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Increasing evidence indicates that the heterogeneous tumor stroma supports therapy
resistance at multiple levels. Fibroblasts, particularly cancer-associated fibroblasts (CAFs)
are critical components of the tumor stroma. However, the impact of CAFs on the
outcome of radiotherapy (RT) is poorly understood. Here, we investigated if and how
fibroblasts/CAFs modulate the radiation response of malignant tumors by altering cancer
cell radiosensitivity or radioresistance in vitro and in vivo. The influence of fibroblasts
on cancer cell proliferation, cell death induction and long-term survival after RT was
studied using different sets of fibroblasts and cancer cells in an indirect co-culture
(2D) system to analyse potential paracrine interactions or a 3D model to study direct
interactions. Paracrine signals from embryonic NIH-3T3 fibroblasts promoted MPR31.4
prostate and Py8119 breast cancer cell proliferation. Indirect co-culture with 1929
skin fibroblasts induced higher levels of apoptosis in irradiated MPR31.4 cells, while
they promoted proliferation of irradiated Py8119 cells. In addition, NIH-3T3 fibroblasts
promoted long-term clonogenic survival of both tumor cell types upon irradiation in
the 3D co-culture system when compared to non-irradiated controls. Also in vivo,
co-implantation of cancer cells and fibroblasts resulted in different effects depending on
the respective cell combinations used: co-implantation of MPR31.4 cells with NIH-3T3
fibroblasts or of Py8119 cells with L929 fibroblasts led to increased tumor growth and
reduced radiation-induced tumor growth delay when compared to the respective tumors
without co-implanted fibroblasts. Taken together, the impact of fibroblasts on cancer
cell behavior and radiation sensitivity largely depended on the respective cell types
used as they either exerted a pro-tumorigenic and radioresistance-promoting effect, an
anti-tumorigenic effect, or no effect. We conclude that the plasticity of fibroblasts allows
for such a broad spectrum of activities by the same fibroblast and that this plasticity is at
least in part mediated by cancer cell-induced fibroblast activation toward CAFs.

Keywords: cancer-associated fibroblast, fibroblast, cancer therapy, radiation therapy, radiation resistance, tumor
stoma, tumor microenvironment
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INTRODUCTION

Genetic and cell-biology studies indicate that tumor growth is not
just determined by cancer cells themselves, but it is also suppoted
by the tumor’s stromal microenvironment (Pietras and Ostman,
2010). Apart from cancer cells, the tumor stroma comprises
fibroblasts, cells of the immune system, vascular endothelial
cells, pericytes and smooth muscle cells, mesenchymal cells
and adipocytes, as well as the extracellular matrix. Among
the stromal cells, the tumor-associated fibroblasts, also termed
cancer-associated fibroblasts (CAFs), have been identified as one
of the most active cell type (Kalluri and Zeisberg, 2006; Franco
et al., 2010; Leef and Thomas, 2013). These cells are found in
almost all solid cancers, but their relative abundance differs.
Breast, prostate, and pancreatic cancers contain high numbers
of CAFs, whereas brain, renal, and ovarian cancers bear a lower
fibroblastic content (Neesse et al., 2011; Smith et al., 2013).
Under physiological conditions, the stroma is an important
barrier to the malignant transformation of cells. However,
during neoplastic transformation the cellular components of
the tumor stroma become activated enlivening cancer cell
invasiveness, progression, and therapy resistance (Hanahan and
Weinberg, 2000; Hanahan and Robert Weinberg, 2011). As the
tumor evolves, continuous tumor-stroma-cell communication
synergistically supports and augments tumor growth by creating
a dynamic signaling exchange (Bissell and Radisky, 2001; Furuta
et al., 2011). Herein, transforming growth factor beta (TGEF-
B) and interleukin (IL)-1 beta signaling have been shown to
transform fibroblasts into activated myofibroblasts/ CAFs (Lewis
et al., 2004; Dudas et al, 2011). Cytokines including platelet-
derived growth factor (PDGF), IL-4, IL-6 or prostaglandin E
(PGE) have also been reported to induce fibroblast-to-CAF
differentiation (Hawinkels et al., 2014; Kaler et al., 2014). CAFs
in turn modulate the response of solid tumors to cancer therapy
(Duluc et al,, 2015; Zhang et al, 2015; Hesler et al., 2016).
The ability of cancer cells to evade programmed cell death is
at least in part derived from survival signals supplied by CAF
(Kalluri, 2016).

The majority of cancer patients receive combinations
of treatment including surgery, radiotherapy, chemotherapy,
immunotherapy, and/or targeted therapy with the ultimate goal
to achieve optimal tumor control and enhance survival of
cancer patients with limited impact on their quality of life (Ito
et al, 2011). Herein, radiotherapy (RT) is an essential part
of effective standard cancer treatment protocols: 50 to 60%
of patients receive radiotherapy in their treatment schedules
although radio-resistance still occurs. Over the past two decades,
the radiobiologists view changed and recognized that the
tumor microenvironment and particularly the stromal cell
compartment are of central importance for the radiotherapy
response and therapy outcome (Durand, 1994; Barcellos-Hoft
et al., 2005; Demaria et al., 2005). Own previous work revealed
that e.g., radiation resistance of prostate cancer cells can be
linked to the loss of the membrane protein caveolin-1 in
stromal fibroblasts (Klein et al, 2015; Panic et al., 2017;
Ketteler and Klein, 2018). These observations suggest that some
factors derived from stromal fibroblasts may be involved in

mediating radiation resistance, while being supposed tumor-
suppressive in the healthy situation. In addition, RT itself might
promote activation of fibroblasts in normal tissues and/or at
the tumor margins toward a CAF-like phenotype and thus
modulate the behavior of resident fibroblasts/CAFs for the
response to RT. However, the role of CAFs in the response
to radiotherapy is still largely unknown. The identification of
processes and involved pathways that drive stroma-mediated
resistance and more specifically the effects mediated by CAFs
at advanced tumor stages will help to develop of novel and
effective strategies to target therapy resistance and improve the
treatment outcome (Bonomi et al., 2015; Dauer et al., 2018).
For example, inactivation of CAFs via the inhibition of the
TGF-B signaling pathway was shown to promote regression of
pancreatic cancer (Dauer et al., 2018). The ability to target FAP
in the stroma of advanced or metastatic FAP-positive cancer
with repeated infusions of a humanized antibody (sibrotuzumab)
directed against FAP provided additional evidence to inhibit CAF
functions in the targeting and therapy of epithelial malignancies
(Scott et al., 2003; Jiang et al., 2016). In contrast, CAFs depletion
accelerated tumor growth and reduced survival in pancreatic
cancer pointing to tumor-suppressive effects of CAFs (Ozdemir
etal., 2014).

