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ABSTRACT 

Oral squamous cell carcinoma (OSCC) 

is the most prevalent head and neck cancer. 

Current treatments do not significantly 

improve the patient’s survival rate and are 

associated with severe side effects. Hence, a 

more local and targeted strategy is acquired 

to enhance the therapeutic efficacy and the 

patient’s quality of life. In this project, a 

suicide gene therapy based on the herpes 

simplex virus type 1 – thymidine 

kinase/ganciclovir (HSV1-TK/GCV) system 

will be examined. Human dental pulp stem 

cells (hDPSC) will be utilized as an HSV1-TK 

carrier in vitro. This enables the cells to 

convert GCV into its cytotoxic form. 

Through gap junctions, the cytotoxic GCV 

will induce OSCC apoptosis. The strategy’s 

efficacy was evaluated in co-cultures of 

HSV1-TK+-hDPSC and OSCC. The killing 

efficiency after GCV administration was 

examined using an alamarBlue analysis. 

Here, a cell viability reduction was 

established with GCV concentrations 

starting from 10 µM and 600 µM in 2D and 

3D co-cultures, respectively. Additionally, 

xenograft mice containing HSV1-TK+-OSCC 

cells were assessed with BLI. Moreover, 

additional cancer types were examined to 

expand the proposed therapy to various 

tumors. After GCV administration for 19-25 

consecutive days, there was a significant 

decrease in photon emission in OSCC, 

breast, colon, kidney, pancreatic, lung, and 

skin cancer, indicating cell death. 

Furthermore, gap junctions were identified 

by connexin 43 immunocytochemistry in 

breast, colon, kidney, pancreatic, and lung 

cancer. In summary, our findings 

demonstrate the potential of HSV1-TK+-

hDPSC as a novel targeted strategy for 

OSCC and the potential expansion of this 

therapy to other cancers. 

 

INTRODUCTION  

Cancer – Cancer, also referred to as 

neoplasm or malignant tumor, ranks as the 

second leading cause of death worldwide. This 

diverse group of diseases can originate in any 

tissue or organ within the body and is 

characterized by the unregulated proliferation 

of cells that can invade neighboring tissues via 

a process called metastasis. Potential risk 

factors for developing these malignancies are 

air pollution, alcohol consumption, chronic 

infections, lack of physical activity, tobacco 

use, and unhealthy diets (1). Cancer is a 

complex disease that is characterized by ten 

hallmarks, including the ability to evade growth 

suppressors, activation invasion and metastasis, 

avoid immune destruction, deregulate cellular 

metabolism, enable replicative immortality, 

genome mutations and instability, induce or 

acquire vasculature, sustain proliferative 

signaling, tumor-promoting inflammation, and 

withstand cell death (2). These hallmarks are 

crucial in understanding cancer and the 

development of effective treatments. 

Head and neck cancer – Head and neck 

squamous cell carcinomas (HNSCC) rank as the 

seventh most prevalent cancer type worldwide. 

According to the latest Global Cancer 
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Observatory (GLOBOCAN), the annual 

incidence and mortality of HNSCC are 890.000 

and 450.000, respectively (3). The most 

common subtype of HNSCC is oral squamous 

cell carcinoma (OSCC), which accounts for 

over 50% of HNSCC cases (4). OSCC 

manifests in the oral cavity and oropharynx due 

to genetic mutation accumulations and is often 

associated with chewing of areca nut, 

inadequate nutrition, poor oral hygiene, and 

infections of the human papillomavirus (HPV) 

and the Epstein-Barr virus. However, the most 

significant risk factors remain alcohol 

consumption and tobacco use. Due to a late 

diagnosis, the 5-year survival rate of OSCC 

persists at a mere 30-50% (5, 6). In addition, 

conventional treatments, including 

chemotherapy, immunotherapy, radiotherapy, 

surgery, and combinatorial therapy, do not 

reduce mortality (4, 5). Moreover, these 

systemic therapies often result in limited 

therapeutic efficacy and the development of 

drug resistance. These treatments frequently 

induce functional impairment in the 

surrounding healthy tissues, leading to adverse 

effects (7-9). For instance, chemotherapy may 

lead to constipation, fatigue, hair loss, increased 

risk of infections, and mouth ulcers (10). 

Additionally, surgery may cause issues with 

chewing, speech, and swallowing and could 

lead to neurologic injuries (11). Consequently, 

these approaches often lead to anxiety, 

emotional disturbance, and pain, adversely 

impacting the quality of life for patients (9). 

Hence, a more local and targeted strategy is 

necessary to minimize these effects caused by 

the current systemic treatments.  

Gene therapy – Compared to conventional 

treatments, gene therapy is a more specific and 

targeted strategy for cancer treatment. Gene 

therapy is divided into various subtypes, namely 

(i) corrective, (ii) toxin/apoptosis-inducing, and 

(iii) suicide gene therapy. Initially, corrective 

gene therapy targets aberrant genetic elements 

to impede the proliferation of cancer cells. 

Genetic interference agents, such as miRNA, 

which disrupt the proliferation cycle, and tumor 

suppressor genes like p53 are commonly 

utilized examples. Secondly, toxin/apoptosis-

inducing gene therapy utilizes transgenes – 

foreign genes introduced into cells – to produce 

toxic proteins, such as diphtheria toxin or TNF-

α, ultimately triggering apoptosis. However, 

only the cells that receive the therapeutic agent 

are affected, which is a limitation of both 

methods as other cells will continue to 

proliferate. The last subtype, suicide gene 

therapy, overcomes this disadvantage (12). 

Suicide gene therapy – Gene-directed 

enzyme prodrug therapy (GDEPT), or suicide 

gene therapy, is a treatment strategy that 

involves three components: a carrier, a prodrug, 

and a genetically engineered enzyme. The 

enzyme is responsible for catalyzing the 

conversion of the prodrug into its active form, 

which causes cell cycle arrest, leading to 

apoptosis (13). One of the most extensively 

studied GDEPT in cancer treatment are the 

herpes simplex virus type I - thymidine 

kinase (HSV1-TK) with ganciclovir (GCV) and 

the cytosine deaminase (CD) with 5-

fluorocytosine (5-FC) systems (14). The latter 

utilizes the prodrug 5-FC, which CD converts to 

its toxic form of 5-fluorouracil (5-FU). 

Consequently, the cytotoxic pathways will lead 

to 5-FU RNA, DNA complexes, and the 

inhibition of thymidylate synthase, ultimately 

inducing cell apoptosis (13, 14). However, 

clinical success is limited due to the short half-

life, poor selectivity, and drug resistance of 5-

FU (13, 15). Furthermore, the cytotoxic 

compounds are non-specific, affecting healthy 

cells and leading to side effects (15). 

Herpes simplex virus type I - thymidine 

kinase/ganciclovir system – The most utilized 

suicide gene therapy is the HSV1-TK/GCV 

system, where cells contain the HSV1-tk gene. 

