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Abstract
Objectives: The transforming growth factor-Beta (TGF-ß) pathway may be involved 
in the radioresistance of head and neck squamous cell carcinoma (HNSCC). This study 
analyzed TGF-ß receptor 1 (TGFBR1) expression in HNSCC patients and evaluated 
the antineoplastic and radiosensitizing effects of vactosertib, a novel TGFBR1 inhibi-
tor, in vitro.
Materials and Methods: TGFBR1 expression was examined in HNSCC patients at the 
mRNA level in silico and the protein level by immunohistochemistry, including surgical 
specimens of primary tumors, matched lymph node metastasis, and recurrent disease. 
Furthermore, a novel small molecule TGFBR1 inhibitor was evaluated in HNSCC cell 
lines. Finally, an indirect coculture model using patient-derived cancer-associated fi-
broblasts was applied to mimic the tumor microenvironment.
Results: Patients with high TGFBR1 mRNA levels showed significantly worse overall 
survival in silico (OS, p = 0.024). At the protein level, an association between TGFBR1+ 
tumor and OS was observed for the subgroup with TGFBR1-stroma (p = 0.001). Those 
results prevailed in multivariable analysis. Inhibition of TGFBR1 showed antineoplastic 
effects in vitro. In combination with radiation, vactosertib showed synergistic effects.
Conclusion: Our results indicate a high risk of death in tumorTGFBR1+|stromaTGFBR1- ex-
pressing patients. In vitro data suggest a potential radiosensitizing effect of TGFBR1 
inhibition by vactosertib.
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1  |  INTRODUC TION

Head and neck squamous cell carcinomas are among the 10 most 
common cancers worldwide (Johnson et al., 2020; Sung et al., 2021). 
While most HPV+ oropharyngeal HNSCC patients show a good prog-
nosis due to high radiosensitivity, survival rates of HPV− patients are 
still dismal (Chaturvedi et al., 2011; Johnson et al., 2020). In those pa-
tients, radioresistance is a major obstacle to curative treatment (Perri 
et al., 2015). To date, the only approved radiosensitizers are cisplatin, 
a chemotherapeutic agent, and cetuximab, a monoclonal antibody 
targeting the epidermal growth factor receptor (EGFR; Yamamoto 
et al., 2016). Mechanisms behind radioresistance involve many path-
ways, amongst them the transforming growth factor-beta (TGF-β) 
pathway (Centurione & Aiello, 2016). TGF-β signaling is essential for 
epithelial tissue homeostasis and exerts tumor-suppressing proper-
ties (Tian & Schiemann, 2009). However, once carcinogenesis is initi-
ated, the TGF-ß pathway often becomes aberrated and can switch to 
tumor-promoting effects like promotion of invasion, migration, and 
immune evasion (Sheen et al., 2013; Teicher, 2021). TGF-β expres-
sion is enhanced in most HNSCC patients and an association with a 
worse outcome has been shown (White et al., 2010). Furthermore, 
radiation treatment induces the expression of TGF-β, rendering it 
a potentially interesting target for radiosensitization (Centurione & 
Aiello, 2016). Essential sources of TGF-β are autocrine signaling and 
the tumor microenvironment, mainly consisting of cancer-associated 
fibroblasts (CAFs). CAFs have been shown to promote proliferation, 
invasion, metastasis, and drug resistance (Peltanova et al.,  2019). 
TGF-β-targeted therapies have already shown favorable results, 
which reduce the tumor-promoting effects associated with CAFs 
and radioresistance in different cancer entities (Bouquet et al., 2011; 
Erdogan & Webb, 2017; Yu et al., 2014).

There is an unmet need for a potent radiosensitizer in the treat-
ment of HNSCC patients, and the TGF-ß receptor 1 (TGFBR1) might 
be a promising target. Vactosertib (TEW7197, EW-7197) is an orally 
available small molecule inhibitor of TGFBR1. Early studies have 
shown encouraging antineoplastic effects in breast cancer (Song 
et al., 2019), lung cancer (Kaowinn et al., 2017), and melanoma mod-
els (Yoon et al., 2013). Vactosertib is currently under investigation in 
clinical phase I and II studies for solid tumors (Jung, Yug, et al., 2020; 
Wang et al., 2020). However, there is no data on the effect of vacto-
sertib in HNSCC. Therefore, this study aimed to investigate the rela-
tionship between the expression of TGFBR1 and disease outcomes 
in HNSCC and to evaluate the antineoplastic and radiosensitizing 
effect of vactosertib in HNSCC in vitro.

2  |  MATERIAL S AND METHODS

2.1  |  Patient population

Two independent datasets were used for our analysis. First, for the 
analysis of TGFBR1 at the mRNA level, a dataset was extracted from 
The Cancer Genome Atlas (Firehose Legacy, TCGA) via cBiop​ortal.

org in February 2022 (Cerami et al., 2012; Gao et al., 2013). From 530 
patients included in this dataset, we manually excluded all patients 
with incomplete TNM-staging, missing mRNA data for TGFBR1, 
and overall survival (OS) of fewer than 2 months. Four hundred and 
eighty-nine patients could be included in the analysis. High-TGFBR1 
mRNA levels were defined as an mRNA z-score above 2, relative to 
diploid samples. Second, to analyze TGFBR1 at the protein level, 
we used the tumor microarray (TMA) of our in-house HNSCC study 
population. This cohort includes 130 patients with histologically di-
agnosed squamous cell carcinoma of the head and neck. The cohort 
was homogenously treated at the Vienna General Hospital with sur-
gical resection with curative intent, followed by postoperative radio-
therapy between 2002 and 2012. The last follow-up of this cohort 
occurred in September 2018. Exclusion criteria were the following: 
external treatment, secondary primary carcinoma, distant metasta-
sis (M1), prior radiation, or immunosuppression. HPV was assessed 
using in situ hybridization. Data were collected retrospectively from 
the electronic patient record system of the Vienna General Hospital. 
The eighth edition AJCC manual was used for staging of tumors of 
both datasets. This study was approved by the ethics committee of 
the Medical University of Vienna, EK 1311/2018.