Thus, the role of CAFs in tumor growth and progression is still
controversial and their role in the radiotherapy response remains
to be explored. The central aim of this work was to investigate
how CAFs modulate the radiation response of tumors among
others by altering cancer cell proliferation, survival and radiation
response. We further investigated whether ionizing radiation
itself might enhance the growth- and resistance-promoting
properties of fibroblasts and respective CAFs. Therefore, we used
a systematic approach to determine and specify how fibroblasts
modulate the radiation response of tumor cells and if this
modulation can be linked to the fibroblasts/CAFs phenotype.

MATERIALS AND METHODS

Cells

The mouse prostate epithelial cell line MPR31.4 was a kind gift of
TC Thompson, Scott (Department of Urology, Baylor College of
Medicine, Houston, USA) (Thompson et al., 1993; Shaker et al.,
2000). The mouse breast cancer cell line Py8119, the skin and
embryonic fibroblasts cell lines 1929, NIH-3T3 were purchased
from ATCC (Manassas, VA, USA).

Mouse Tumor Model

C57BL/6 wild-type (WT) mice were bred and housed under
specific-pathogen-free conditions in the animal facilities
laboratory of the University Hospital Essen. Food and drinking
water were provided ad libitum. All protocols were approved by
the universities’ animal protection boards in conjunction with
the legal authority (LANUV Disseldorf) according to German
animal welfare regulations and by the Committee on the Ethics of
Animal Experiments of the responsible authorities [Landesamt
fir Natur, Umwelt und Verbraucherschutz (LANUV),
Regierungsprasidium  Disseldorf — Az.84-02.04.2014.A244;
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Az.84-02.04.2015.A586;  Az.81-02.04.2018.A158; Az. 81-
02.04.2018.A267]. Mouse xenograft tumors were generated by
subcutaneous injection of 0.25 x 10° or 0.125 x 10° cancer
cells (MPR31.4 or Py8119) either alone or mixed with 0.25 x
10° or 0.125 x 10° fibroblasts cells (NIH-3T3 or 1L929) into the
hind limb of mice (total volume 50 1) as previously described
(Panic et al., 2017). Up to 20 animals of each experimental group
received a single subcutaneous injection of 0.5 x 10° or 0.25 x
10° viable cells.

Tumor Irradiations

Mice were anesthetized with 2% isoflurane and irradiated in
0.8% isoflurane with either a single dose of 0 Gy (sham control
treatment) or with 10Gy £5% in 5mm tissue depth (~1.53
Gy/min, 300 kV, filter: 0.5 mm Cu, 10 mA, focus distance: 60 cm)
using a collimated beam with a XStrahl RS 320 cabinet irradiator
(XStrahl Limited, Camberly, Surrey, Great Britain) (Panic et al,,
2017). Mice were humanely sacrificed at indicated time points
with CO; inhalation and transcardial perfusion, and tumor tissue
was isolated for respective downstream analysis.

Preparation of Tumor for Paraffin Sections
Tumors were fixed overnight at 4°C in 4% PFA in PBS, pH
7.2 and placed in embedding cassettes. After, dehydration in
70% ethanol, PFA-fixed tumors were processed using automated
standard procedures and subsequently embedded in paraffin.
Five micrometer tissues sections obtained with Leica microtome
were mounted on coated microscope slides.

Immunohistochemistry and Histology
Paraffin-embedded tissue sections were hydrated using a
descending alcohol series, incubated for 10-20min in target
retrieval solution (Dako, Glostrup, Denmark) and incubated
with blocking solution (2% fetal calf serum/phosphate-buffered
saline). After permeabilization, sections were incubated with
primary antibodies over night at 4°C. Antigen was detected with
a peroxidase-conjugated secondary antibody (1/250) and DAB
staining (Dako). Nuclei were counterstained using hematoxylin.
Tumor sections were stained with hematoxylin and eosin and
Masson Goldner Trichrome (Carl Roth Karlsruhe) as previously
described (Klein et al., 2017; Panic et al., 2017).

Indirect (Transwell) Co-culture

Cancer cells were plated in 6 wells plates ensuring that after
72 h the cells were not over-confluent. Transwells were added on
the top of the cancer cells and fibroblasts were plated into each
transwell at the same cell concentration (ratio 14+1) or two times
more (ratio 1+2).

Irradiation of Cell Cultures

Radiation with indicated doses was performed using the Isovolt-
320-X-ray machine (Seifert-Pantak, East Haven, CT) at 320 kV,
10 mA with a 1.65-mm aluminum filter, and a distance of about
500 mm to the object being irradiated (Klein et al., 2015). The
effective photon energy was about 90 kV, and the dose rate about
3 Gy/min.

Cell Viability Assay

The number of living cells was determined upon staining of the
cells with the vital dye trypan blue. For this, cells were harvested
with Trypsin-EDTA, re-suspended in fresh medium, diluted with
trypan blue, and counted employing a Neubauer chamber.

Flow Cytometry Analysis

For quantification of apoptotic DNA-fragmentation (sub-G1
population), cells were incubated for 15-30 min with a staining
solution containing 0.1% (w/v) sodium citrate, 50 ng/ml PI, and
0.05% (v/v) Triton X-100 (v/v) and subsequently analyzed by
flow cytometry (FACS Calibur, Becton Dickinson, Heidelberg,
Germany; FL-2) (Klein et al., 2015; Panic et al., 2017).