Hence, an HSV1-TK enzyme is produced, 

which converts the administered non-toxic 

prodrug GCV into GCV mono-phosphate 

(GCV-1P). Subsequently, cellular TK 

phosphorylates GCV-1P into its cytotoxic 

triphosphate form (GCV-3P), which is an 

analog of 2’-deoxyguanosine triphosphate 

(dGTP), leading to DNA polymerase inhibition 

and the integration into replicating DNA (12, 

13, 16). Finally, GCV-3P leads to cell apoptosis 

via double-strand breaks and cell cycle arrests 

(17). The selectivity of this strategy is enhanced 

by the affinity of the HSV1-TK enzyme, which 

is a thousand times higher than the cytosolic TK 

(12). Furthermore, the affinity of GCV is 

influenced by the choice of TK subtype. The TK 

mutants sr11 and sr26 exhibit a 7.4- and 2.7-fold 

affinity increase, respectively, compared to 

wild-type TK. Notably, sr39 displays the 

highest affinity, demonstrating a remarkable 

14.3-fold increase (18). Moreover, sr39 reduces 

the dose of prodrug needed by 294-fold, 

drastically diminishing the non-specific toxicity 



                           Senior internship- 2nd master BMW 

3 
 

(12). Furthermore, HSV1-sr39TK shows 

promise as a reporter gene in positron emission 

tomography (PET). Accumulation of 

radioactive-labeled GCV is increased by 2.0-

fold when HSV1-sr39TK is utilized compared 

to wild-type HSV1-TK. Consequently, the 

application of the sr39-variant in suicide gene 

therapy holds great potential (19). Furthermore, 

the HSV1-TK/GCV system incorporates a 

safety mechanism, ensuring that genetically 

modified cells undergo cell death upon GCV 

administration (20, 21). However, before the 

initiation of the safety switch, the manipulated 

cells transfer the toxic GCV to neighboring 

cells, indirectly inducing apoptosis – a 

phenomenon known as the bystander effect 

(12, 18).  

The bystander effect – The therapeutic 

effects of GDEPT are dependent on the 

bystander effect, which can be divided into 

three types: (i) Endocytosis, (ii) the distant 

bystander effect, and (iii) gap junctional 

intercellular communication (GJIC). In the first 

category, transduced cells release apoptotic 

bodies that induce apoptosis in unmodified 

adjacent cells by endocytosis. The second 

mechanism involves the activation of the 

immune system, as various immune cells are 

drawn to the tumor site. Subsequently, the 

systemic immune response initiates at 

metastatic sites, potentially preventing 

secondary tumor formations. The third 

phenomenon utilizes active transport via gap 

junctional intercellular communication 

(Figure 1) (12). These gap junctions enable the 

transfer of GCV-3P between adjacent HSV1-

TK positive and negative cells, as the highly 

charged GCV-3P cannot diffuse through the 

cell membrane (13). GJIC occurs when gap 

junctions connect, which consist of two 

connexons, each composed of six connexins. 

The most common connexin in human cells is 

connexin 43 (Cx43), one of the most 

extensively studied connexin subtypes (22). 

Hence, Cx43 is an essential indicator for 

investigating GJIC (23). However, as 

mentioned above, a carrier is necessary to 

deliver HSV1-tk to the target site to achieve the 

desired bystander effect. The delivery is 

categorized into (i) viral, (ii) non-viral, and (iii) 

cell-based systems (24). The most utilized types 

in GDEPT are viral vectors, specifically those 

originating from adenoviruses (AdV), adeno-

associated viruses (AAV), and lentiviruses. 

AdV provide high transduction efficiency in 

non- and dividing cells, and they do not 

integrate into the host genome, lowering the risk 

of insertional mutagenesis. However, the latter 

limits long-term expression. Furthermore, AdV 

initiate a robust immune response, leading to 

undesirable effects (25). Conversely, AAV have 

shown less immunogenic responses. 

Nevertheless, AAV are limited in packaging 

capacity (max. of 4kB foreign DNA) (26, 27). 

In contrast to AdV and AAV, lentiviral vectors 

integrate into the host genome, preserving long-

term expression. Furthermore, these vectors are 

capable of expressing multiple genes. However, 

a notable drawback is the increased risk of 

insertional mutagenesis (25, 28). In general, the 

complexity, high production costs, and safety 

concerns make this a suboptimal strategy in 

clinical applications (27). Compared to viral 

vectors, non-viral delivery systems have 

increased safety, lower immunogenicity, and 

ease of performance (29). Physical methods, 

such as electroporation and microinjection, are 

commonly used to introduce genetic materials 

through cell membranes. Furthermore, 

chemical vectors, such as liposomes and 

polymers, deliver the additional genes by 

endocytosis into the cells (30). Nevertheless, 

non-viral delivery systems are limited due to 

poor gene transfer efficiency (24). Lastly, cell-

based delivery involves the administration of 

living cells carrying a suicide gene (31). This 

targeted delivery system provides increased 

efficacy, precision, safety, and sustainability 

(32). A promising cell type for inducing a 

suicide gene, such as HSV1-tk, is mesenchymal 

stem cells (MSC) (33).  

Mesenchymal stem cells – MSC are plastic 

adherent and can differentiate into adipogenic, 

chondrogenic, and osteogenic lineages in vitro. 

Furthermore, over 95% of the MSC population 

expresses the surface markers CD73, CD90, 

and CD105 and lacks the expression of CD11b, 

CD14, CD19, CD34, CD45, and CD79α. MSC 

have a homing capacity toward injured tissue 

and tumor sites (34). Additionally, these stem 

cells contain immunomodulatory capacities, 

allowing them to avoid the host’s immune 

system (35). One subtype of MSC, namely 

human dental pulp stem cells (hDPSC), has an 

additional advantage compared to other MSC: 

the simplicity of isolation. hDPSC are harvested 

from third molars (wisdom teeth), a relatively 

easy and low-invasive procedure (36, 37). 

Furthermore, wisdom teeth are a universal 

source of stem cells as they are considered 
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waste products (38). Consequently, hDPSC are 

promising as a carrier for suicide gene therapy 

(36). Foremost, the HSV1-TK/GCV system 

utilizing hDPSC needs to be validated. 

Imaging methods – Cell-based delivery of 

suicide gene therapy, for example via hDPSC, 

can be validated through three commonly 

utilized non-invasive imaging techniques: (i) 

bioluminescence imaging (BLI), (ii) magnetic 

resonance imaging (MRI), and (iii) PET. These 

methods can evaluate the survival of genetically 

modified stem cells and tumor cells, providing 

insights into the therapy’s efficacy (36, 39, 40). 

First, BLI can be utilized when the genetically 

modified cells contain an additional Firefly 

Luciferase (Fluc) gene. Administered luciferin 

is oxidated by luciferase inside living cells, 

which results in detectable emission light (530-

640 nm) (36, 39). Second, MRI and PET are 

commonly utilized for measuring tumor volume 

(40). MRI constructs detailed images by 

changing the magnetic vector of hydrogen 

nuclei distributed in tissues. Initially, all vectors 

are randomly aligned. However, by utilizing a 

magnetic field, the hydrogen atoms of water 

molecules align throughout the body. After a 

transient perturbation by radiofrequency pulses, 

the magnetic dipoles will return to their basic 

aligned state while emitting electromagnetic 

waves that the scanner can detect, creating 

detailed images (41). Besides morphology, 

tumor metabolism is another captivating factor 

that can be investigated using PET. Hereby, 

PET scans will rely on 18F-labeled-fluoro-2-

deoxyglucose (18F-FDG), a radioactive glucose 

analog that accumulates in tissue with high 

glucose metabolism, such as tumors, after being 

injected into the bloodstream (42, 43). 

Moreover, 18F-FDG interacts with a free 

electron, resulting in an emission signal of two 

photons in opposite directions (44). 

Consequently, the viability of the tumor is 

measured (43). 

Experimental approach – In this study, 

lentivirally transduced hDPSC containing 

HSV1-tk will be utilized as a carrier in suicide 

gene therapy in combination with the non-toxic 

prodrug GCV. Due to GJIC, the toxic 

compound is transferred into the neighboring 

OSCC cells, inducing apoptosis at the tumor 

site. Consequently, hDPSC will be highlighted 

as a promising novel source capable of reducing 

OSCC tumor growth by suicide gene therapy. 