2.2  |  Tissue microarray and immunohistochemistry

TMAs were constructed as described previously (Jank et al., 2021). 
Briefly, three 1000 μm cores per patient sample of surgically re-
sected tumor tissue were generated. For staining, specimens were 
cut in 2.5–μm-thick sections, deparaffinized and rehydrated follow-
ing standard protocols. After antigen retrieval and endogenous per-
oxidase activity block, the primary antibody (Anti-TGF beta Receptor 
I, ab235178, Abcam) was applied for 1 h at room temperature. Then, 
a primary antibody enhancer was applied for 10 min, and horserad-
ish peroxidase polymer was applied for 15 min. Visualization was 
achieved by UltraVision Plus Detection System DAB Plus Substrate 
System (Thermo Scientific). Counterstaining was performed with 
hematoxylin Gill III (Merck). Staining was categorized into negative 
(−) (<10% of cells with weak staining), “weak” (+) positive (>10% of 
cells with weak staining), or “strong” (++) positive (>10% of cells 
with strong staining). Images were taken on an inverted microscope 
(Olympus IX73, Olympus Corp.).

2.3  |  Cells and reagents

The two HPV-HNSCC cell lines, FaDu and SCC25, were obtained from 
American Type Culture Collection (ATCC). The HPV+ HNSCC cell line 
SCC154 was purchased from the German Collection of Microorganisms 
and Cell Cultures (Leibnitz). All cell lines were cultured in Dulbecco's 
Modified Eagle's Medium (DMEM; Thermo Fisher) supplemented with 
10% fetal bovine serum (Life Technologies) and 100 U/mL penicillin, 
100 μg/mL streptomycin (Thermo Fisher) in a humidified atmosphere at 
37°C with 5% CO2. Cells were used for experiments up to passage 30.
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Vactosertib (EW7197) was purchased from Selleck Chemicals, 
dissolved in DMSO (Thermo Fisher), and stored as a stock solution 
at −80°C following the manufacturer's instructions. After thawing, 
the aliquots were stored at 4°C for up to 30 days. The final concen-
tration of DMSO in the cell culture medium was kept below 0.15%. 
Resazurin Sodium Salt (Sigma-Aldrich) was stored after sterile filtra-
tion as a 10× stock solution of 560 μM dissolved in PBS protected 
from light at 4°C.

2.4  |  Irradiation

Radiation was carried out using a 200 kV YXLON Maxishot X-ray 
unit (YXLON International GmbH). Cells were irradiated at room 
temperature with 2, 4, 6, or 8 Gy. The applied dose was 1 Gy/min at 
a fixed-focus object distance of 45.5 cm. The acceleration voltage 
was 200 kV at a current of 20 mA with a focus size of 5.5 mm using a 
4 mm Al and 0.6 mm Cu filter. Experiments were analyzed 72 h after 
radiation exposure.

2.5  |  Isolation of CAFs

Cancer-associated fibroblasts were extracted from biopsies of fresh 
human HNSCC samples of patients treated at the Medical University 
of Vienna. The protocol was approved by the ethics committee of 
the Medical University of Vienna (ECS no. 2313/2019) and informed 
consent was obtained from all human subjects. Inclusion criteria for 
patients were the histopathological diagnosis of an HNSCC tumor 
greater than T2 and a patient aged between 18 and 80 years old. 
Exclusion criteria were previous cancer treatment and immuno-
suppression. During surgery, a small piece of approximately 5 mm3 
was biopsied from the resected tumor specimen and immediately 
stored in an ice-cold culture medium supplemented with 1000 U/mL 
penicillin, 1000 μg/mL streptomycin, and 2.5 μg/mL amphotericin B 
(Sigma-Aldrich).

Subsequently, the tissue was washed twice with PBS and cut into 
smaller pieces of approximately 1–3 mm3 using sterile scalpels. The 
samples were then transferred to a dry Petri Dish and incubated with 
1–2 drops of TrypLE Express Enzyme (Thermo Fisher) for 15 min at 
37°C. Subsequently, 5–7 pieces were transferred into one well of a 
6-well plate and covered with minimal amounts of primary culture 
medium (DMEM +100 U/mL penicillin, 100 μg/mL streptomycin, 
100 μg/mL gentamycin; Thermo Fisher), and 0.25 μg/mL amphoter-
icin B at room temperature for 15 min to ensure attachment of the 
tissue samples to the culture dish. Samples were then incubated in 
the primary culture medium for 1 day. After 24 h of incubation, the 
wells were carefully filled with another 1 mL of primary culture me-
dium. The primary culture medium was replaced by standard medium 
after 2 days of incubation. CAFs started to grow out of the tumor tis-
sue within 2 weeks of incubation. Subculturing was performed after 
CAFs covered approximately 80% of the culture dish. Wells were 
washed with PBS, treated with 0.3 mL of 0.05% Trypsin-0.53 mM 

EDTA, and incubated for 5–20 min. Fibroblasts detached faster than 
other cells and thus could be filtered out and transferred to another 
culture dish for further cultivation. A visual control under the mi-
croscope confirmed that only fibroblasts formed a morphologically 
homogenous subculture. The subcultured CAFs were used for ex-
periments until passage 9.

2.6  |  Immunocytochemistry of CAFs

Immunofluorescent staining of the CAF-specific markers alpha-
smooth muscle actin (α-SMA, 1:250, Abcam, ab124964) and fi-
broblast activation protein (FAP, 1:500, Abcam, ab53066) was 
performed to ensure CAF phenotype following standard protocols. 
Additionally, cells were stained with Pan-Cytokeratin (pCK, 1:50, 
Sigma Aldrich, C2562) to confirm the absence of epithelial cells. 
HaCat (Thermo Fisher) cells served as a positive control for Pan-
Cytokeratin staining.

2.7  |  CAF conditioned medium

Isolated CAFs were cultured in a Petri dish until they reached ap-
proximately 70% confluency. Subsequently, the medium was re-
placed by a fresh culture medium, and the conditioned medium was 
harvested after 48 h of incubation. Debris was removed by centrifu-
gation at 1200 rpm for 10 min. The conditioned medium was stored 
at −20°C for long-term storage. CAF CM of the same donor was 
pooled for experiments and stored for up to 30 days at 4°C. CM was 
mixed with fresh culture medium (1:1) for use in experiments to en-
sure sufficient nutrient supply.