2D Colony Formation Assay

Clonogenic cell survival was tested in response to ionizing
radiation with radiation doses between 0 Gy (control) and 10 Gy.
Cancer cells were seeded in 6-well plates and fibroblasts in
transwell chambers. Cells were irradiated 24h after seeding
(5, 7.5, 10 Gy) and further incubated under standard culturing
conditions. Plates were incubated for a total of 7 days to allow
growth of single colonies. For determination of colony formation
cells were fixed in 3.7% formaldehyde and 70% ethanol, stained
with 0.05% Coomassie Brillant blue. Colonies of at least 50 cells
were counted.

Generation of Labeled Cells

Transfection mixtures containing plasmid pEGFP-N1 (Addgene)
or pTagRFP-N (Evrogen) and lipofectamine in OptiMEM were
incubated 1h at 37°C on MPR31.4, Py8119 and NIH-3T3 cells.
Then, the cells were sorted by flow cytometry and selected with
G418 antibiotics.

3D Colony Formation Assay

Measurement of 3D cell survival was accomplished as reported
before. In brief, single cancer cells alone or with fibroblasts
were co-plated into a mixture of 1 mg/ml high concentration
extracellular matrix (Corning® Matrigel® Basement Membrane
Matrix High Concentration (HC), *LDEV-free, Product Number
354248) in 96-well plates. The cells were irradiated (3, 6, 9 Gy)
24 h after seeding and colonies (>50 cells) were microscopically
counted 7 days after IR (2.5 magnification). In addition, colonies
picture were taken by fluorescence microscopy (RFP, GFP) at 10-
fold magnifications to determine the composition of the colonies
(Eke et al., 2015).

Real-Time Reverse Transcription PCR
(GRT-PCR)

RNA was isolated using RNeasy Mini Kit (74106, Qiagen,
Hilden, Germany) according to the manufacturer’s instruction
and as previously described (Panic et al., 2017; Ketteler et al,
2019). Expression levels were normalized to the reference gene
(B-actin; set as 1) and were shown as relative quantification.
Specific primers were designed using Primer 3 (http://bioinfo.
ut.ee/primer3-0.4.0/) based on available NCBI nucleotide
CDS sequences and all primers used were intron-spanning.
qRT-PCR was carried out using specific oligonucleotide
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primers (s sense, as antisense; list primers like pdgfrps CCTG
TGCAGTTGCCTTACGA,  pdgfrfas  TCTCGCTACTTC
TGGCTGTC, ng2/Cspgds GCTGTGCGTCGTTTGAGTTT,
ng2/Cspgdas CAACAAACAGCCCATCTGCC, a-sma/Acta2s
ACGGCCGCCTCCTCTTCCTC, a-sma/Acta2as GCCCAGCT
TCGTCGTATTCC, tgffls GAACCAAGGAGACGGAATA
CAG, tgfflas AACCCAGGTCCTTCCTAAAGTC, snai-1s
TCAACTGCAAATATTGTAACAAGGA,  snai-las  CTGG
CACTGGTATCTCTTCACA,  snai-2s  TCCTTCCTGGTC
AAGAAACATT, snai-2as TGTGATCCTTGGATGAAGT
GTC, B-actins CCAGAGCAAGAGAGGTATCC and B-actinas
CTGTGGTGGTGAAGCTGTAG as previously described
(Panic et al., 2017).

Statistical Analysis

If not otherwise indicated, data were obtained from 3
independent experiments with at least 2-3 mice each. Total mice
numbers were stated in the figure legends. Statistical significance
was evaluated by 1- or 2-way ANOVA followed by Tukey’s or
Bonferroni multiple comparisons post-hoc test and set at the level
of P < 0.05. Data analysis was performed with Prism 5.0 software
(GraphPad, La Jolla, California).

RESULTS

Fibroblasts Differentially Affect Cancer Cell
Proliferation, Short-Term, and Long-Term

Survival in Indirect Co-culture
In order to investigate how fibroblasts and respective CAFs
modulate the radiation response of cancer cells, different types
of fibroblasts were first investigated in vitro in an indirect co-
culture with different cancer cells (Figures 1-4). Cancer cells
from diverse tissue origins were selected with regard to the
knowledge that breast and prostate tumors are known to contain
a high number of CAFs. Therefore, the respective cancer cells
(MPR31.4, Py8119, B16F10 and TrampCl) were co-cultured
indirectly with fibroblasts (L929 and NIH-3T3) using transwell
chamber culture dishes (ratio 141) allowing only the exchange of
soluble factors. Cancer cell proliferation, total cell numbers and
apoptosis were determined 72 h after treatment with 0 or 10 Gy.
The data of these investigations are depicted in Figures 1-4.
Differential effects of the same fibroblast on different
cancer cells were observed (summarized in Table 1). Some of
the cancer cells investigated were sensitive to proliferation-
promoting effects of soluble factors of specific fibroblasts. These
include MPR31.4 (L929; NIH-3T3; Figures 1B,F) and Py8119
(L929; Figure2B). In contrast the following cells revealed
reduced proliferation in the presence of indirect co-culture with
fibroblasts: Py8119 (NIH-3T3; Figure 2F) and B16F10 (NIH-
3T3; Figure 3F). Surprisingly, untreated MPR31.4 and B16F10
cells showed increased levels of total cell death when indirectly
co-cultured with 1929 cells or NIH3T3 fibroblasts, respectively
(Figures 1C, 2C,G, 3G; Table 1) suggesting sensitivity to cell
death induced by factors released from the fibroblasts. In
MPR31.4 cells (L929; Figure1D) and B16F10 cells (NIH-
3T3; Figure 3H) this was associated with increased apoptosis

levels (Table 1). Furthermore, heterogeneity in the influence of
soluble factors from fibroblasts on the irradiated cancer cells
proliferation and survival were also observed. After radiation,
indirect co-culture with L929 cells increased total cell death
(by trend) and apoptosis of MPR31.4 cells (Figures 1C,D) as
well as indirect co-culture of NIH-3T3 cells increased total cell
death and apoptosis of B16F10 cells (Figures 3G,H). However,
indirect co-culture of NIH-3T3 cells with MPR31.4 and 1929
cells with Py8119 had opposite effects (Figures 1G,H, 2C,D). Of
note, no impact of the fibroblasts was observed for TrampCl ells
(Figure 4).