Hence, the study focuses on a new, local, and 

targeted treatment, diminishing the side effects 

caused by the current systemic therapies. The 

Figure 1 - A graphical overview of the bystander effect utilizing the HSV-TK/GCV system for 

OSCC. Human dental pulp stem cells (hDPSC) are transduced with a lentiviral vector containing the 

herpes simplex virus type I thymidine kinase (HSV1-tk) gene. Administered ganciclovir (GCV) can 

diffuse through the cell membrane of the hDPSC. Consequently, the HSV1-TK enzyme will 

phosphorylate GCV. Next, cellular kinases (CK) will form the cytotoxic triphosphate form of GCV 

(GCV-3P). Preliminary data has shown that the hDPSC form functional gap junctions with the oral 

squamous carcinoma (OSCC) cells. GVC-3P enters the nucleus and integrates into the DNA, ultimately 

inducing apoptosis of both cell types. Figure made in BioRender. GJIC, gap junctional intercellular 

communication. 
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hypothesis indicates that the HSV1-TK/GCV 

system is an efficient strategy against OSCC by 

inducing apoptosis of the tumor cells caused by 

the bystander effect. The efficacy of the HSV1-

TK/GCV system will be validated by 

examining tumor cell apoptosis in vitro and in 

vivo. First, 2D and 3D hDPSC-OSCC co-

cultures will be established. However, 

considering the clinical relevance, various 

ratios with less hDPSC than OSCC cells will be 

investigated in the 2D co-cultures. The 3D 

model will add relevance to our in vitro research 

by using a collagen-based hydrogel, which 

shares similarities with the in vivo extracellular 

matrix (ECM) (45). Both co-cultures will be 

exposed to various GCV concentrations. 

Second, as a proof-of-concept, an 

immunodeficient xenograft mouse model will 

be utilized to mitigate any potential interference 

from the immune system. After subcutaneous 

injection of HSV1-TK+-OSCC cells, GCV will 

be intraperitoneally injected. BLI will evaluate 

tumor growth. Lastly, various cancer types will 

be included to assess the therapy’s potential to 

expand to other tumors beyond OSCC.  

Various experiments were conducted prior 

to this study to successfully perform and 

validate our current research results. In the 

context of the HSV1-TK/GCV system, GJIC 

forms the foundation of our project. 

Consequently, immunostainings of Cx43 were 

performed to visualize the gap junction 

formation between OSCC cells. Furthermore, 

these connexins were also observed in 2D and 

3D co-cultures of hDPSC and OSCC cells. In 

addition, a single-cell microinjection assay of 

hDPSC with impermeable lucifer yellow dye 

was used to evaluate gap junction functionality 

where the diffusion of this dye to adjacent cells 

was observed. Additionally, GJIC was blocked 

with Cx43shRNA to inhibit the diffusion of the 

injected dye to adjacent cells. 

 

EXPERIMENTAL PROCEDURES 

Cell isolation and culturing – hDPSC were 

isolated from wisdom teeth, which were 

collected from healthy individuals during tooth 

extractions for orthodontic or therapeutic 

reasons in the hospital ‘Ziekenhuis Oost-

Limburg’ (ZOL, Genk, Belgium). The isolation 

method was previously described by Hilkens et 

al. (37). The hDPSC were cultured in Alpha 

Minimum Essential Medium (α-MEM) 

(Capricorn scientific, MEMA-XRXA), 

supplemented with 10% Fetal Calf Serum 

(FCS) (Biowest, S00FL10D01), 2 mM L-

glutamine (G7513, Sigma-Aldrich), 1% 

penicillin-streptomycin (Gibco, 15140-122) at 

37°C and 5% CO2. The culture medium was 

refreshed every 2 to 3 days.  

The UM-SCC-14C tumor cell line 

(CVCL_7721, Cell Lines Service (CLS), 

Eppelheim, Germany) of human OSCC cells 

was cultured in Dulbecco’s Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F-12) 

(Gibco, 11330-032), enriched with 5% Fetal 

Calf Serum, 2 mM L-glutamine, 1% penicillin-

streptomycin at 37°C and 5% CO2. 

The additional mouse cell lines B16F10 

(CRL-1642), EMT-6 (CRL-2755), HEPA1-6 

(CRL-1830) LL2 (CRL-1642), MC38 (abm 

TB291), PAN02 (IOC-ZP322), and RENCA 

cells (400321) were utilized. The Roswell Park 

Memorial Institute (RMPI) medium (Gibco, 

22400-089) was utilized for the RENCA cells. 

The other cell types were cultured in DMEM 

(Gibco, 41965-062). All media were enriched 

with 10% FCS and 1% penicillin-streptomycin. 

HSV1-TK transduction – hDPSC, humane 

OSCC cell line, and murine tumor cell lines 

B16F10, EMT-6, HEPA1-6, LL2, MC38, 

PAN02, and RENCA were transduced with a 

lentiviral vector (generated by the protocol of 

Tiscornia et al. (28)) encoding an Elongation 

Factor 1 Alpha (EF1α) promotor, HSV1-sr39tk, 

T2A sequence, FLuc, Flag-tag, His-tag, Internal 

Ribosome Entry Site (IRES) sequence, and 

Puromycin Resistance (PuroR). The obtained 

lentiviral particles were added to the different 

cell cultures. The transduced cells were selected 

by the administration of 2 µg/mL puromycin 

(#ant-pr-1, InvivoGen) for 3 days.  

Cell co-culturing – The 2D and 3D 

hDPSC-OSCC co-cultures were constructed 

with HSV1-TK+-hDPSC and OSCC. The ratios 

used for the 2D co-cultures were 1:1, 1:5, and 

1:10. In contrast, the 3D co-cultures were 

constructed in a ratio of 1:1. Furthermore, the 

3D co-cultures were made in a collagen-

hydrogel, which were formed out of 10.000 

cells/µl mixed with 10% Minimum Essential 

Medium Eagle (MEM) (Sigma-Aldrich, 

M4526) and 80% type 1 rat tail collagen (First 

Link, Wolverhampton) (5 mg/ml in 0.6% acetic 

acid), followed by neutralization with sodium 

hydroxide. 

Cell viability assays of 2D and 3D HSV1-

TK+-hDPSC-OSCC co-cultures – The 

experimental procedure was initiated after the 

co-cultures achieved approximately 100% 
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confluence. The 2D co-cultures were exposed to 

0, 0.1, 1, 10, 100, and 1000 µM GCV, while the 

initial 3D model also included 0.01 µM GCV. 

GCV administrations to the 2D and 3D models 

were conducted every 2 to 3 days for 7 and 14 

days, respectively. Furthermore, 0, 10, 100, 

300, 600, 800, and 1000 µM GCV was utilized 

every 2 to 3 days for the alternative 3D co-

cultures for 14 days. The alamarBlue assay 

(Invitrogen, Thermo Fisher Scientific, 

BUF012B) was performed according to the 

manufacturer’s instructions. In brief, 

alamarBlue was added in a 1/10 ratio and 

incubated for 3 to 4 hours. The fluorescence 

(540-590 nm) was measured with the 

CLARIOstar PLUS plate reader 

(BMGLABTECH, De Meern, The 

Netherlands). 

Immunocytochemistry – 3,5x104 cells/cm2 

B16F10, EMT-6, HEPA1-6, LL2, MC38, 

PAN02, and RENCA cells were seeded on glass 

coverslips in a 24-well plate. After achieving 

80-90% confluency, cells were fixed with 4% 

paraformaldehyde (PFA) in 1x phosphate-

buffered saline (PBS) (VWR, VWRMS01VH) 

for 20 minutes. The cells were incubated in a 

10% protein block (Dako, X090) in 1x PBS for 

1 hour to prevent non-specific bindings. 