2.8  |  Metabolic activity assay

FaDu and SCC25 cells (5 × 103) and SCC154 cells (10 × 103) were 
seeded per well in 96-well plates. Cells were incubated for 24 h 
before treatment. DMSO (0.1%) was used as control. Metabolic 
activity was assessed after 72 h incubation using a colorimetric 
resazurin-based assay. In brief, cells were incubated in 56 μM re-
sazurin sodium salt (Sigma-Aldrich) diluted in the standard culture 
medium for 60 min. Subsequently, measurements were taken at an 
excitation wavelength of 570 nm and an emission wavelength of 
600 nm using a microplate reader (Tecan Spark®, Tecan Group Ltd.). 
Measurements were normalized to blank readings.

2.9  |  Migration assay

Migration was assessed using a cell exclusion assay (FaDu, SCC25) 
or a scratch assay (SCC154). Twenty-four hours after cell seeding, 
the 2-well Ibidi silicone inserts (Ibidi) were removed, or a scratch was 
performed using a 10 μL pipette tip. Cell migration was assessed 24 h 
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after treatment. The effect of CAF conditioned medium on migra-
tion was analyzed similarly. CAF CM#1 was used for all subsequent 
analyses because it showed the most significant effect in the pro-
liferation assay. To assess cell migration, pictures of the gap were 
taken at 0 h and 24 h. The gap closure was evaluated using ImageJ 
(“MRI Wound Healing Tool”). The gap area was normalized to the 
vehicle control.

2.10  |  Colony formation assay

The clonogenic potential was assessed using a colony formation 
assay as described previously (Franken et al.,  2006). In brief, cells 
were seeded in 6-well plates at increasing densities to compensate 
for the effect of higher radiation doses. Vactosertib was added to 
the culture medium for 72 h. After that, the medium was changed 
to a drug-free medium. Since SCC154 cells would not form colonies 
in the standard culture medium, they were incubated with a con-
ditioned medium from irradiated human dermal fibroblasts (HDFn, 
ATCC, Manassas, VA, USA). Subsequently, the cells were scanned 
using brightfield imaging on a TECAN multimode microplate reader 
(Tecan Spark®, Tecan Group Ltd.). Colonies were automatically 
counted using ImageJ.

2.11  |  Trypan blue exclusion assay

FaDu, SCC25, and SCC154 cells were seeded in 12-well plates and 
incubated for 24 h. Subsequently, the cells were treated with vac-
tosertib radiation and incubated for 72 h. After incubation, the me-
dium containing dead cells was collected by aspiration, and attached 
cells were collected by trypsinization. Cells were then pelleted 
at 500 g for 5 min, resuspended, and mixed with trypan blue (1:1; 
Sigma-Aldrich). The percentage of dead cells was counted accord-
ing to their size, shape, and trypan blue uptake, using the Countess 
FL Automated Cell Counter (Thermo Fisher). Results were normal-
ized to the untreated control group of each cell line and reported as 
percentages.

2.12  |  Statistical analysis

Survival analysis was performed using Stata/IC (Macintosh version 
16.1, Stata Corp). Disease-free survival (DFS) was defined as the time 
from surgery to the histologically confirmed recurrence or death of 
any cause in patients without recurrence. OS was defined as the 
time from surgery to the time of death from any cause. OS and DFS 
were estimated using the Kaplan–Meier estimator. For survival anal-
ysis, mRNA levels were dichotomized into high (z-score >2) or low 
(z-score ≤2) and protein expression was dichotomized into positive 
(weak and strong staining) and negative. Log-rank tests were used 
to compare groups, and uni- and multivariable Cox proportional haz-
ard models were used for modeling. All multivariable models were 

adjusted for TNM stage, smoker status, and HPV status. Pairwise 
interaction terms between TGFBR1 expression in tumor cells and 
the stroma of primary tumors were added to evaluate differences in 
the association with outcomes. Hazard ratios (HR) and 95%CI were 
calculated. A two-sided p < 0.05 was considered statistically sig-
nificant. Statistical analysis of in vitro experiments was performed 
using GraphPad Prism for Mac Version 8 (GraphPad Software, LLC.). 
Dose–response curves and IC50 values were calculated by apply-
ing nonlinear regression fitting to a variable slope model. Statistical 
significance of differences between groups was calculated using a 
two-way analysis of variance (ANOVA), followed by post hoc test-
ing using Tukey's correction for multiple comparisons. All results 
represent the mean ± SD of at least three independent replicates. 
Interaction analysis of combination treatment for vactosertib with 
radiation was performed using the SynergyFinder web application 
(version 3.0; https://syner​gyfin​der.fimm.fi; Ianevski et al.,  2020). 
Synergy scores were calculated according to the zero-interaction 
potency (ZIP) model, with ZIP scores >10 representing synergistic, 
10 to −10 representing additive, and <−10 representing antagonistic 
drug-radiation interactions.

3  |  RESULTS

3.1  |  TGFBR1 expression is associated with worse 
survival

To determine an association of TGFBR1 with disease outcomes in 
HNSCC patients, we first performed an in silico survival analysis 
using The Cancer Genome Atlas dataset. The baseline character-
istics of the dataset used in this study are summarized in Table 1. 
During a median follow-up of 2.86 years (Q1-Q3; 1.75–4.71), a 
total of 211 (43%) patients died, and 139 (38%) suffered from dis-
ease recurrence. To analyze whether TGFBR1 mRNA levels influ-
enced disease outcomes, we dichotomized patients into high or 
low mRNA levels at a z-score of +2. Of the 489 patients included 
in the analysis, 368 (75%) were classified as “high.” Kaplan–Meier 
estimators and the log-rank test revealed an association between 
high TGFBR1 mRNA levels and worse 5-year overall survival (61% 
vs. 44%, p = 0.024, Figure 1a). No differences in DFS were found (5-
year DFS: 54% vs. 49%, p = 0.484, Figure S1A). Subsequently, uni- 
and multivariable Cox regression models were calculated to correct 
for possible confounders. The univariable model calculated a 50% 
increased risk for death for patients with high TGFBR1 mRNA lev-
els. This result prevailed after correction for potential confounders 
(HR 1.652, 95%CI 1.10–2.48, p = 0.016, corrected for HPV status, 
TNM stage, and smoker status). Next, we analyzed if TGFBR1 mRNA 
levels were associated with clinicopathological characteristics. We 
found an association with HPV status. HPV− patients were more 
likely to have high TGFBR1 mRNA levels than HPV+ patients (78% 
vs. 63%, p = 0.010, Table S2).