Thus, the presented results strongly suggest that the impact of
fibroblasts on the tumor cell radiation response largely depends
on the fibroblast-tumor cell combination. Fibroblast exerted
either tumor-suppressing, tumor-promoting, radiation response-
modulating effects or no effect.

Next, the indirect co-culture system was used to study
the relevance of the above findings for radiosensitivity and
determined by long-term survival of MPR31.4, Py8119, and
B16F10 cells using standard 2D colony formation assay (CFA;
0 to 10Gy). In contrast to the results from the short-
term investigations co-culture with 1929 fibroblasts or NIH-
3T3 fibroblasts did not significantly alter long-term survival
of MPR31.4 (Figures5A,C) or BI6F10 cells, respectively,
(Supplementary Figures 1A-D). Moreover, despite differential
effects on short-term survival of irradiated Py8119 cells the
presence of NIH-3T3 or L929 fibroblasts significantly enhanced
the long-term survival of Py8119 cancer cells (Figure 5D-F).
This is exemplarily shown in detail for the survival fractions at
7.5Gy (Figure 5E). No significant differences were observed in
the cells plating efficiencies (data not shown).

Fibroblasts Alter the Long-Term Survival of
Prostate and Breast Cancer Cells in 3D

Direct Co-culture

Earlier work revealed that fibroblasts/CAFs communicate with
cancer cells by paracrine signal via small molecules like cytokines
but also by direct cell-to-cell interaction (Alkasalias et al,
2018).To extend the effects observed in indirect co-culture, the
direct interactions between stromal fibroblasts and cancer cells
were investigated in addition using a 3D co-culture system.
Specifically, we wanted to confirm the resistance-promoting
action of NIH-3T3 (in combination with MPR31.4 cells) as
well as L929 fibroblasts (with Py8119). To allow discrimination
of cancer cells and fibroblasts in these co-cultures MPR31.4
and Py8119 cancer cells were transfected with a pEGF-N1
vector encoding GFP, whereas NIH-3T3 fibroblasts were labeled
with a pTagRFP-N vector encoding RFP. Flow cytometry-
sorted fluorescence-positive and antibiotics selected cells were
then used.

MPR31.4 and Py8119 GFP-tagged cells were then cultured
alone or in presence of NIH-3T3-RFP fibroblasts (ratio
14+1) in a self-established 3D Matrigel co-culture system
(Figures 5G-M). Colonies were observed by bright field and
fluorescence microscopy 7 days after XRT (Figures 5I,L,M).
Formed colonies were quantified and cancer cell clonogenic
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FIGURE 1 | NIH-3T3 embryonic fibroblasts increased proliferation and reduced radiation-induced cell death of MPR31.4 prostate cancer cells when L929 skin
fibroblasts increased radiation-induced MPR31.4 cell death. MPR31.4 cancer cells were cultured alone or together with stromal fibroblasts (in indirect co-culture) for
24 h prior to irradiation with 0 or 10 Gy (ratio 1+1, A-E). After 48 and 72 h, total cell numbers as well as dead cells were counted by trypan blue (B-F, C-G). p <
0.05, *p < 0.01, **p < 0.005, ***p < 0.001 analyzed by two-way ANOVA test followed by Tukey'’s test, compared cancer cells with fibroblasts to cancer cells
cultured alone from three independent experiments (means + SD). “ns” present for no significant, #p < 0.05, ##p < 0.01, and ###p < 0.5 analyzed by two-way
ANOVA test followed by Tukey’s test, compared 72-48 h. SubG1 fractions were measured by Nicoletti staining, 72 h after irradiation (D-H). *p < 0.05 and *p < 0.01
analyzed by one-way ANOVA test followed by Tukey'’s test from three independent experiments (means + SD).

survival was calculated (Figures 5G,H,],K). Co-culture with
NIH-3T3 fibroblasts enhanced the clonogenic survival of
MPR31.4 and Py8119 cells upon radiation as compared to
cancer cells alone. Cell plating efficiency was calculating for
all conditions and revealed that NIH-3T3 cells enhanced the
MPR31.4-related formation of colonies as compared to MPR31.4
cultured alone (Supplementary Figure 1E). When co-cultured
with NIH-3T3 fibroblasts, the survival fraction of Py8119 cancer
cells increased, which indicates an increase of radiation resistance
of Py8119 cancer cells. Of note, NIH-3T3 did not influence
Py8119 formation of colonies compared to Py8119 cultured alone
(Supplementary Figure 1F). To exclude colonies composed only
of fibroblasts in the co-cultures, the composition of the colonies
was evaluated by fluorescence microscopy (Figure 5M). In the
direct co-culture conditions, colonies were composed either of
a mixture of cancer cells and fibroblasts (GFP and RFP signal)
or only of cancer cells (GFP). Colonies composed only of
fibroblasts (RFP) were not found. Of note, fibroblasts cultured
alone (Figure 5M, middle column) did not form regular colonies.

As L1929 fibroblasts strongly clustered upon 3D culturing
(even when using reduced cell numbers), the effect of 1929
on cancer cells colony formation in direct co-culture could not
be investigated. In summary, the direct interaction of NIH-
3T3 fibroblasts with MPR31.4 prostate or Py8119 breast cancer
cells promoted the long-term survival of the irradiated cancer
cells in 3D co-culture in vitro. Conclusively, the resistance-
promoting action of NIH-3T3 fibroblasts observed upon indirect

co-culture was confirmed upon direct 3D co-culture. In contrast
to the observed findings for the quite resistant Py8119 cells upon
indirect-co-culturing with NIH-3T3 fibroblasts (no effect), we
observed a resistance-promoting action of NIH-3T3 fibroblasts
upon direct 3D co-culture.