Subsequently, the anti-Cx43 primary antibody 

(Abcam, Cambridge, United Kingdom, 1/1000) 

was incubated overnight at 4°C. The next day, 

Goat anti-Rabbit IgG (H+L) secondary 

antibody Alexa FluorTM 555 (Invitrogen, 

Thermo Fisher Scientific, Geel, Belgium, 

1/400) was added and incubated for 

approximately 2 hours, followed by nuclear 

counterstaining with 4,6-diamidino-2-

phenylindole (DAPI 1/10.000, Boehringer 

Mannheim GmbH, Germany). Coverslips were 

mounted with Immu-mount (Thermofisher, 

9990402), and pictures were taken at a 40x 

magnification with the Leica DM4000 B 

microscope (Leica Microsystems, Wetzlar, 

Germany). Images were processed by the FIJI 

ImageJ2 software. 

In vivo bioluminescence imaging and 

tumor size assessment – Hsd:Athymic-Foxn1nu 

mice (Envigo, Horst, The Netherlands) were 

subcutaneously injected with the following 

HSV1-TK+-cancer cells: 5x105 B16F10, 5x105 

EMT6, 5x106 HEPA1-6, 5x105 LL2, 1x106 

MC38, 5x105 OSCC, 5x106 PAN02, or 5x105 

RENCA, resuspended in 50 µL DMEM 

medium with 50 µL growth factor-reduced 

Matrigel (Corning, Lasne, Belgium). The tumor 

size was measured by a caliper. After the tumors 

had an appropriate size, the treatment was 

initiated. The mice in the treatment and control 

group received daily intraperitoneal injections 

of 50 mg/kg GCV or an equivalent amount of 

PBS, respectively. The GCV was administered 

for 19 days for the mice with LL2 and RENCA 

cell lines. Mice containing PAN02 received 

GCV for 25 days. The assessment period for 

other tumors was over 21 days. Twice or thrice 

a week, the viability of the HSV1-TK+-cancer 

cells was evaluated through BLI after 

subcutaneously administering 126 mg/kg D-

luciferin (Promega, Leiden, The Netherlands). 

During the injections and the BLI measurement, 

the animals were anesthetized with isoflurane 

(2% in 100% oxygen at a flow rate of 2 L/min). 

Photon emission was measured where 

consecutive frames were received using IVIS 

lumina III (Perkin Elmer, Mechelen, Belgium) 

until maximum signal intensity was achieved. 

Regions of interest (ROI) were marked, and the 

total photon flux of the ROI was quantified. 

Mice were euthanized by cervical dislocation 

when humane endpoints were reached or at the 

end of the study. 

Statistical analysis – All statistical 

analyses were performed using GraphPad Prism 

10. The Shapiro-Wilk test evaluated the normal 

distribution of each data. Data that did not pass 

the normality test were transformed with a log 

or sqrt transformation. Following, the One-way 

ANOVA with Dunnett’s multiple comparisons 

test or Two-way ANOVA was used. The 

significance level was set at p < 0.05. 

Furthermore, outliers were identified and 

excluded via the Robust Regression and Outlier 

Removal (ROUT) test with a Q-value of 1%. 

Data were represented as mean ± SEM. 

 

RESULTS 

In this study, we aimed to evaluate the 

therapeutic efficacy of the HSV1-TK/GCV 

system using HSV1-TK+-hDPSC for OSCC. 

Our laboratory conducted extensive 

experiments before this paper to achieve this 

goal. Furthermore, the therapeutic hDPSC are 

developed and validated. Stem cell integrity and 

HSV1-tk expression were confirmed. In 

addition, hDPSC of various patients were 

utilized throughout this study. Based on our 

current findings, as mentioned previously, 

further research is needed on the mechanism’s 

therapeutic efficacy. 
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Validation of the HSV1-TK/GCV system in 

2D and 3D HSV1-TK+-hDPSC-OSCC co-

cultures – As previously mentioned, the suicide 

gene therapy system relies on GJIC between the 

cancer and stem cells. Hypothetically, the 

cytotoxic GCV will transit from the hDPSC to 

the OSCC cells and induce OSCC apoptosis. 

This mechanism was first examined by 

assessing the cell viability utilizing five and six 

different GCV concentrations in 2D and 3D 

hDPSC-OSCC co-cultures, respectively 

(Figure 2). The 2D co-cultures resulted in a 

significant reduction in cell viability from 10 

µM to 1000 µM GCV. No significant results 

were observed in the 3D co-cultures, except for 

the administrations of 1000 µM GCV. 

Moreover, the cell viability decreased by 4% 

with 100 µM GCV and 92.22% with 1000 µM 

GCV.  

Based on these outcomes, five GCV 

concentrations were applied to various ratios 

(1:1, 1:5, and 1:10) of hDPSC-OSCC in 2D co-

cultures. The 3D model was exposed to six 

different GCV concentrations, between 10 µM 

and 1000 µM (Figure 3). The negative control 

group was treated with milli-Q (MQ), resulting 

in nearly complete cell death. 2D and 3D co-

culture results indicated a significant 

concentration-dependent decrease in cell 

viability. Moreover, the 1:1 2D co-cultures 

showed reduced cell viability from 100 µM 

GCV. However, no significant results were 

obtained at the 1:5 and 1:10 ratios, except with 

the 1000 µM GCV administrations. The cells of 

the 3D model had a significant reduction at 600 

µM, 800 µM, and 1000 µM GCV 

administration, which had an average cell 

viability of 58%, 52%, and 37%, respectively. 

In vivo assessment of HSV1-TK+-OSCC 

reduction in a xenograft mouse model.– HSV1-

TK+-OSCC cells were assessed in vivo after 

GCV or PBS treatment through BLI. Due to the 

presence of FLuc in the tumor cells, the 

emission of light photons directly correlates 

with the amount of viable tumor cells present. 

BLI measurements were acquired over 21 days, 

and a significant reduction in OSCC viability in 

the treatment group was observed from day 10 

to day 17 (Figure 4A). No significance could be 

determined on day 21 after a log transformation 

because of the corresponding cancer cell 

viability of 0%. Representative images from 

days 0, 7, 14, and 21 of two mice were included, 

demonstrating a declining signal in the mouse 

receiving GCV and an escalating signal in the 

control mouse (Figure 4B). No image was 

obtained from the mice receiving GCV on day 

21 due to the absence of a bioluminescence 

signal. 

Cx43 membrane expression in various 

cancer cell lines – As described before, the 

efficacy of the HSV1-TK/GCV system is based 

on gap junction formations. To determine the 

potential of HSV1-TK/GCV therapy in tumors 

other than OSCC, further research is needed to 

examine the presence of these communication 

channels. Therefore, various cancer cell lines 

were utilized to investigate the presence of gap 

junctions through Cx43 immunocytochemical 

(ICC) staining. Cx43 (purple dots) was 

observed on the cell membrane in the EMT-6 

(Figure 5A), LL2 (Figure 5B), MC38 (Figure 

5C), PAN02 (Figure 5D), and RENCA (Figure 

5E) cell lines. The cell lines of breast, 

pancreatic, and kidney cancer exhibited the 

highest levels of visible Cx43.  

In vivo assessment of the HSV1-TK/GCV 

system in various cancer types – To determine 

the potential applicability of the therapy to other 

tumor types, a comprehensive proof-of-concept 

assessment is required. Various tumor types 

were utilized to evaluate cell death in vivo after 

daily GCV administrations. Different cancer 

cell lines were transduced with the HSV1-tk and 

FLuc genes and subcutaneously injected into 

mice. After luciferin administration, BLI was 

utilized to measure the emission of light 

photons, directly correlating with the amount of 

viable tumor cells present. BLI measurements 

were acquired over a time period of 19, 21, or 

25 days, depending on the type of cell line. 