To validate this finding at the protein level, we investigated im-
munohistochemical staining for TGFBR1 in TMAs of our in-house 
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HNSCC cohort. We utilized primary tumor samples (n = 113), 
matched samples of lymph node metastasis (n = 38), and samples 
of recurrent disease (n = 16). Tumor cells and stromal cells were 

categorized separately for TGFBR1 protein expression. All possi-
ble combinations of staining intensities between tumor and stroma 
were observed (Figure 2a).

The median follow-up time of our in-house (TMA) cohort was 
9.3 years (Q1–Q3; 5.9–11.8), during which we observed 40 recur-
rences (35%) and 58 deaths (51%). All patients received postop-
erative radiotherapy ranging from 40 to 70 Gy. Further baseline 
characteristics of the TMA cohort are summarized in Table 1. Of the 
113 primary tumors, 11% (n = 12) were double-negative for TGFBR1 
(tumor cells and stroma), while 12% (n = 14) were double-strong pos-
itive, and the majority stained double weak positive (57%). In lymph 
node metastasis, 3% (n = 1) were double negative, and 8% (n = 3) 
were double strong positive, with the majority being double-weak 
positive (35%). In recurrent disease, 25% (n = 4) were double nega-
tive, and none were double positive (Figure 2A,B). With disease pro-
gression, we observed an increase in negative staining of the tumor 
stroma from 13% in primary tumor samples to 44% in samples of 
recurrent disease. This trend was also observed in the staining of 
tumor cells (15% increased to 31%). However, this difference was 
not significant (p = 0.089 and 0.082, respectively; Figure 2C).

To determine whether TGFBR1 expression played any role in dis-
ease outcomes, we performed a survival analysis examining OS and 
DFS. For survival analysis, protein expression was dichotomized into 
positive (weak and strong staining) and negative. Kaplan–Meier esti-
mators and log-rank test revealed no differences for TGFBR1 protein 
expression of the primary tumor and OS (tumor staining p = 0.549; 
stromal staining p = 0.863; Figure 1B top row) or DFS (tumor stain-
ing p = 0.397; stromal staining p = 0.252, Figure S1B top row). Uni- 
and multivariable Cox analysis corroborated this result (Table 2 and 
Table S1). Next, we analyzed the effect of TGFBR1 protein expres-
sion in samples of matched lymph node metastasis (n = 38) on OS 
and DFS. We found a significant association between TGFBR1 pro-
tein expression of tumor cells in lymph node metastasis and a worse 
OS (5-year OS: neg.: 100%; pos.: 49%; p = 0.031, Figure 1b middle 
row). This result prevailed in a multivariable cox regression analysis 
after correction for possible confounders (TGFBR1 tumor pos. vs. 
neg.: HR: 16.110; 95% CI: 1.15–225.21, p = 0.039).

Interestingly, the TGFBR1 expression of stromal cells in lymph 
node metastasis showed an inverse association with OS (5-year OS, 
TGFBR1 neg.: 24%, pos.: 68%, p < 0.000, Figure 1b middle row). This 
result also prevailed in multivariable analysis (TGFBR1 stroma pos. 
vs. neg. HR: 0.148; 95%CI: 0.04–0.46, p = 0.001). No difference was 
found for DFS (Figure S1B and Table S1).

Finally, we analyzed matched samples of recurrent disease 
(n = 16) for TGFBR1 expression and its association with OS. No as-
sociation with OS could be found (tumor: p = 0.160; stroma: 0.951, 
Figure 1b bottom row, Table 2).

Based on the observation that stromal TGFBR1 expression in 
lymph node metastasis was inversely correlated with disease out-
come, we hypothesized that stromal TGFBR1 expression might exert 
tumoristatic effects (i.e., halting tumor progression). Subsequently, 
we performed a subgroup analysis for the association of TGFBR1 
tumor cell expression with disease outcomes in patients with 

TA B L E  1  Baseline characteristics of both cohorts.

TCGA (n = 489) TMA (n = 113)

Gender

Female 128 (26%) 26 (23%)

Male 361 (74%) 87 (77%)

Age at diagnosis (Q1–Q3) 61 (53–69) 59 (53–63)

T-stage n = 475

T1 32 (7%) 23 (20%)

T2 140 (29%) 58 (51%)

T3 127 (27%) 20 (18%)

T4 176 (37%) 12 (11%)

N-stage n = 468

N0 224 (52%) 22 (25%)

N1-3 205 (48%) 67 (75%)

N0 (HPV+ OPX) 9 (23%) 2 (8%)

N1-3 (HPV+ OPX) 30 (77%) 22 (92%)

TNM-staging n = 475

I-II 128 (27%) 38 (34%)

III-IV 348 (73%) 75 (66%)

HPV n = 447 n = 111

+ 62 (14%) 24 (22%)

− 385 (86%) 87 (78%)

Primum

Oral cavity 300 (61%) 30 (27%)

Oropharynx 70 (14%) 51 (45%)

Larynx 109 (2%) 12 (11%)

Hypopharynx 10 (2%) 20 (18%)

Alcohol use NA n = 98

Nondrinker 60 (61%)

Active drinker 38 (39%)

Smoking status n = 477 n = 112

Non/Ex-smoker 311 (65%) 34 (31%)

Smoker 166 (35%) 78 (69%)

Marker expression mRNA

TGFBR1 high 368 (75%) −

Marker expression IHC

TGFBR1 TU

Negative − 17 (15%)

Weak − 71 (63%)

Strong − 25 (22%)

TGFBR1 STRO

Negative − 15 (13%)

Weak − 78 (69%)

Strong − 20 (18%)
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TGFBR1- stroma. In this subgroup, TGFBR1 tumor cell expression 
showed a significant association with OS (5-year OS pos.: 0%; neg.: 
73%, p = 0.001, Figure 1c). Univariable cox models including a pair-
wise interaction of TGFBR1 expression in tumor cells with TGFBR1 
expression in the stroma showed statistically significant evidence 
for an interaction (TGFBR1 stro− HR: 9.055; 95%CI: 2.09–39.11; 
p = 0.003; TGFBR1 stro+ HR:1.394; 95%CI: 0.55–3.51; p = 0.480). 
This result prevailed in multivariable analysis (TGFBR1 stro− HR: 
4.799; 95%CI: 1.03–22.27; p = 0.045; TGFBR1 stro+ HR: 0.955; 
95%CI: 0.35–2.56; p = 0.927; Table 2).