Induction of CAF Marker Proteins in
Fibroblasts by Cancer Cells and lonizing

Radiation

In order to investigate if radiation itself and/or respective cancer
cells were able to activate fibroblasts into a pro-tumorigenic
CAF phenotype, we quantified typical CAFs markers (a-SMA,
PDGFR-B, and NG2) in mRNA isolates of NIH-3T3 and
1929 fibroblasts after the indirect co-culture with cancer cells
with or without radiation treatment using quantitative Real
Time RT-PCR (qRT-PCR) (Figure 6). Radiation alone was not
sufficient to induce a CAF phenotype in L929 and NIH-3T3
fibroblasts (Figures 6A-C). Radiation induced a decrease of
PDGEFR-p of approximately 1.5-fold and no change of a-SMA
and NG2 in L929 fibroblasts. Instead, radiation induced an
increase of a-SMA expression by about 7-fold in NIH-3T3
fibroblasts when compared to non-irradiated controls, whereas
NG2 and PDGFR- expression was not significantly changed.
Thus, radiation alone induced a variable change in the fibroblast
phenotype of in vitro cultured fibroblasts, at least in the indicated
time frame.
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Next, the effect of the cancer cells on the fibroblast’s phenotype
was analyzed (Figures 6D-F). MPR31.4 induced a decrease in
PDGFR-B expression by about 1.5-fold, an increase in NG2 of
about 5-fold and did not affect the expression of a-SMA in
1929 when compared to L929 cultured alone. In contrast to our
expectations, Py8119 did not influence a-SMA and NG2 levels in
1929 despite PDGFR-f expression was increased by about 5-fold.
Moreover, MPR31.4 did not influence PDGFR-B and NG2 levels
in NIH-3T3 although it increased a-SMA expression levels by
about 3.5-fold in NIH-3T3 cells. Furthermore, Py8119 induced
a decrease in a-SMA expression by about 10-fold and in NG2
expression by about 7-fold and did not change the expression of
PDGFR- in NIH-3T3. Therefore, cancer cells were able to affect
the fibroblast phenotype in indirect co-culture.

Finally, the effect of the cancer cells on the fibroblasts’
phenotype after radiation was determined (Figures 6G-I).
MPR31.4 did not influence a-SMA, PDGFR-f and NG2 levels
in NIH-3T3 fibroblasts after IR. In L929 fibroblasts, after IR,
MPR31.4 induced an increase of NG2 about 3.5-fold, a decrease
of PDGFR-B (~1.5-fold) and did not influence a-SMA levels.
Furthermore, Py8119 induced a significant decrease in a-SMA
expression and in NG2 expression and increase the expression
of PDGFR-f in NIH-3T3. In L929, Py8119 did not significantly
influence a-SMA, PDGFR-B and NG2 levels after IR.

In conclusion, fibroblasts co-cultured indirectly with cancer
cells did not undergo a significant up-regulation of known CAFs

markers. This might indicate that an indirect co-culture with
cancer cells is not sufficient to induce a CAF-like phenotype.

NIH-3T3 Fibroblasts Induce Radiation
Resistance of MPR31.4 Prostate Xenograft
Tumors, While L929 Fibroblasts Fosters
Radiation Resistance of Py8119 Breast

Xenograft Tumors

To investigate a potential relevance of the in vitro findings
in vivo, MPR31.4 prostate or Py8119 breast cancer cells were
implanted subcutaneously either alone or in combination with
stromal L929 or NIH-3T3 fibroblasts (ratio 14+1) onto immune
competent C57BL/6 mice; both combinations which were
shown to result in increased radio-resistance. Tumor growth
and growth retardation upon radiation were determined by
measuring tumor size every day (Figure 7). Co-implantation
of MPR31.4 prostate cancer cells with NIH-3T3 as well as co-
implantation of Py8119 prostate cancer cells with L929 led
to increased tumor growth and significantly reduced tumor
growth delay after IR when compared to tumors generated
by cancer cells alone (Figures 7A,B,G,H). Tumors generated
by co-implantation of MPR31.4 with NIH-3T3 cells showed a
growth delay of only 1.57 days after receiving IR compared to
the tumor generated with MPR31.4 alone which had a growth
delay of 3.65 days after radiation. Moreover, the combination of
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FIGURE 3 | Fibroblasts didn't proliferation of B16F10 melanoma cancer cells after radiation when NIH-3T3 embryonic fibroblasts increased radiation-induced B16F10
cell death, 929 skin fibroblasts had no impact on it. B16F10 cancer cells were cultured alone or together with stromal fibroblasts (in indirect co-culture) for 24 h prior
to irradiation with O or 10 Gy (ratio 1+1, A=E). After 48 and 72 h, total cell numbers as well as dead cells were counted by trypan blue (B-F, C-G). “*p < 0.01, *p <
0.005, **p < 0.001 analyzed by two-way ANOVA test followed by Tukey’s test, compared cancer cells with fibroblasts to cancer cells cultured alone from three
independent experiments (means + SD). “ns” present for no significant, #p < 0.05, ###p < 0.005, ####p < 0.001 analyzed by two-way ANOVA test followed
by Tukey’s test, compared 72-48 h. SubG1 fractions were measured by Nicoletti staining, 72 h after irradiation (D-H). ***p < 0.005 and ****p < 0.001 analyzed by
one-way ANOVA test followed by Tukey'’s test from three independent experiments (means =+ SD).