The cell viability of both B16F10 and 

EMT6 was significantly reduced in the 

treatment group after three days (Figure 6A & 

B). The latter showed a significant difference in 

survival (p < 0.0001) between the control and 

treatment groups. By day 21, the viability of 

EMT6 cells in the treatment group was reduced 

to 0%. In contrast, the EMT6 tumors of the 

control mice reached the maximum permitted 

volume between the first and second week. 

Furthermore, B16F10 demonstrated a 

significant difference in survival (p < 0.05). 

However, even though the BLI signal decreased 

in the B16F10 treatment group, all mice were 

sacrificed due to an increased tumor volume 

according to caliper measurements.  

The cell viability of the LL2 tumors was 

significantly reduced after GCV 

administrations, with an average cancer cell 
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viability of 0.62% on day 19 (Figure 6C). 

Moreover, the treatment group showed weak or 

absent bioluminescence signals on day 12 and 

increased survival compared to the control 

group.  

Between the two mice groups of MC38, 

significant differences were observed only on 

days 3 and 7 due to missing data (Figure 6D). 

The exclusion of several control mice led to the 

cessation of data collection from mice receiving 

PBS after day 7, as the remaining control 

animals had reached the humane endpoint. 

Nevertheless, the treatment mice containing 

MC38 tumors showed no bioluminescent signal 

on day 21 and showed improved survival (p < 

0.0001). 

A significant difference was measured in 

the RENCA cell line on days 11 and 16 (Figure 

6E). On day 19, a cancer cell viability of 0% 

was obtained. Moreover, the treatment group 

significantly lived longer than the control mice.  

HEPA1-6 tumors, however, showed no 

significant difference (Figure 6F). Moreover, 

the tumors of both control and treatment groups 

showed reduced cell viability after day 3. 

Significant results were obtained in the 

PAN02 mouse model; however, a decreasing 

trend in cell viability was observed in the 

control mice (Figure 6G). 

 

DISCUSSION 

HNSCC is the seventh most common 

cancer worldwide, with a predicted 30% annual 

increase in incidence over the coming six years, 

highlighting the urgency of addressing this 

major challenge (3). OSCC stands out as the 

predominant subtype of HNSCC, comprising 

over half of all cases. Conventional treatments, 

including chemotherapy, immunotherapy, 

radiotherapy, surgery, and combinatorial 

therapy, have not enhanced the patient’s 

survival rate in the last decades (4, 5). 

Moreover, these systemic approaches often 

result in profound physical and emotional side 

effects (9). Hence, a more local and targeted 

strategy that offers enhanced therapeutic 

efficacy and fewer adverse effects compared to 

existing treatments is desired. Numerous 

preclinical studies demonstrate promising 

results utilizing the HSV1-TK/GCV system to 

Figure 2 - Cell viability assessment of 2D and 3D HSV1-TK+-hDPSC-OSCC co-cultures after 

GCV administrations. 2D (n=7) and 3D (n=3) co-cultures were treated every 2 to 3 days with five and 

six different GCV concentrations, respectively, ranging from 0.01 µM to 1000 µM. The alamarBlue 

assay was performed after 7 and 14 days for the 2D and 3D co-cultures, respectively. A significant 

reduction was observed from 10 µM in the 2D culture. However, the 3D culture showed only a 

significant reduction in cell viability from 1000 µM. Each data is expressed as mean ± SEM. Data were 

normally distributed. One outlier was detected and removed from the 3D model. One-way ANOVA 

with Dunnett’s multiple comparisons test was used. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001. hDPSC, 

human Dental Pulp Stem Cells; OSCC, Oral Squamous Cell Carcinoma. 
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eradicate various cancer types (46-49). 

However, these studies employ viral vectors to 

deliver HSV1-tk to the tumor cells, raising 

safety concerns and restricting its clinical 

application (27). As a result, a safer approach, 

such as cell-based delivery, is of high 

importance. A promising strategy is the use of 

stem cells, which interact with tumor cells and 

are a potential carrier for therapeutic drugs (50, 

51). Kenarkoohi et al. demonstrated successful 

transduction of murine MSC with a lentiviral 

vector containing HSV1-tk produced by human 

HEK293T cells for suicide gene therapy in a 

cervical tumor mouse model (16). Furthermore, 

Dührsen et al. demonstrated a prolonged 

survival rate of mice containing human 

glioblastoma after HSV1-TK+-MSC and GCV 

injections (52). However, the MSC were 

isolated from bone marrow, involving an 

invasive harvest procedure that may lead to pain 

and risk of infection (53). Another MSC type, 

hDPSC, circumvents this drawback as its 

isolation is relatively straightforward from 

extracted third molars, which are medical waste 

products, posing no risk to the donor (37, 38). 

Horikawa et al. and Merckx et al. indicated that 

intratumoral injection of hDPSC is a promising 

method for delivering antitumor agents in 

HNSCC (36, 54). Therefore, this project 

proposes to use hDPSC as the cell-based 

delivery system for suicide gene therapy, 

specifically targeting OSCC in a precise 

manner. 

The first objective aimed to investigate the 

efficacy of the HSV1-TK/GCV system in 2D 

and 3D co-cultures of transduced hDPSC and 

OSCC cells via cell viability measurements. 

The 2D model demonstrated a significant 

reduction in cell viability after administering 10 

µM GCV or higher for seven days. Matuska et 

al. observed similar results in a 2D HSV1-TK+-

MSC-glioblastoma co-culture (55). In contrast, 

the 3D model did not exhibit a similar effect 

after 14 days of GCV administration. This 

observation can be explained by the collagen 

hydrogel potentially obstructing the GCV, 

making it more difficult for the drug to reach the 

cells. This occurrence is absent in the 2D co-

cultures, whereas the GCV is directly exposed 

to the cancer and stem cells. Due to the notable 

results of the 2D model in Figure 2, additional 

co-cultures were constructed with various 

hDPSC and OSCC ratios in Figure 3. The 

quantity of hDPSC was reduced compared to 

the cancer cells, simulating the potential future 

clinical application. In contrast to the previous 

experiment, no significant result was observed 

with 10 µM GCV administrations in the 2D 

Figure 3 - Cell viability assessment of three different ratios of 2D hDPSC-OSC and 3D hDPSC-

OSCC after GCV administration. The 2D (n=2) and 3D (n=3) co-cultures were treated every 2 to 3 

days with five and six different GCV concentrations, respectively. The alamarBlue assay was performed 

after 7 and 14 days for the 2D and 3D co-cultures, respectively. A significant reduction was observed 

from 100 µM in the 2D culture, while the 3D culture showed a significant reduction in cell viability 

from 600 µM. Each data is expressed as mean ± SEM. Data were normally distributed. No outliers were 

observed. One-way ANOVA with Dunnett’s multiple comparisons test was used. **p ≤ 0.01, ***p ≤ 

0.001, ****p ≤ 0.0001. hDPSC, human Dental Pulp Stem Cells; MQ: Milli-Q; OSCC, Oral Squamous 

Cell Carcinoma. 
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model with an equal amount of cancer and stem 

cells. Furthermore, the ratios 1:5 and 1:10 of 

hDPSC and OSCC cells showed only a 

decreasing trend. However, the obtained data is 

based on only two sets of experiments, whereas 

Figure 2 includes results from seven repetitions. 