Finally, we analyzed for associations of marker expression with 
clinicopathological patient characteristics. In the TMA cohort, we 
found TGFBR1 protein expression in tumor cells of primary tumors 
to be associated with lymph node status and HPV status. Patients 
without lymph node metastasis showed a higher proportion of tu-
mors with strong TGFBR1 expression (50% vs. 15%; p < 0.001), and 
HPV− patients also had a higher rate of tumors with strong TGFBR1 
expression (26% vs. 4%; p = 0.001, Table S4).

3.2  |  In vitro effects of a small molecule TGFBR1 
inhibitor on HNSCC

First, we determined the effect of vactosertib on the metabolic 
activity of three HNSCC cell lines (two HPV− [FaDu and SCC25], 
one HPV+ [SCC154]) using a resazurin reduction assay. Vactosertib 
treatment decreased metabolic activity dose-dependently with IC50 
values ranging between 35 and 66 μM, with SCC25 being the most 
sensitive cell line (Figure 3a).

3.3  |  Vactosertib shows synergistic effects in 
combination with radiation

Next, we aimed to determine the radiosensitizing effect of vac-
tosertib. Cell lines were exposed to increasing concentrations 
of vactosertib in combination with radiation, and the metabolic 
activity was measured as described above. The combination of 

F I G U R E  1  Kaplan–Meier estimators for OS according to TGFRB1 expression. (a) Kaplan–Meier estimator showing the influence of 
TGFBR1 mRNA levels on OS in a dataset of The Cancer Genome Atlas. (b) Kaplan–Meier estimators for OS and TGFBR1 protein expression 
in primary HNSCC samples (top row), matched samples of lymph node metastasis (middle row), and samples of recurrent disease (bottom 
row) of a secondary dataset. (c) Kaplan–Meier estimator for subgroup analysis of patients with negative stromal staining for the effect of 
tumor cell TGFBR1 expression of primary tumor samples.
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vactosertib and radiation significantly reduced metabolic activity 
in all tested cell lines. The inhibitory effect at 2 Gy was strong-
est in SCC25 (ctrl.: 90% ± 8.3% vs. 75 μm: 19% ± 8.9%, p < 0.001), 
followed by Fadu (90% ± 5.8% vs. 27% ± 8.7%, p < 0.001) and 
SCC154 (81% ± 13.8% vs. 39% ± 9.5%, p < 0.001; Figure  1b). To 
determine the combinatory effect, Synergy maps were calculated 
using the Synergyfinder tool (https://syner​gyfin​der.fimm.fi/). The 
overall synergy score was highest for FaDu (14.3 ± 5.1), followed 
by SCC25 (12.4 ± 6.9) and SCC154 (3.7 ± 9.1). In detail, FaDu and 

SCC25 showed synergistic and additive effects for all combina-
tions. SCC154 mostly showed additive effects, but a synergistic 
effect was observed for the combination of 25 μM vactosertib 
with radiation doses of 2 and 8 Gy (Figure 3c).

To determine the cytotoxic effect of vactosertib, we performed 
a trypan blue exclusion assay. SCC25 was the only cell line with in-
creased cell death compared to the control group in a single treatment 
(ctrl.: 0% ± 10% vs. 75 μm: 13% ± 7.6%; p = 0.019, Figure 3d middle). 
FaDu showed increased cell death in combination with radiation 

F I G U R E  2  TGFBR1 expression 
patterns during disease progression. (a) 
Representative images of IHC staining for 
TGFBR1 of TMA samples with a selection 
of different expression patterns between 
tumor and stromal cells. Scale bars, 
TMA 200 μm; insets 50 μm. (b) Heatmap 
visualization of staining patterns observed 
during disease progression, left in primary 
tumor samples (n = 113), middle in 
matched lymph node metastasis (n = 38), 
and right in recurrent disease samples 
(n = 16). (c) Changes in TGFBR1 expression 
at different stages of disease separated 
for tumor cells (left) and stromal cells 
(right; P = primary tumor; Ln = lymph node 
metastasis; and R = recurrent disease).
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TA B L E  2  Uni- and multivariable Cox regression for OS in TCGA and TMA datasets.

Univariable Multivariable

HR 95% CI p-Value HR 95% CI p-Value

TCGA

TGFBR1 high versus low 1.513 1.05–2.17 0.026 1.652 1.10–2.48 0.016

TMA

PRIMARY

TGFBR1 tu: 1.254 0.59–2.65 0.553 0.882 0.39–1.98 0.762

TGFBR1 stro: 0.936 0.44–1.97 0.864 0.651 0.29–1.44 0.292

TGFBR1 tu+.:

TGFBR1 stro+ 1.394 0.55–3.51 0.480 0.955 0.35–2.56 0.927

TGFBR1 stro− 9.055 2.09–39.11 0.003 4.799 1.03–22.27 0.045

METASTASIS

TGFBR1 tu (n = 38) 7.210 0.92–55.92 0.059 16.110 1.15–225.21 0.039

TGFBR1 stro (n = 37) 0.145 0.05–0.39 <0.000 0.148 0.04–0.46 0.001

RECURRENCE

TGFBR1 tu (n = 16) 0.508 0.16–1.54 0.233 0.153 0.0–0.87 0.035

TGFBR1 stro (n = 16) 1.131 0.40–3.19 0.815 1.287 0.31–5.21 0.724

Note: Multivariable models were adjusted for TNM-stage, HPV status, and smoker status.

F I G U R E  3  Effect of TGFBR1 inhibition 
on metabolic activity and cell viability in 
three HNSCC cell lines. (a) Dose–response 
curves showing a dose-dependent 
decrease in metabolic activity in three 
different HNSCC cell lines in response to 
vactosertib. (b) Combination treatment 
of vactosertib with radiation showing 
significant differences on metabolic 
activity compared to single treatment. (c) 
Synergy maps showing a predominantly 
synergistic effect of vactosertib in 
combination with radiation for FaDu and 
SCC25, and an additive effect for SCC154 
cell lines. (Calculations were made using 
syner​gyfin​der.fimm.fi). (d) Trypan blue 
exclusion assay for effect of vactosertib 
on cell viability as single treatment 
and in combination with radiation. 
Significance levels were compared to the 
radiation dose-matched control. Graphs 
represent mean ± standard deviation. 
*p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001.
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at 8 Gy (ctrl.: 3.9% ± 3.8% vs. 75 μm: 18% ± 14.1%, p < 0.001), while 
SCC154 was unaffected by vactosertib treatment (Figure 3d right).