Py8119 cancer cells and 1929 fibroblasts led to a reduction in
radiation-induced tumor growth delay of 2.94 days compared
to a radiation-induced growth delay of tumors generated from
Py8119 cells alone by 6.03 days (Figure 7H). However, co-
implantation of MPR31.4 cells together with 1L929 cells as well
as co-implantation of Py8119 prostate cancer cells with NIH-
3T3 stromal fibroblasts had no impact on the tumor radiation
response as compared to respective tumor cells implanted
alone (Figures 7C-F).

Isolated ~ tumors  were  further  subjected  for
immunohistochemistry (Figure 8). Irradiated MPR31.4 tumors
co-implanted with NIH-3T3 fibroblasts (Figure 8A) and
Py8119 tumors co-implanted with L929 fibroblasts (Figure 8B)
were more reactive for the proliferating cell nuclear antigen
(PCNA) than respective tumors generated by MPR31.4 and
Py8119 alone. This indicates that these fibroblasts might
promote MPR31.4 or Py8119 tumor cell proliferation after
radiation in vivo. In addition, tissue morphology and the
composition of the tumors were evaluated by trichrome
(TC) and Hematoxylin and Eosin (H&E) staining. Tumors
generated after co-implantation of MPR31.4 cells with NIH-3T3
fibroblasts and Py8119 cells with L929 fibroblasts showed a
pronounced increased in the connective tissue compartment,
as visualized by the increased green-stained connective tissue
areas compared to the tumors generated with cancer cells alone
(Figures 8A,B). Furthermore, expression levels of the major
CAF marker a-SMA showed highly increased immunoreactivity

in fibroblast/CAF raised tumors after radiation as compared to
the irradiated tumors raised from respective tumor cells alone
(Figures 8A,B).

These results suggest that activated pro-tumorigenic CAFs
might contribute to increased radioresistance of tumors. The
more radioresistant MPR31.4 prostate tumors raised from
co-implantation with NIH-3T3 fibroblasts as well as the Py8119
tumors raised from co-implantation with 1929 fibroblasts
contained a more reactive fibroblastic stroma and presumably
more activated fibroblasts, in particular radioresistance-
promoting CAFs after radiation whereas MPR31.4 and Py8119
might contain less activated stroma.

DISCUSSION

So far, the relevance of fibroblasts and CAFs for tumor
progression and/or therapy resistance remained controversial.
Here we used an unbiased approach to gain more insight if
and how similar fibroblasts alter tumor progression as well as
the radiation response of cells from different tumor entities.
We identified two fibroblast-tumor cell combinations where
fibroblasts promoted the long-term survival of the irradiated
cancer cells in 2D and 3D co-culture in vitro as well as in vivo.
The indirect and direct interaction of NIH-3T3 fibroblasts with
MPR31.4 prostate cancer cells as well as of L929 fibroblasts with
Py8119 breast cancer cells resulted an increased resistance of
the cancer cells to radiation treatment. On the contrary, L929
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FIGURE 4 | Fibroblasts didn’t influence TrampC1 prostate cancer cells proliferation and radiation-induced cell death. TrampC1 cancer cells were cultured alone or
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dead cells were counted by trypan blue (B-F, C-G). SubG1 fractions were measured by Nicoletti staining, 72 h after irradiation (D-H).

TABLE 1 | Multiple effects of fibroblasts on the radiation response of tumor cells.

Cancer cells Fibroblasts Indirect co-culture Effect
Short-term Long-term
Proliferation Cell death CFA
0 Gy 10 Gy 0 Gy 10 Gy
MPR31.4 NIH-3T3 Ve - - N (trend) 7 Tumor promoting
MPR31.4 L929 J - J /! - Tumor suppressing
Py8119 NIH-3T3 \ V - - yd Controversial /No effect
Py8119 L929 Vi / - N\ S Tumor promoting
B16F10 NIH-3T3 o - Vd v - Tumor suppressing
B16F10 1929 - - - - V4 No effect
TrampC1 NIH-3T3 - - - - n.d No effect
TrampC1 1929 - - - - n.d No effect

NIH-3T3 fibroblasts induced a radio-sensitizing effect on B16F10 melanoma cells, while promoting radio-resistance on MPR31.4 prostate carcinoma cells. L929 fibroblasts induced on
MPR31.4 cells a radio-sensitizing effect, while promoting radio-resistance of Py8119 breast cancer cells. Minus (-) stands for “no effect”. n.d. not determined.

fibroblasts in combination with MPR31.4 cells and NIH-3T3  type, the culture conditions (direct/indirect co-culture) and

fibroblasts with Py8119 cancer cells did not exert either a pro-  the respective endpoint (short-term vs. long-term; in vitro vs.
tumorigenic or radioresistance-promoting effect. These findings  in vivo).
demonstrate that the same fibroblast exerted either a tumor- and Fibroblasts have been used as feeder cells in radiation biology

radioresistance-promoting effect, a tumor-suppressing effect or  to support the growth of target cells, particularly at low or clonal
no effect (Figure 9) and point to complex bi-directional direct  densities, by releasing growth factors to condition the medium
and indirect interactions between cancer cells and fibroblasts  (Puck and Marcus, 1955; Llames et al., 2015). This of course
with impact on tumor growth and therapy outcome. We thus  demonstrates the fibroblasts’ growth and survival promoting
conclude that the impact of fibroblasts on tumor cells radiation  effects. However, our findings go beyond this observation
response largely depends on the fibroblast and tumor cell —and support the current assumption that presence of adjacent
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FIGURE 6 | Fibroblasts did not express a CAFs-like phenotype 72 h after radiation in indirect co-culture with cancer cells. L929 or NIH-3T3 stromal fibroblasts alone
(A-C) or together with MPR31.4 or Py8119 cancer cells [transwell, (ratio 1+1)] were cultured 24 h prior irradiation with O (D-F) or 10Gy (G-1). After 72 h, gRT-PCR
analysis of the CAFs markers a-SMA (Acta2), PDGFR-B and NG2 were performed in total RNA isolates of cultured fibroblasts. Respective expression levels were
normalized to B-actin (set at 1). Shown are mean values + SEM from 3 independent samples per group measured each in triplicate each. “ns” present for no
significant and *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 analyzed by one-way ANOVA test followed by Tukey'’s test.
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FIGURE 7 | Stromal L929 fibroblasts and NIH-3T3 fibroblasts, respectively induced radio-resistance of breast and prostate tumors. MPR31.4 prostate (A-D) and
Py8119 breast (E-H) cancer cells alone or together with NIH-3T3 embryonic (A,B,E,F) L929 skin (C,D,G,H), or fibroblasts [ratio of (1+1)] were subcutaneously
co-implanted onto the hint leg of C57BL/6 mice. When tumor volumes of 100 mm? were reached, one group received a single radiation dose of 10 Gy to the tumor.
The tumor volume was determined at indicated time points (left diagram). Data were represented as mean + SEM from 2 to 3 independent experiments (in total 10-27
mice). Tumor growth and respective tumor growth delay were determined as time (days) until the 4-6-fold volume was reached (right diagram). “o < 0.05,