Therefore, additional sets of experiments must 

be conducted for validation. Moreover, 

noticeable variances between the data points in 

both figures are observed, further underscoring 

the need for additional analysis. In the 3D 

model of Figure 2, a notable difference in cell 

viability was observed between 100 µM and 

1000 µM GCV. Only the latter achieved 

significance, indicating that further research is 

needed to explore the effects of intermediate 

concentrations. As a result, additional GCV 

solutions were investigated, leading to a 

decreased cell viability obtained from 600 µM 

GCV. Notably, both co-culture models 

exhibited decreased cell viability at 1000 µM 

GCV, suggesting cytotoxicity. In literature, 

cytotoxic effects of GCV were observed in 2D 

cultures of cancer and healthy cells between a 

concentration of 500 µM and 1000 µM (56, 57). 

Furthermore, our preliminary data indicated a 

significant cytotoxic effect of 1000 µM GCV in 

non-transduced 2D hDPSC-OSCC co-cultures 

but not in the non-transduced 3D model. 

The second objective was to evaluate the 

therapeutic efficacy in a xenograft mouse model 

containing HSV1-TK+-OSCC cells through 

BLI. In a systematic review of Shen et al., BLI 

was stated as a well-established tool for 

preclinical assessment of tumor burden in a 

xenograft mouse model (58). BLI facilitates 

images and measures engineered viable cells in 

living animals in a fast, high-sensitive, and non-

invasive manner (59). Nevertheless, potential 

limitations related to BLI need to be considered. 

Impairment of the detected photon emission 

may occur through (i) attenuation or the 

presence of (ii) tumor necrosis or (iii) ascites 

(58). First, attenuation is the absorption and 

scattering of light by surrounding tissue, 

resulting in a diminished signal detected by the 

BLI system. Moreover, Stollfuss et al. indicated 

an insufficient correlation between BLI and 

Figure 4 - Cell viability assessment of HSV1-TK+-OSCC cells in a xenograft mouse model. BLI of 

HSV1-TK+-OSCC cells after administration of daily GCV (treatment group) or PBS (control group). 

Cell viability (A) was monitored over 21 days, revealing a significant reduction in the treatment group 

from day 10. In contrast, the tumor viability of the control group continued to increase throughout the 

study. The representative images (B) show fluorescence measurements of one treatment mouse 

receiving GCV and one control mouse receiving PBS of day 0, 7, 14, and 21. No image of the treatment 

mouse on day 21 was obtained because no signal was observed. ROI of mouse receiving GCV: 

1.337x105 (day 0), 1.054x104 (day 7), and 2.2645x103 (day 14). ROI of mouse receiving PBS: 6.861x104 

(day 0), 2.720x104 (day 7), 1.492x105 (day 14), and 2.189x106 (day 21). Each data is expressed as mean 

± SEM. Data were normally distributed. No outliers were observed. Two-way ANOVA was used. **p 

≤ 0.01, ****p ≤ 0.0001. GCV, Ganciclovir; HSV1-TK+-OSCC, Herpes Simplex Virus Type 1 Thymidine 

Kinase positive Oral Squamous Cell Carcinoma; PBS, Phosphate-Buffer Saline; ROI, Region Of 

Interest. 
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tumor volume in an intraperitoneal xenograft 

mouse model caused by the tissue between the 

tumor and BLI detector (60). Nevertheless, 

attenuation is limited in a subcutaneous 

xenograft model, leading to a strong correlation 

between BLI and tumor burden (58). Another 

vital factor to consider is necrosis, which was 

observed by Hadaschik et al. in a subcutaneous 

colon xenograft mouse model. The necrotic area 

of the tumor led to a decrease in overall signal 

intensity measured by BLI, as the 

transformation of D-luciferin requires viable 

cells (61). However, no OSCC tumor developed 

a necrotic area in this study. Lastly, the 

formation of ascites in tumors is correlated to a 

reduced bioluminescence signal in xenograft 

mouse models. However, this limitation is 

associated with peritoneal models rather than 

subcutaneous models (58). Furthermore, this 

proof-of-concept study only utilized male mice 

to minimize variations between the animals. 

However,  gender  is  an  important  factor, as  it  

Figure 5 - Presence of gap junctions in various tumor types. Immunocytochemical (ICC) staining of 

Cx43 (purple dots), indicating gap junctions, shown with white arrows. The (A) breast (EMT-6), (B) 

lung (LL2), (C) colon (MC38), (D) pancreatic (PAN02), and (E) kidney (RENCA) tumor cells were 

obtained with the Leica DM4000 B microscope at 40x and processed with FIJI ImageJ2 software. Nuclei 

(blue) were stained with DAPI. Scalebars, 50 µM. Cx43, Connexin 43. 



                           Senior internship- 2nd master BMW 

12 
 

 



                           Senior internship- 2nd master BMW 

13 
 

may influence tumor growth and therapy 

efficiency. Vichaya et al. observed more 

considerable growth of HPV-induced HNSCC 

in male mice compared to female mice (62). In 

addition, a significant response was observed in 

a nude female xenograft mouse model with 

female colon cancer cells following 5-FU 

treatment, which was not obtained in the male 

xenograft model with male colon tumors (63). 

In contrast, an analysis of 284 mice with five 

different brain tumors revealed no significant 

gender-based differences, suggesting that both 

genders are suitable for use in a xenograft 

mouse model (64). Another critical element is 

the amount of stress the mice experience, which 

may impact the study’s findings differently in 

males and females. Kerr et al. concluded that 

stress could lead to significantly lower overall 

tumor growth in female mice compared to male 

mice (65). Consequently, future experiments 

should include both sexes to investigate 

potential variations. In terms of tumor volumes, 

relatively slow growth was observed in the mice 

receiving PBS throughout this study, which is a 

common feature of OSCC xenograft mouse 

models (66). Nevertheless, a significant 

reduction in cell viability was observed in the 

treatment group compared to the control mice 

from day 10 to day 17. No significance could be 

calculated for the mice receiving GCV on day 

21 due to the absence of tumor cells. Moreover, 

a fluorescent value of zero was obtained, which 

is impossible to use for a logarithmic 

transformation. In conclusion, the BLI 

measurements of day 17 indicated an almost 

complete absence of viable tumor cells after 

daily GCV injections, with no tumors 

macroscopically visible at the end of the study. 

The third objective was to investigate 

whether the HSV1-TK/GCV system has the 

potential to induce apoptosis of various cancer 

types. Therefore, the therapeutic efficacy was 

evaluated on breast, colon, kidney, liver, lung, 

pancreatic, and skin cancer. These cancer types 

were included due to their immense incidence 

and mortality. Each year, lung, colon, 

pancreatic, and breast cancer rank as the top 

four most lethal cancer types. Skin and kidney 

cancers are the fifth and eighth most common 

cancers. Furthermore, pancreatic, liver, and 

lung cancer all have a survival rate of less than 

27%. (67). As described previously, the success 

of the HSV1-TK/GCV system depends on the 

bystander effect, which requires the presence of 

GJIC between adjacent cells. This requirement 

arises because the produced cytotoxic GCV 

within the genetically modified cells must be 

transferred into the cancer cells to induce tumor 

apoptosis. As mentioned before, Cx43 is the 

most prevalent connexin in human gap 

junctions and an indicator for GJIC (22, 23). 

Brockmeyer et al. showed that membrane Cx43 

is upregulated in OSCC tissue compared to the 

tumor-free oral mucosa of the same patients. 

Moreover, the increased Cx43 expression is 

associated with a poor prognosis (22, 68). These 

observations highlight the relevance of our 

novel strategy in addressing OSCC. As 

previously mentioned, Van den Bosch et al. 

conducted an unpublished study in our prior 

research to visualize GJIC between OSCC cells. 

