCC Grafts

We evaluated whether DPSCs can be used safely as a cell-
based tumour therapy. Therefore, the impact of DPSCs
injected directly into the tumour on cancer aggressiveness
was studied. First, tumour growth in mice bearing two
contralateral tumours was followed-up over time.
Although a tendency for faster growth was observed in
DPSC-injected tumours, no significant difference in tu-
mour volume could be measured during the first 14 days
after stem cell transplantation (561.35 ± 98.74 mm3

(DPSCs) vs. 420.53 ± 57.35 mm3 (control) at endpoint)
(Fig. 2a). To exclude potential paracrine effects of
transplanted DPSCs on the opposite control tumour, the
same experiment was repeated in single tumour-bearing
mice. Analogous results were observed on tumour growth
for the first three weeks, with no significant effect of DPSC
injection (1108.42 ± 164.61 mm3 (DPSCs) vs. 872.31 ±
82.94 mm3 (control) at endpoint) (Fig. 2b). H&E stainings
revealed a similar morphology for both DPSC- and non-
injected HNC tumours, characterized by a heterogeneous
appearance with high cellular density (Fig. 2c). In addition,
tumour cells were embedded in a connective tissue-rich
matrix as demonstrated by a Masson’s trichrome staining
(Fig. 2d).

In addition, the effect of DPSCs on tumour angiogenesis
and EMT was tested after 14 days by measuring the gene and
protein expression levels of process-related molecules (Figs. 3
and 4). Control and DPSC-injected tumours expressed similar
levels of the vascular-related genes CD31 and vascular endo-
thelial growth factor (VEGF) (0.68 ± 0.28 (CD31) and 0.86 ±
0.21 (VEGF)) (Fig. 3a). Furthermore, blood vessels were mi-
croscopically visualized in histological tumour sections by
immunohistochemical staining for the endothelial marker
CD146. Quantification of the percentage CD146-positive

Fig. 1 Survival of DPSCs after their injection in HNSCC xenografts.
FaDu tumour xenografts were induced in the contralateral flanks of
mice. Ten days later, Fluc-expressing DPSCs or control medium was
injected. Representative BLI pictures of DPSC presence are shown after

1, 7 and 14 days (a). Quantification of the total photon flux (p/s) in control
and DPSC-injected tumours indicated the persistence of DPSCs in the
xenografts, with a decline at day 14 (b, n = 6). Data are expressed as
mean ± S.E.M.
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cells in the examined tissue area could not show a difference
between both conditions (2.20 ± 0.32% (DPSCs) vs. 2.21 ±
0.69% (control)) (Fig. 3b).

Similar results were observed for the expression of
EMT-supporting factors in HNSCC xenografts. Gene
expression of TWIST, SNAIL2 and α-SMA remained

unchanged following the injection of DPSCs (0.81 ±
0.33 (TWIST), 0.95 ± 0.40 (SNAIL2), 0.66 ± 0.12 (α-
SMA)) (Fig. 4a). These findings were confirmed on
the protein level for α-SMA (Fig. 4b) and Snail-2
(Fig. 4c) by immunohistological stainings. Hence, no
significant differences between control and DPSC-

Fig. 2 No significant effect of
DPSCs on HNSCC morphology
and growth. FaDu xenografts
were induced and injected with
DPSCs or medium after 10 days.
Mice received either two tumours
(a, n = 20, 4 DPSC donors) or one
tumour (b, n = 8, 2 DPSC
donors). Tumour growth was
measured over time, unveiling no
significant influence of the
injected DPSCs. Tumour volume
(mm3) is displayed as mean ±
S.E.M. and statistically analysed
by two-way ANOVA and Sidak’s
multiple comparisons test (A −
B). The general morphology of
the tumours from experiment A
was compared by H&E (c) or
Masson’s trichrome (d) staining
at day 24
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injected tumours could be observed (α-SMA: 0.18 ±
0.06% (DPSCs) vs. 0.17 ± 0.06% (control), Snail-2:
21.71 ± 11.41% (DPSCs) vs. 25.53 ± 11.87% (control)).
While the Snail-2 protein was distributed throughout
the tumour, α-SMA expression was very limited and
particularly concentrated in the smooth muscle cells
around the blood vessels.

To conclude, DPSCs did not significantly influence
tumour growth, morphology, neovascularization nor
EMT in a mouse HNSCC xenograft model under the
given conditions.