***p < 0.001, ***p < 0.0001 by one-way ANOVA followed by Tukey’s test.

tumor cells modulates fibroblast function (Madar et al., 2013).  cells in indirect co-culture in vitro as well as on cancer
Interestingly positive and negative effects of specific fibroblasts  cell survival upon irradiation could be observed. Instead
on proliferation, and survival of certain non-irradiated cancer  only radiation-resistance promoting effects were observed in
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isolated and subjected for PCNA, a-SMA IHC, Masson Goldner trichrome and HE stains. Representatives’ pictures were shown from 2 to 3 experiments (5 mice total).
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0Gy
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long-term survival assays, which might be related to the
cancer cells potential to activate and or transform fibroblasts
toward CAFs. At the early stage, fibroblasts can prevent
cancer progression by specialized intercellular connections (GAP
junction) between themselves (Martin et al., 1991; Klein, 2014).
Fibroblast-fibroblast connections can physically prevent cancer
progression by three-dimensional networking and thus affecting
ECM stability as well as by paracrine signaling, e.g., secretion
of tumor necrosis factor a (TNFa) and IL-6 (Alkasalias et al.,
2018). At later stages however, cancer cells reprogram and
activate these cells toward CAFs and thereby hijack the normal
fibroblast function in support of their growth e.g., by regulating
the expression of a-SMA which is an important constituent

of CAFs (Desmouliére et al., 1993; Kojima et al., 2010). CAFs
in turn were shown to induce cancer progression as well as
resistance to cancer therapies through secretion of proteins,
exosomes, and ECM remodeling factors (Son et al, 2017).
Finally the interactions between fibroblast/ CAFs and cancer
cells were characterized as bi-directional that promote tumor
growth, cancer invasion, metastasis, and therapy resistance
(De Wever et al., 2014; Alexander and Cukierman, 2016).

Thus, the tumor progression and therapy resistance-
modulating activity of fibroblasts may depend on the potential of
tumor cells and/or recruited immune cells to activate fibroblasts
toward a CAF phenotype (Kuzet and Gaggioli, 2016). In
addition, damage from radiation treatment leads to effects
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FIGURE 9 | Dual role of CAFs on radiation response of solid tumor: another
polarized cell type of the tumor microenvironment. CAFs 1 and 2 mark the end
of the polarization spectrum represents distinct cellular lineage associated with
different markers and opposing activities in the tumor. CAFs1 (in red) showed
promotion of tumor growth and radiation resistance. When CAFs2 another
type of CAFs, induced tumor-suppressive effect.

on numerous cell types within the tumor stroma. Precisely,
radiation can lead to a quick, total and persistent activation of
the TME (Barcellos-Hoff, 1998). Many cytokines are induced
by IR (e.g., epidermal growth factor Dent et al., 2003 and
pro-inflammatory cytokines McBride et al., 2004) and it has been
shown that exposure of fibroblasts to growth factors (TGF-f,
PDGF), cytokines (e.g., IL-1, IL-6) and ROS or a rigid matrix
can induce a CAF phenotype (Giannoni et al, 2011; Calvo
et al,, 2013). CAF activation (illustrated by a strong o-SMA
expression in the tumor) following radiation leads to secretion
of altered growth factors and to the release of numerous ECM
modulators (Barcellos-Hoff et al., 2005). Example irradiated
lung and pancreatic CAFs have been reported to show changes
in secretory signal with consequence for tumor growth and
invasion (Milas et al., 1988; Hellevik et al., 2013). Hellevick et al.
showed that CAFs isolated from lung tumors and exposed to IR
result in downregulation of angiogenic molecules and secretions
such as stromal cell-derived factor-1 (SDF-1), angiopoietin, and
thrombospondin-2 and in up- regulation of basic fibroblast
growth factor (FGF) release. It was also shown that breast cancer
cell grown in association with chronic irradiated fibroblasts in a
three dimensional co-culture increased the malignant behavior
and disease progression (Rudolph-Owen et al., 1998). The high
abundance of CAFs, leukocytes and endothelial cells in rectal
tumor was shown to predict RT resistance (Isella et al., 2015).
However, the reported pronounced plasticity of fibroblasts as
well as the existence of various known and not unique expressed
CAF markers make it hard to define and detect a “specific”
phenotype. CAFs share several markers with other stromal
cells, such as epithelial cells, endothelial cells, muscle cells, and
mesenchymal stem cells (Kalluri and Zeisberg, 2006; Sugimoto