However, to determine the applicability of this 

Figure 6 - Cell viability assessment of various cancer cells in vivo. BLI of HSV1-TK+-cancer cells 

after administration of daily GCV (treatment group) or PBS (control group). If feasible, cell viability 

was monitored over 19 (LL2 and RENCA), 21 (B16F10, EMT6, MC38, and HEPA1-6), or 25 days 

(PAN02). (A) The melanoma (B16F10) of the treatment group exhibited a significant reduction in cell 

viability on days 3 and 7, significantly affecting survival. (B) The mammary tumor (EMT6) showed 

similar results, indicating a decreased cell viability starting from day 3 upon GCV administration. All 

control mice reached the human endpoint by day 14. (C) LL2 showed a significant difference in cell 

viability between the two groups of mice from day 5 to day 14. The treated mice lived significantly 

longer compared to the control mice. (D) Days 3 and 7 showed a significant difference between the two 

groups of MC38. By day 14, the measured BLI signal was (nearly) absent in all mice receiving GCV. 

No BLI observations of the control group were included after day 7. (E) The kidney cell line (RENCA) 

obtained significant differences between the two groups on days 11 and 16, with significantly improved 

survival observed in the treatment group. (F) The cell viability of the liver tumors (HEPA1-6) decreased 

in both the treatment and control groups. No BLI measurements were obtained after day 10. (G) 

Pancreatic cancer (PAN02) showed a significant difference in cell viability between the two groups on 

days 9 and 11. However, both groups displayed reduced cell viability compared to day 0. Each data is 

expressed as mean ± SEM. Data were normally distributed. Outliers were detected and excluded. Two-

way ANOVA was used for all data. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.  
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novel strategy to other tumors, the assessment 

of GJIC in other cancer cell types is necessary. 

Consequently, Cx43 was visualized in five of 

the seven used cancer cell lines. These results 

indicate that the HSV1-TK/GCV therapy holds 

promise in targeting various tumor types. Cx43 

was successfully visualized in EMT6, LL2, 

MC38, PAN02, and RENCA cells. However, 

the expression of Cx43 indicates the presence of 

gap junctions rather than functional GJIC, 

which are formed by two hemichannels of 

adjacent cells (22). Additional research is 

necessary to confirm GJIC in the various cancer 

cell populations. For example, the micro-

injection dye transfer assay is a well-known and 

suitable method showing the presence of 

functional gap junctions. In this technique, a 

non-permeable fluorescent dye can only diffuse 

to neighboring cells through communication 

channels (69). Another GJIC assessment 

method is the scrape loading/dye transfer 

(SL/DT) technique. In this method, a small 

monolayer of cells is intentionally scraped, 

causing cellular damage. Next, Lucifer Yellow 

dye is applied to the cells, allowing it to spread 

to adjacent cells when functional GJIC is 

present (70). In addition, flow cytometry can 

detect the transfer of the cytoplasmic dye 

Calcein-AM from MSC to cancer cells, 

indicating the presence of functional gap 

junctions (55). 

The HSV1-TK/GCV system was also 

examined in vivo for multiple tumor types. 

Similar to the OSCC xenograft mouse model, 

immune-compromised mice were utilized, 

lacking an immune system that could 

potentially alter the study results. Bhuniya et al. 

conducted lentiviral vector transduction of 

B16F10 and LL2 cells, which were 

subcutaneously injected into both 

immunocompetent and immunodeficient mice. 

As a result, reduced tumor growth was observed 

in mice with an intact immune system (71). 

Consequently, nude mice were preferred for this 

study to investigate the proof-of-concept. The 

following murine cell lines were 

subcutaneously injected: B16F10, EMT6, 

MC38, HEPA1-6, PAN02, RENCA, and LL2, 

representing skin, breast, colon, liver, 

pancreatic, kidney, and lung cancer, 

respectively. BLI measurements of tumors with 

necrotic areas were excluded due to the 

impaired photon emission signal (61).  

On days 3 and 7, a significant difference 

between the treated and untreated B16F10 

tumors was measured. No significant result was 

obtained on day 10 due to the survival of only 

one control mouse. Despite these promising 

results, all mice were sacrificed on days 7 and 

10 due to the presence of large tumor volumes. 

This outcome appears peculiar, particularly 

considering the significant reduction in BLI 

signal after GCV administrations. Li et al. 

stated a short-lasting expression of Fluc in 

transfected cancer cells with the Fluc gene (72). 

However, this study performed adenoviral 

transfection instead of lentiviral transduction, 

giving our method the advantage of long-lasting 

expression (25). The potential explanation 

stems from a flawed antibiotic selection process 

following lentiviral transduction. Consequently, 

the injected cancer population comprised cells 

with and without the desirable HSV1-tk. It is 

hypothesized that the transduced cells exhibited 

slower proliferation than unmodified cells, 

leading to an overgrowth of the cells lacking the 

vector. Moreover, due to the GCV 

administration, HSV1-TK+-B16F10 apoptosis 

becomes dominant. Hence, the significant 

results still imply the effective killing of the 

HSV1-TK+-B16F10 cells. Furthermore, this 

cell line exhibited slower growth compared to 

the other cell lines, as not all mice had 

developed measurable tumors seven days post-

injection. This is a common B16F10 

characteristic, as Fowlkes et al. subcutaneously 

injected 2x105 B16F10 cells in mice and 

observed a measurable melanoma three weeks 

post-injection (73).  

The mice containing EMT6 tumors and 

receiving GCV exhibited a significant reduction 

of cancer cell viability from day 3 to day 14. All 

control mice were sacrificed after the fourteenth 

day because of large tumor volumes. After the 

log transformation, the 0% cell viability on days 

17 and 21 of the treatment group could not be 

shown in a graphical representation. Notably, 

only male mice were utilized in this study. 

Particularly for breast cancer, it would be 

informative to assess the therapeutic efficacy in 

a female EMT6 mouse model, given that over 

99% of the annual incidence of breast cancer 

occurs in women (67).  

The mice with LL2 tumors showed a 

significant reduction of cell viability from day 5 

to day 14 after GCV administrations. No 

significant difference between the two groups 

was obtained on day 19 because only one 

control mouse had not met the humane 

endpoint. Nevertheless, despite an overall broad 



                           Senior internship- 2nd master BMW 

15 
 

variance between the control mice, 0.62% 

cancer cell viability was obtained in the 

treatment group on day 19. Additionally, a 

significant difference was observed in the 

survival curve. Alekseenko et al. also observed 

an increased survival following the 

administration of GCV to HSV1-TK+-LL2 

tumors in vivo. Moreover, an increasing 

variance in tumor volume among mice was 

observed over time (74). Both the 

corresponding research and our study injected 

no more than half a million cancer cells into the 

mice. Injecting a larger number of cells could 

potentially reduce variances in tumor growth, as 

random cancer cell death during the initial 

injection would have less impact on a larger cell 

population. However, subcutaneous injection of 

5x107 LL2 cells still leads to notable variances 

in tumor weight and volume in a xenograft 

mouse model (75). 

The MC38 model resulted in a significant 

difference on the third and seventh days of the 

experiments. The humane endpoint was reached 

for all control mice on days 7 and 10. Moreover, 

the observed high growth rate is potentially a 

consequence of the transduction itself, as a 

significant difference in tumor growth has been 

reported between transduced and non-

transduced MC38 tumors in vivo. Additionally, 

MC38 cells transduced with a retroviral vector 

lacking the suicide gene exhibited significantly 

lower tumor growth compared to HSV1-TK+-

MC38 (76). It is hypothesized that HSV1-tk 

itself is responsible for increased tumor growth, 

although the specific mechanism remains 

elusive. Moreover, the introduction of the 

suicide gene leads to the activation of the 

nuclear factor-kappa B (NF-KB) pathway, 

leading to an increased level of 

cyclooxygenase-2 (COX-2), which is 

associated with enhanced tumor growth and 

resistance to apoptosis (77). Nevertheless, no 

photon signal was observed in all mice 

receiving GCV at the end of the study. 