3.4  |  Vactosertib reduces colony formation

To assess the inhibitory effect on clonogenic survival, colony formation 
assays were performed as described previously (Franken et al., 2006). 
FaDu and SCC25 showed a dose-dependent decrease in colony forma-
tion. In FaDu cells, vactosertib single treatment at 50 μM reduced the 
surviving fraction to 28% ± 19.6% (p < 0.001), which was further re-
duced in combination with 2 Gy radiation to 9.6% ± 10.4% (p < 0.001), 
(Figure  4a, top row). For SCC25, the vactosertib concentration was 
reduced due to a stronger inhibitory effect, which already showed 
inhibition to 13% ± 8.2% at 12.5 μm (p < 0.001) vactosertib single 
treatment. Combined with 2 Gy radiation, this was further reduced to 
4.9% ± 3.7% (p < 0.001, Figure 4a middle row). In SCC154, vactosertib 
showed significant inhibition at 50 μM vactosertib single treatment to 
41% ± 19% (p < 0.001). No additional effect in combination with radia-
tion could be observed for this cell line (Figure 4a bottom).

3.5  |  Vactosertib inhibits cell migration

A migration assay was used to determine the effect of vactosertib on 
cell migration. Migration was significantly inhibited after vactosertib 

treatment in all three cell lines at low concentrations (Figure  4b). 
The strongest anti-migratory effect was observed in SCC25. At a 
concentration of 6.25 μM, we observed a reduction in gap clo-
sure of 80% in single treatment (ctrl.: 100% ± 7.5% vs. 6.25 μM: 
20% ± 12.6%, p < 0.001). Combination with radiation led to an abso-
lute inhibition of migration (Figure 4b, middle row). For SCC154, we 
also observed a significant inhibition at low-dose single treatment 
(ctrl: 100% ± 29% vs. 12.5 μM: 54% ± 13.5%, p < 0.001). Combination 
treatment was not feasible due to the high radiosensitivity of this 
cell line (Figure 4b, bottom row). FaDu showed the same significant 
effect at low concentration single treatment (ctrl: 100% ± 18% vs. 
12.5 μM: 35% ± 13.9% p < 0.001); however, a combination with radia-
tion led to no further inhibition (Figure 4b, top row).

3.6  |  CAF-conditioned medium stimulates 
metabolic activity and cell migration which 
Vactosertib can abrogate

To investigate the effect of the tumor stroma on TGFBR1 inhibition 
in HNSCC cell lines, we performed indirect coculture experiments 
using a conditioned medium from patient-derived CAFs (CAF CM) 
of primary tumor samples. CAFs from three donors were included 
(Table S4). Metabolic activity was assessed using the resazurin assay 
described above. In FaDu, CAF CM#1 increased metabolic activity 
by 11% ± 15.9% (p = 0.031), while CAF CM#2 and 3 had no effect. 

F I G U R E  4  Effect of TGFBR1 
inhibition on clonogenic survival and cell 
migration. (a) Survival curves derived 
from clonogenic assays in response to 
vactosertib treatment in combination 
with radiation. (b) Migration assay 
showing percentage of gap closure 
as a response to different treatment 
combinations. Combination treatment 
was not feasible for SCC154 because 
of the high radiosensitivity of this HPV+ 
cell line. Graphs report mean values ± 
standard deviation. *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001.
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    |  1123JANK et al.

Treatment with 50 and 75 μM vactosertib abolished this stimulating 
effect (75 μM Vac.; ctrl.: 38% ± 10.5% vs. CAF CM#1: 37% ± 6.9%, 
p = 0.994; Figure 5a, left). SCC154 was the most sensitive cell line 
to CAF CM stimulation. CAF CM increased metabolic activity to 
between 138% ± 15.5% (CAF CM#2; p < 0.001) and 201% ± 26.5% 
(CAF CM#1; p < 0.001). Vactosertib treatment significantly inhibited 
this stimulating effect with increasing concentration (75 μM Vac.; 
ctrl.: 71% ± 18.7% vs. CAF CM#1: 81% ± 11.3%, p = 0.957, Figure 5a, 
right). SCC25, in contrast, showed no increase in metabolic activity 
after incubation with CAF CM. However, vactosertib treatment in 
combination with CAF CM increased metabolic activity at all con-
centrations (Figure  5a, middle). At 75 μM, CAF CM#2 and 3 still 
showed increased metabolic activity compared to the control (75 μM 
Vac.; ctrl: 24% ± 9% vs. CAF CM#2: 39.8% ± 8.3% vs. CAF CM#3: 
39% ± 4.1%, p < 0.001, Figure 5a, middle).

Finally, we aimed to analyze the effect of CAF CM on cell mi-
gration. Migration assays were performed using CAF CM#1 since it 
showed the highest effect on metabolic activity. The incubation period 
was shortened to 14 h for SCC25 and 18 h for FaDu and SCC154 since 
gap closure was observed earlier in cells incubated with the CAF CM. 
Gap closure was normalized to untreated (0.1% DMSO control) and 
unstimulated (standard cell culture medium) control groups of each 
cell line. CAF CM#1 significantly increased gap closure in FaDu (ctrl.: 
100% ± 11.7% vs. CAF CM#1: 141% ± 29%, p < 0.000) and SCC154 
(ctrl.: 100% ± 30.6% vs. CAF CM#1: 170% ± 22.9%, p < 0.001). When 
cells were additionally treated with vactosertib, all three cell lines 
showed a significant decrease in cell migration compared to the CAF 
CM#1 group, with the strongest effect observed in FaDu (Figure 5b).

4  |  DISCUSSION

In this study, we found that high TGFBR1 mRNA levels were inde-
pendently associated with worse overall survival (OS) in HNSCC pa-
tients. At the protein level, we found a significant interaction between 

TGFBR1 expression in tumor cells and stromal cells. Patients who 
expressed TGFBR1 in tumor cells but were negative for TGFBR1 in 
stromal cells showed significantly poorer survival. In vitro experi-
ments to evaluate the antineoplastic and radiosensitizing effect of 
a novel small molecule TGFBR1 inhibitor (vactosertib) on HPV+ and 
HPV− HNSCC cell lines showed significant antineoplastic effects. 
Furthermore, we observed synergistic interactions of vactosertib 
with radiation, indicating its potential as a radiosensitizer. Finally, 
TGFBR1 inhibition could also largely abrogate the stimulatory ef-
fect of conditioned medium from patient-derived cancer-associated 
fibroblasts.