In Vitro and In Vivo Tumour Homing Capacity of
DPSCs

The potential of DPSCs to specifically home towards HNSCC
tumours was tested. The tumour tropism of DPSCs was first
studied in an in vitro transwell migration assay (Fig. 5a).
Significant stem cell migration towards the FaDu tumour cell
line could be observed (12,616 ± 1694 vs. 2501 ± 661 migrat-
ed cells) (Fig. 5b). Moreover, transduction of DPSCs with the
Fluc-eGFP lentiviral vector had no effect on their tumour
homing potency (data not shown).

Fig. 3 DPSCs did not influence
neovascularization in mouse
HNSCC xenografts.
Vascularization of FaDu
xenografts injected with DPSCs
or medium (control) was evaluat-
ed by qRT-PCR for CD31 and
VEGF after 24 days. Similar ex-
pression levels were measured for
control and DPSC-injected tu-
mours (a, n = 5). The number of
blood vessels was analysed by
immunohistochemistry for
CD146. Representative pictures
of DPSC-injected or control xe-
nografts show the presence of
endothelial cells surrounding the
blood vessels (indicated by ar-
rows). Quantification of these
cells in function of the total tissue
area revealed no significant effect
of DPSCs on tumour angiogene-
sis (b, n = 5). Data are presented
as mean ± S.E.M. and compared
by the Mann-Whitney U test
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In order to study the in vivo tropism of DPSCs, Fluc-
expressing stem cells were injected intravenously, intraperito-
neally or peritumourally in a FaDu xenograft mouse model.
Cell biodistribution was followed-up during two weeks by
BLI. Intravenously administered DPSCs were entrapped in
the lungs of all animals after 24 h, with the signal persisting
for two weeks (Fig. 5c). After intraperitoneal injection, the
detection of DPSCs was restricted to the abdominal cavity.
In one out of three mice no BLI signal could be measured,
suggesting an experimental error (Fig. 5d). Finally,
peritumourally administered DPSCs persisted at the injection
site mediocaudal of the tumour xenograft (Fig. 5e). In all
conditions, the measured BLI signal gradually decreased over
time, suggesting stem cell death. While the signal was already
strongly decreased at day 7 after intravenous delivery, this
decline was only observed after 14 days in the intraperitone-
ally and peritumourally injected mice.

To conclude, despite their in vitro migration potential to-
wards a HNSCC cell line, a first pilot experiment in an
immune-deficient HNSCC xenograft mouse model could not
reveal in vivo homing of DPSCs following diverse adminis-
tration routes.

Discussion

HNC remains one of the ten most common cancer types
worldwide, associated with a high morbidity and mortality
[1, 8]. More efficient and targeted therapies are required to
reduce this disease burden. Therefore, this study aimed to
elucidate the potential safe use of DPSCs as therapeutic car-
riers to treat HNC.

As a first objective, the biological behaviour of DPSCs
directly injected in a mouse HNSCC xenograft model was

Fig. 4 DPSCs have no effect on EMT in HNSCC grafts. Expression
levels of TWIST, SNAIL2 and α-SMA were measured in control and
DPSC-injected FaDu xenografts. No differences in EMT-related gene
expression were detected (a, n = 4). Protein levels of α-SMA (b) and

Snail-2 (c) were evaluated in tumour sections by immunohistochemistry.
The percentage of positive cells was quantified, but was not changed in
DPSC-injected tumours as analysed by the Mann-Whitney U test (n = 5).
Data are mentioned as mean ± S.E.M.
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evaluated. Stem cells were able to survive for at least two
weeks in the tumour environment. After 14 days, their surviv-
al was decreased to about 25%. Moreover, DPSCs did not
have a significant effect on tumour growth and angiogenesis.
Previous data of our research group and others indicated that
DPSCs express a plethora of angiogenic factors, including
VEGF, monocyte chemoattractant protein-1 (MCP-1) and
plasminogen activator inhibitor-1 (PAI-1), and induce angio-
genesis in vitro as well as in vivo [64, 65] . The lack of a
significant effect of DPSCs themselves on blood vessel devel-
opment in the tumour environment might be explained by the

high intrinsic angiogenic capacity of tumour cells and
HNSCC. In our settings, DPSCs had also no effect on EMT,
which is a cellular mechanism associated with the loss of
epithelial properties and the transformation towards a more
migratory mesenchymal cell type by the reduction of cell-
cell contacts, which enhances tumour progression, invasion
and metastasis [26, 66].