Furthermore, Ishii-Morita et al. investigated 

tumor growth using a mixture of 

subcutaneously introduced HSV-TK+-MC38 

and unmodified MC38. Administration of GCV 

twice daily from day 4 to day 10 following 

tumor injection eradicated the cancer cells by 

the sixth week. Consequently, the elimination 

of the non-transduced cancer cells potentially 

illustrates the occurrence of the bystander effect 

in the MC38 population (78). In contrast, our 

study observed an increased tumor volume and 

a reduced BLI signal in the control mice, 

suggesting the presence of untransduced MC38 

cells (cfr. B16F10 group). The discrepancy 

between the two studies lies in the GCV 

concentration, with this study utilizing a 

concentration three times lower than the 

corresponding paper. 

Mice containing RENCA xenografts and 

receiving GCV had significantly reduced cell 

viability from day 11. The humane endpoint 

was reached in almost all control mice on day 

19, resulting in no significant result. The 

survival curve showed a significant difference 

between the two groups. However, our proof-

of-concept study exclusively employed GCV 

administrations due to the presence of HSV1-

TK+-RENCA cells rather than the injection of 

the modified hDPSC with GCV. In contrast, 

Kim et al. administered intravenously HSV1-

TK+-MSC and GCV to mice following 

intravenous injection of RENCA cells, which 

predominantly metastasized to the lungs. 

Moreover, improved survival of the treatment 

group was observed, and the modified MSC 

were more prominently detected in the lungs of 

tumor-bearing mice compared to those without. 

This suggests that MSC home to the tumor area 

(79). However, the modified MSC contained 

the additional TNF-related apoptosis-inducing 

ligand (TRAIL), which enhanced cancer cell 

apoptosis. Additionally, the MSC were derived 

from rat bone marrow rather than human stem 

cells, raising potential ethical concerns for 

future clinical applications. This issue does not 

arise with hDPSC, which are relatively easy to 

isolate and are obtained from clinical waste 

products (37, 38). Nevertheless, including a 

metastasis RENCA model would be 

informative, considering 33% of patients with 

renal cell cancer develop metastases (80). 

Lastly, HEPA1-6 and PAN02 showed a 

reduction of cell viability in all animals, 

including mice receiving PBS. However, 

PAN02 presented significant differences on 

days 9 and 11. Literature indicates a substantial 

tumor growth of HEPA1-6 cells in mice, 

typically observed with subcutaneous injection 

of cell quantities ranging from 1x107 to 2x107 

(81, 82). Despite a lower number of 5x106 cells 

being injected in this study, a tumor still formed 

during the initial measurements. Furthermore, 

5x106 PAN02 cells should suffice, given that 

5x105 cancer cells have demonstrated 

substantial tumor growth in both male and 

female subcutaneous mouse models (83, 84). 
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Additionally, a matrigel was utilized, which 

should lead to enhanced cell retention and 

stimulate continuous tumor growth (85). 

Another potential factor to alter tumor growth is 

the immune system. CD8+-T-cells can lead to 

apoptosis of lentiviral vector-transduced cancer 

cells (71, 86). However, nude mice contain a 

null mutation of the forkhead transcription 

factor (FOXN1), resulting in an unfunctional 

thymus. Consequently, these hairless mice have 

impaired T-cells (87). However, other factors of 

the immune system remain active. Natural 

autoantibodies are produced by B-lymphocytes 

in the absence of external antigen stimulation. 

Lymberi et al. observed an increased level of 

natural autoantibodies in mice after 

subcutaneously injecting tumor cells (88). 

Another study observed reduced tumor growth 

in three different subcutaneously introduced 

pancreatic cell lines in an athymic xenograft 

mouse model after administering additional 

autoantibodies of patients (89). Furthermore, an 

increased production of autoantibodies induced 

by different cancer types has been reported in 

patients, including liver and pancreatic cancer. 

Although the mechanism remains elusive, it is 

theorized that these antibodies respond to newly 

formed antigens generated somatically by the 

tumor (90). However, although this 

phenomenon may impact tumor growth, a 

(almost) complete loss of tumor volume is 

questionable. In addition to natural 

autoantibodies, other parts of the immune 

system can potentially differ in tumor growth in 

our model. Murine PAN02 tumors have a higher 

mutational and neoantigen burden than human 

pancreatic tumors, resulting in the recruitment 

of diverse immune cells. Furthermore, HEPA1-

6 and PAN02 cells originate from C57L and 

C57BL/6 mice (91, 92). It’s plausible that the 

residual immune system in nude mice may 

mount a response against the foreign cancer 

cells. As far as our knowledge extends, this 

phenomenon remains unreported in literature. 

Nevertheless, NSG mouse strains may offer 

additional advantages as they exhibit impaired 

T-cells, B-cells, and natural killer (NK) cells, 

thereby facilitating engraftment (93). Extensive 

research involving larger volumes of cancer cell 

injections and diverse mouse strains is essential 

for comprehensive understanding. Additionally, 

ex vivo assessment provides further insights into 

underlying molecular mechanisms. Post-

mortem analysis offers information on specific 

processes, such as cell proliferation and 

apoptotic events through Ki67 

immunohistochemistry (IHC) and terminal 

deoxynucleotidyl transferase dUTP (TUNEL) 

analysis, respectively (89, 94). In addition, 

visualizing autoantibodies in tumor tissue and 

comparing the serum autoantibody levels of 

mice with and without tumors can enhance the 

understanding of these antibodies’ involvement 

in tumor development and progression (89). 

In the future, additional technical replicates 

of the 1:5 and 1:10 2D HSV1-TK+-hDPSC-

OSCC co-cultures should be produced to 

validate the in vitro findings. To further 

investigate the therapeutic efficacy of the 

GDEPT in vivo and the potency of hDPSC as a 

vehicle of the suicide gene, the stem cells 

should be administered intratumorally. 

Moreover, the number of injections and 

necessary stem cell dosage needs to be 

evaluated. Another promising in vivo model is 

the 4-nitroquinoline-1-oxide (4NQO) rat model, 

which is already optimized in our research 

group (paper in preparation). 4NQO is a 

smoking-mimetic carcinogen and is 

administered ad libitum. This typical OSCC 

model has a high success rate in generating 

multiple neoplastic lesions similar to OSCC 

development in patients (95). Finally, potential 

therapy-related side effects, including toxicity, 

and the presence of potential metastases need to 

be investigated. 

 

CONCLUSION 

In conclusion, OSCC apoptosis is induced 

after GCV administration in 2D and 3D co-

cultures with HSV1-TK+-hDPSC. Furthermore, 

the cancer cell viability was significantly 

decreased in an OSCC xenograft mouse model 

after GCV administration for 21 consecutive 

days. Additionally, a significant reduction in 

subcutaneous breast, colon, kidney, lung, 

pancreatic, and skin tumors in mice was 

observed after daily GCV injections for 19, 21, 

or 25 days. In addition, the presence of Cx43 

was visualized in breast, colon, kidney, 

pancreatic, and lung cancer. These results 

suggest that GDEPT using HSV1-TK+-hDPSC 

is a promising strategy for treating OSCC and 

has the potential to be applied to other tumors. 

Nevertheless, further research is necessary to 

evaluate the therapeutic efficacy of the HSV1-

TK+-hDPSC/GCV system in vivo.
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