Radiation resistance remains a major cause of treatment failure 
in HNSCC patients. Radioresistance is a complex mechanism involv-
ing the tumor cells, tumor microenvironment, and immune cell re-
sponse. To date, there are only two radiosensitizing drugs approved 
in HNSCC, namely cisplatin, a chemotherapeutic agent, and cetux-
imab, a monoclonal antibody against the epidermal growth factor 
receptor, which was approved in 2006 (Bernier et al., 2004; Labianca 
et al., 2007). However, a radiosensitizer that is highly effective and 
shows a low-toxicity profile at the same time is still not available.

Upregulation of the TGF-β pathway appears as a central mech-
anism in radioresistance with a wide range of downstream effects 
(Centurione & Aiello, 2016). Novel small molecule TGFBR1 inhibitors 
have already been developed and clinically evaluated in different 
malignancies (Wang et al., 2020). Since TGF-β is commonly increased 
in HNSCC (White et al., 2010), we hypothesize that TGF-ß receptor 
inhibition could also act as a radiosensitizer in HNSCC. However, 
data on the radiosensitizing effect of TGF-ß inhibition in HNSCC is 
sparse. Notably, our group recently investigated another TGFBR1 
inhibitor, namely galunisertib, with high specificity to this receptor 
and found heterogeneous results with a radiosensitizing effect in 
only one of three tested HNSCC cell lines (Jank et al., 2022). We at-
tributed those findings to the high specificity of the tested inhibitor 
to TGFBR1 together with known alterations of the TGF-ß pathway 
in the less responsive cell lines (Jank et al., 2022). In this study, we, 

F I G U R E  5  Effect of conditioned 
medium from patient-derived cancer-
associated fibroblast. (a) Dose–response 
curves showing the effect of CAF 
conditioned medium and the inhibitory 
effect of vactosertib on metabolic 
activity. (b) Migration assay showing the 
effect of CAF CM#1 on cell migration 
and the inhibitory effect of vactosertib. 
Percentage gap closure shows the 
reduction of gap area normalized to 
the untreated control group. Graphs 
report mean value ± standard deviation. 
*p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001.
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therefore, investigated an inhibitor with a broader mechanism of ac-
tion against the TGF-ß signaling pathway. Furthermore, we aimed to 
investigate TGFBR1 protein expression in HNSCC and its association 
with survival.

We found that the majority of HNSCC patients were TGFBR1+. 
We noticed distinct staining patterns between tumor cells and 
stromal cells and included this finding in our analysis based on the 
known dichotomous effect of TGF-ß signaling in cancer. Indeed, 
we found that TGFBR1+ primary tumors were associated with OS 
only in patients with TGFBR1- stroma. TumorTGFBR1+|stromaTGFBR1- 
patients were almost five times more likely to die compared to 
tumorTGFBR1+|stromaTGFBR1+ patients. This result might indicate a tu-
moristatic effect of TGFBR1 expression in the tumor stroma. In line 
with those results, we found that patients with TGFBR1+ staining 
in the stroma of lymph node metastasis showed significantly better 
OS compared to TGFBR1- patients. Patients with TGFBR1- stroma 
of lymph node metastasis showed particularly poor survival, with 
only a quarter of patients still alive after 5 years. Additionally, pa-
tients with TGFBR1- staining in tumor cells of lymph node metas-
tasis showed excellent OS. This finding highlights the ambiguous 
role of TGF-ß signaling in malignant disease. While intact TGF-ß 
signaling acts as a tumor suppressor, altered signaling, usually oc-
curring in more advanced stages of neoplastic disease, acts as a 
tumor promotor (Baba et al., 2022). Our results highlight that there 
is not only a temporal evolvement during disease progression but 
also spatial heterogeneity in TGF-ß function within the tumor and 
metastasis. While TGF-ß signaling in tumor cells of HNSCC is most 
likely corrupted and pro-oncogenic, stromal TGF-ß signaling within 
the tumor microenvironment might still exert antineoplastic effects. 
This finding might have important implications for future TGFBR1 
inhibitor therapy. While TGFBR1 inhibition would appear reason-
able in tumorTGFBR1+|stromaTGFBR1- HNSCC, it might be detrimental in 
tumorTGFBR1-|stromaTGFBR1+ HNSCC. From a clinical perspective, eval-
uation of the TGFBR1 expression status by immunohistochemistry 
could easily be implemented into routine histopathological workup 
of tumor biopsies.

Although previous studies investigated TGFBR1 expression 
patterns in HNSCC, no study evaluated an interaction between the 
tumor cell and stromal staining or the association with disease out-
come (Anderson et al., 1999; Eisma et al., 1996). However, Fanelli 
et al. investigated circulating tumor microemboli in patients with 
advanced HNSCC for TGFBR1 expression. They found that approxi-
mately one third was TGFBR1 positive, and this was associated with 
worse progression-free survival (Fanelli et al., 2017).

Noteworthy, we found an association between TGFBR1 expres-
sion and HPV status in both datasets, with HPV− patients showing 
a higher proportion of TGFBR1+ tumor cells. This difference might 
be explained by the fundamentally different molecular alterations 
in HPV+ and HPV− HNSCC (Johnson et al.,  2020). Indeed, Liu 
et al. (2018) could recently show that TGF-ß signaling is decreased in 
HPV+ HNSCC using supervised clustering, and French et al. (2013) 
showed that the HPV16 oncoprotein E5 can downregulate TGFBR2. 
To exclude a confounding effect of HPV, we included HPV status 

in the multivariable model, and no effect on disease outcome was 
observed between TGFBR1 and HPV (data not shown separately). 
To the best of our knowledge, this is the first report of TGFBR1 ex-
pression at different stages of disease progression and separated for 
tumor cell and stroma expression in HNSCC.