The number of previous studies on the safe use of DPSCs
as HNC therapy is limited to Hanyu et al. Similar to our
results, they did not observe significant effects of hDPSC-
derived CM on in vitro HNSCC proliferation and therapeutic

Fig. 5 DPSCs migrate towards HNSCC cells in vitro, which could not be
confirmed in vivo. DPSC migration in vitro was assessed with the
transwell assay. After 24 h, DPSCs were able to migrate towards FaDu
cells. Transmigrated DPSCs were visualized and quantified by crystal
violet (a) and calcein (b, n = 8) staining, respectively. In addition,
in vivo stem cell homing was assessed. DPSCs were injected
intravenously (c), intraperitoneally (d) or peritumourally (e). DPSC

survival and biodistribution were monitored over time using BLI.
Injected DPSCs were detectable during 14 days, with a gradual
decrease in signal intensity in time, but stem cell migration could not be
observed (n = 3). Scale bars represent 200 μm and quantitative data are
expressed as mean ± S.E.M. * p < 0.001, ** p < 0.0001 as determined by
one-way ANOVA combined with Dunnett’s multiple comparisons test
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sensitivity, and in vivo tumour growth, despite the increase in
tumour VEGF secretion [67]. As mentioned before, for other
MSC types both positive as well as negative effects on in vitro
and in vivo HNC cell proliferation, survival, migration, inva-
sion and therapeutic sensitivity have previously been de-
scribed [68].

In addition, the in vitro and in vivo migration capacity of
DPSCs towards the FaDu HNSCC cell line was evaluated. As
previously demonstrated for BM-MSCs [69–72], FaDu cells
displayed a significant chemoattractant effect on DPSCs in an
in vitro transwell migration assay. Despite our positive in vitro
transwell data, no migration of DPSCs towards FaDu tumours
was observed over two weeks in an in vivo mouse tumour
xenograft model after their intravenous, peritumoural or intra-
peritoneal administration. Intravenously injected DPSCs were
mainly trapped in the small lung capillaries, which is a com-
monly described issue [73]. With a diameter of 15–16 μm,
DPSCs are slightly smaller than other MSC subtypes (17–
18 μm) [55], but still outreach the size of the narrow lung
capillary network (6–15 μm) [74, 75]. Therefore, systemic
administration ofMSCs is generally not recommended in can-
cer and other scientific research fields, since the cell numbers
reaching the desired target tissue are not sufficient to induce
therapeutic effects [73, 76–78]. Nevertheless, gradual migra-
tion of entrapped MSCs towards tumours has been demon-
strated by other researchers and systemic administration could
be useful in case of lung tumours or metastases [14, 18, 72,
79]. Furthermore, it cannot be excluded thatMSCs captured in
the lungs might play a beneficial paracrine role on distant
tumours [80]. After peritoneal injection, DPSCs persisted in
the abdominal cavity where they could be attached to perito-
neal surfaces, such as mesentery and omentum, or accumulat-
ed in spleen and lymph nodes which has been demonstrated
for BM-MSCs [81]. Peritumourally administered stem cells
also persisted in the injection site surrounding the tumour, with
no migration being observed. Similarly, Zurmukhtashvili et al.
studied the tropism of intravenously injected mouse BM-MSCs
towards human oral squamous carcinoma cells. BLI revealed
concentration of the stem cells in the lungs, with no signal
detected at the tumour site [78]. In contrast, Zielske et al. did
show specific in vivo tropism of intravenously injected hBM-
MSCs towards head and neck UMSCC1 xenografts, but the
number of migrated cells was relatively low compared to HT-
29 colon and MDA-MB-231 breast carcinomas. Moreover, in
comparison to the other tumour cell lines, MSC migration to-
wards the head and neck tumours could not be stimulated by
irradiation [79].Wang et al. also showed themigration of hBM-
MSCs towards hypopharyngeal carcinoma after intravenous
administration [72].