Finally, we evaluated the effect of vactosertib treatment in three 
HNSCC cell lines. Treatment decreased metabolic activity, a surro-
gate marker for cell viability, in a dose-dependent manner in all three 
cell lines. IC50 values were observed in a clinically relevant range 
based on achievable plasma concentrations in a phase I study (Jung, 
Hwang, et al., 2020). Notably, combining vactosertib with radiation 
showed predominantly synergistic effects, especially in the HPV− 
HNSCC cell lines. The HPV+ cell line also showed a synergistic effect 
at the clinically most relevant radiation dose of 2 Gy since radiation 
doses to HNSCC tumors are usually delivered at 2 Gy per session. 
The additional radiosensitizing effect might not be as pronounced 
in this cell line due to the inherently higher radiosensitivity (Arenz 
et al., 2014).

To date, no data exist on the radiosensitizing effect of vactos-
ertib in HNSCC. In accordance with our results, treatment with other 
TGF-β inhibitors (LY364947, Galunisertib, and Fresolimumab) led to 
radiosensitization of HPV− HNSCC cell lines and marginal to no ra-
diosensitization of HPV+ cell lines (Liu et al., 2018). We observed a 
similar effect on clonogenic survival, which revealed a pronounced 
decrease in colony formation in FaDu and SCC25 but only a more 
subtle effect in SCC154. In contrast, the cytotoxic effect was minor, 
as determined by the trypan blue exclusion assay. Since vactosertib 
is not a cytotoxic drug, this can be expected at the tested concentra-
tions. This circumstance may also be clinically advantageous due to 
the potentially less severe side effects of vactosertib compared to 
the currently used platinum-based radiosensitizers (cisplatin, carbo-
platin), which harbor considerable toxicity (Chow, 2020).

Cell migration is another important neoplastic mechanism con-
trolled by TGF-ß signaling. Vactosertib significantly inhibited the 
migration of all HNSCC cell lines at low doses. SCC25 was sensi-
tive to the extent that samples of combination treatment with ra-
diation could not be evaluated due to the detachment of cells at 
the wound border. Also, in SCC154, a combination with radiation 
was not feasible due to the high radiosensitivity of this cell line. The 
strong anti-migratory effect of vactosertib has been previously de-
scribed for other tumor entities like pancreatic cancer, prostate can-
cer, and breast cancer cells (Hong et al., 2020; Park et al., 2015; Son 
et al., 2014).

The tumor microenvironment, predominantly comprising CAFs, 
contributes to TGF-β secretion and plays a significant role in prog-
nosis and tumor spread (Marsh et al., 2011; Peltanova et al., 2019; 
Wheeler et al., 2014). Indirect coculture experiments using CAF CM 
showed that the HPV+ cell line was the most responsive. Notably, 
CAF CM#1 was also derived from an HPV+ tumor, while CAF CM 
#2 and #3 were isolated from HPV− tumors. A potential effect of 
HPV status on TGF-ß levels was also suggested by a recent study, 
which showed that TGF-β levels were higher in the serum and saliva 
of patients with HPV+ oropharyngeal tumors (OPSCC) compared to 
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HPV− OPSCC (Polz-Dacewicz et al.,  2016). Notably, this observa-
tion contrasts with a recent publication by Liu et al.  (2018), which 
showed that HPV− HNSCC cell lines responded stronger to TGF-ß 
stimulation than HPV+. However, our combined results indicate that 
TGF-β signaling also plays a significant role in HPV+ HNSCC.

Here, incubation of the HPV− cell line FaDu with CAF CM showed 
a minor increase in cell viability, and this could be abrogated by vac-
tosertib as expected. Interestingly, in SCC25, CAF CM showed no 
stimulatory effect. However, in combination with vactosertib, the 
metabolic activity significantly increased. A similar effect in SCC25 
was observed in an earlier study by our group, as mentioned above. 
Paradoxically, treatment of SCC25 with galunisertib showed an in-
crease in metabolic activity, while other neoplastic properties were 
inhibited (Jank et al., 2022). While we did not observe a similar effect 
for vactosertib treatment with the standard culture medium, this ef-
fect emerged in the CAF CM experiment. This observation might be 
explained by the difference in receptor specificity of both inhibitors. 
While galunisertib is highly selective to the TGFBR1, vactosertib 
also shows activity against ALK-5, another transmembrane receptor 
of the TGF-ß superfamily (Wang et al., 2020). Vactosertib treatment 
still led to a significant decrease in cell viability in a dose-dependent 
manner in all cell lines. These conflicting reports highlight that TGF-ß 
signaling is highly context-dependent, and many molecular mecha-
nisms that control cellular processes remain largely elusive (Zhang 
et al., 2017). Also, the data on the role of TGF-ß signaling in combi-
nation with HPV status is still unclear in HNSCC and needs further 
research. Lastly, migration was also increased after incubation with 
CAF CM as expected based on previous work (Kumar et al., 2015; 
Peltanova et al., 2019; Wheeler et al., 2014), and vactosertib treat-
ment abrogated this effect in all three cell lines.

There are five different limitations of this study that need to 
be discussed. First, TGFBR1 immunopathology analyses were per-
formed by a single scientist (BJJ), albeit fully blinded to the dataset. 
Second, only one HPV+ cell line was used in this study, and our find-
ings might not fully represent this disease entity. Third, the effect of 
CAFs on HNSCC cell lines was only observed in a one-way model 
via indirect coculture. However, a known interplay exists between 
HNSCC cells and CAFs (Wheeler et al., 2014). Fourth, cell death was 
analyzed using a trypan blue assay which does not specify the mech-
anism of cell death. Fifth, we did not evaluate the TGF-ß levels in 
CAF CM. Therefore, the observed differences cannot be attributed 
to this cytokine, although the stimulatory effect could be abrogated 
by a specific TGFBR1 inhibitor.

In this study, the comprehensive analysis of TGFBR1 expression 
in matched samples of HNSCC patients during disease progression 
and in vitro experiments revealed significant new findings on the 
potential of TGFBR1 as a drug target for radiosensitization. First, 
our data demonstrate distinct staining patterns of TGFBR1 expres-
sion between tumor cells and stromal cells, which bear significant 
prognostic value and might be useful as a predictive biomarker for 
TGFBR1-targeting agents. Second, vactosertib showed significant 
antineoplastic effects in all tested cell lines with a predominantly 
synergistic effect in combination with radiation, suggesting its 

potential as a radiosensitizer. Third, although HPV+ patients showed 
less frequent TGFBR1 expression, the HPV+ cell line significantly re-
sponded to TGBFR1 inhibition. Based on our findings, TGFBR1 is a 
promising candidate target for the radiosensitization of HNSCC and 
warrants further investigation to validate our results.
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