These conflicting data on the safety and homing of MSCs
in the cancer research field could be related to MSC origin,
tumour type and other experimental parameters that interfere
with the MSC-tumour cross-talk. Tumours are considered

chronic wounds, resulting in a strong immune response with
the release of cytokines, chemokines and growth factors [82].
Therefore, tumour homing is suggested to be mediated by
similar mechanisms underlyingMSC tropism towards inflam-
matory or injury sites [83]. This hypothesis is supported by the
stimulating effect on MSC migration following tumour de-
struction by irradiation [84, 85]. The secretion profile of
chemoattractant molecules and the resulting MSC homing
vary depending on the tumour type, size, grade and inflam-
matory status [78, 86]. Furthermore, the expression of associ-
ated chemokine receptors on MSCs depends on their tissue
origin [45]. Hence, the immune status of the used experimen-
tal animal model might play an important role in the observed
results on MSC homing and tumour aggressiveness. As
reviewed by Oloyo et al., most researchers (64%) utilize
immune-competent animals. Sixty-one percent of these stud-
ies observed tumour-stimulatory effects, while this was only
48% in immune-deficient or immunocompromised animal
models [87]. These data suggest a significant indirect interac-
tion of MSCs with tumour cells via the immune system and
notify the impact of the animal model on the observed results.
Since our study was performed in athymic mice lacking T
cell-mediated immune responses, further validation of our ob-
servations in immune-competent animals is essential to obtain
a more significant reflection of the clinical situation .

Future research should focus on optimizing the in vivo
tumour homing capacity of DPSCs in order to enable indirect
stem cell delivery modes. Potential alternative administration
routes include intra-arterial injection which circumvents the
lung barrier and induced superior MSC homing in a glioma
model compared to intravenous application [13].
Furthermore, the ratio of DPSCs to tumour cells could be
reduced to increase the relative availability of tumour-
secreted chemotactic factors per stem cell. Although MSC
tumour homing is generally observed after a few hours to
days, it cannot be excluded that DPSC migration towards
HNSCC xenografts requires several weeks. However, due to
the rapid growth of FaDu xenografts, longer follow-up of the
animals was ethically not possible under the tested conditions
of our experiment as humane endpoints had been reached. In
order to prolong in vivo analysis of stem cell biodistribution,
lower tumour cell numbers could be inoculated to slow down
tumour growth and DPSCs could be injected in an earlier
stage of tumour development or co-injected with tumour cells.
In that case, the possible risk would be that the tumours could
not produce a sustainable amount of chemokines to attract the
DPSCs. Alternative approaches to enhance tumour homing
could be the overexpression of important chemokine receptors
(e.g., C-X-C motif chemokine receptor 4 (CXCR4)) on
DPSCs or tumour irradiation which increases the release of
chemoattractant molecules by tumour-associated cells.

Although the tumour-promoting or -suppressing effects
and homing potential of MSCs remain controversial,

Stem Cell Rev and Rep



preclinical studies show promising results for MSCs as vehi-
cles for the continuous delivery of anti-cancer therapeutics.
This hypothesis is also supported by our preliminary data on
in vivo DPSC survival and safe interaction with tumour cells
after their direct intratumoural application. Administration of
MSCs genetically overexpressing tumour necrosis factor-re-
lated, apoptosis-inducing ligand (TRAIL), cytokines, angio-
genic inhibitors or suicide genes reduced tumour cell viability
and growth and improved survival rates in diverse animal
cancer models [88–91]. Data on the in vivo therapeutic poten-
tial of DPSCs carrying anti-tumour drugs are currently scarce
and requires further intensive research. A single study by
Altanerova et al. suggested specific homing and tumour-
suppressing effects for hDPSCs, genetically transduced with
suicide genes and labelled by iron oxide, in a rat glioblastoma
model. Nevertheless, reduction in tumour cell growth was
solely demonstrated in vitro and the in vivo tropism was only
based on the detection of iron oxide in the tumour region. It
was not clear whether the DPSCs were still alive at that mo-
ment or that their iron oxide was taken up by other cells such
as macrophages. Experiments to adequately confirm the pres-
ence of viable transplanted DPSCs were not performed [92].

Conclusion

To conclude, our data suggest the safe use of intratumourally
applied DPSCs as therapeutic vehicles for the treatment of
HNSCC. Nevertheless, since we could only monitor tumours
for 14 days in immunocompromised mice, further long-term
in vivo studies in an immune-competent mouse model are
essential. In this respect, elucidating the effect of both cell
types on each other’s secretome (e.g. after long-term co-cul-
ture) would be highly valuable. In addition, optimization of
the number and timing of DPSC injection might improve their
tumour homing potential and requires further analysis.
Comparative studies with other MSC subtypes should also
reveal whether the strong proliferative and easily isolated
DPSCs are the most efficient and safe MSCs for HNC treat-
ment, since the bidirectional interaction between MSCs and
tumour cells is strongly dependent on the tissue origin of both
cell types, among many other experimental conditions.
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