et al., 2006). Thus, the identification and characterization of a
CAF phenotype remains challenging and we can only report
which markers are expressed in a given suggested CAF in
a specific experimental system. Due to the lack of reliable
and specific molecular fibroblast markers, detection of CAFs
within the tumor requires combination of several markers.
CAFs produce mesenchyme-specific proteins, illustrating their
activation state, such as fibroblast activated protein (FAP),
FSP-1, (also known as S100A4), vimentin and «-SMA, all
typical markers for myofibroblasts (Sugimoto et al., 2006). CAF
also express receptors such as PDGFRP that are involved in
autocrine signaling loops. CAFs generate in addition a variety
of matrix-components and matrix-remodeling enzymes such
as the chondroitin sulfate proteoglycan NG2, tenascin C (TN-
C), and fibronectin (Augsten, 2014). Moreover, those markers
are differently expressed from one CAFs to another (e.g., from
different tissue) which indicates the existence of several sub-
populations of CAFs, which are able to exert distinct tumorigenic
effects (Sugimoto et al., 2006). Sugimoto et al. described different
CAFs-subtypes based on the expression analysis of FSP-1,
PDGRP, NG2 and a-SMA in pancreatic and breast cancer
mouse models (Sugimoto et al., 2006). This study revealed that
one CAFs-subtype expressed a-SMA, PDGRf, and NG2, while
another expressed FSP-1. However, it is not clear how many CAF
subtypes in a certain cancer entity exist.

In the present study, it was decided to characterize the
different CAFs depending of their action on the tumor radiation
response. NIH-3T3 fibroblasts that induced MPR31.4 prostate
tumor radioresistance and L1929 fibroblasts which induced
Py8119 breast tumors radioresistance were expressing different
CAF markers profiles than 1929 fibroblasts, when co-cultured
with MPR31.4 prostate cancer cells (inhibitory action) or
NIH-3T3 fibroblasts which had no impact on Py8119 breast
cancer cells and tumors. However, a clear and specific CAF
phenotype was not induced in the different fibroblasts in vitro.
However, tumors raised from MPR31.4 tumor cells with NIH-
3T3 fibroblasts and tumors from Py8119 tumor cells with 1929
fibroblasts, contained more reactive stroma and activated pro-
tumorigenic CAFs after radiation than tumors generated from
MPR31.4 and Py8119 tumor cells alone. These activated pro-
tumorigenic CAFs might contribute to increased radio-resistance
of the tumors. Thus, the hitherto established CAFs markers
showed very variable expression levels in the different CAF
entities, which strongly indicates the needs for the identification
of additional phenotype markers between the different fibroblasts
and respective CAFs. In line with our observations, CAFs
are generally defined by their association with cancer cells
within a tumor, because the well-known candidate markers for
CAFs differ in their relative expression, abundance, and distinct
overlapping expression patterns in different tissue types because
the tumor cells seem to activate the fibroblasts differentially
(Kalluri, 2016; LeBleu and Kalluri, 2018). In addition, the
difference between a CAF and a normal fibroblast in the tumor
microenvironment can be considered as functional, rather than
defined by the specific expression of a certain biological marker
(Nurmik et al., 2019).

CAF heterogeneity as revealed by their variable phenotype
and differential functionality might be also related to their
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origin. Resident fibroblasts were often admitted as the main
source of CAFs, as their low proliferative capacity challenged
the model of local fibroblast activation as unique CAF source
(Kojima et al., 2010). However, the precise origin of CAFs
remains elusive. CAFs were shown to be derived from different
precursor cells: In addition to the expansion of resident, hitherto
quiescent fibroblasts when cancer arises (LeBleu and Kalluri,
2018), CAFs were shown to be recruited from other sources,
e.g., the bone marrow, as bone marrow-derived mesenchymal
and hematopoietic stem cells could differentiate into CAFs (Hinz
et al,, 2007; LeBleu et al., 2013; Madar et al., 2013). Fibrocytes
from the bone marrow can also be recruited and differentiate
into myofibroblasts (Gomperts and Strieter, 2007; Moore and
Kolb, 2014). Additionally, CAFs might derive from other stromal
cells as a result of trans-differentiation of pericytes, endothelial
(Zeisberg et al., 2007), or adipocytes (Xiong et al., 2015). Likewise,
epithelial cells can adopt a fibroblasts-like phenotype by a
epithelial-mesenchymal transition (EMT) (Iwano et al., 2002).
However, due to the absence of unique fibroblast/CAF markers,
the precise identification of their biological origin remains a
major challenge (Ziani et al., 2018).

In general normal fibroblasts as well as CAF have stable
karyotype and a lack of genetic alterations (Qiu et al., 2008;
Walter et al., 2008; Hosein et al., 2010; Ohlund et al., 2014). Thus,
these cells are genetically stable and do not cause cancer, but in
tumors it is clear that CAFs affect tumor progression and the
response to applied cancer therapy. CAFs-derived signals (e.g.,
MMPs) were herein shown to promote the adoption of a cancer
stem cell phenotype via EMT induction, which in turn leads
to more cancer aggressiveness (Giannoni et al., 2010; Fiaschi
et al, 2013), and thus might be one tumor radio-resistance
mechanism taking place. However, in our indirect co-culture
system, only L929 fibroblasts induced an EMT phenotype in
MPR31.4 and Py8119 cancer cells after radiation. Whereas,
NIH-3T3 fibroblasts showed to induce radiation resistance of
MPR31.4, it did not induce EMT in MPR31.4 after radiation.
In addition, L929 fibroblasts had no influence on the radiation
response of MPR31.4, however it induced EMT in MPR31.4%
(Supplementary Figure 2). Therefore, the differential impact of
fibroblasts on the cancer cell radiation response could not be
related to cancer cells EMT induction.

Pro-tumorigenic CAFs however can secrete a variety of pro-
inflammatory factors (Erez et al, 2010, 2013) leading to the
recruitment and promotion of immunosuppressive (Mace et al.,
2013) and tumor promoting immune cells (Comito et al., 2014)
which then contribute to a tumor permissive environment.
Tumor progression requires the cancer cells to develop resistance
to immune attack. Thus, immune cells might play a role in
the CAFs-induced tumor radio-resistance phenotype. A first
look at the potential role of immune cell infiltration using
immunohistochemistry and CD45-immunoreactivity of tumor
sections generated by co-implantation of the radioresistant
MPR31.4 cells with NIH-3T3 fibroblasts and Py8119 cells
with 1929 fibroblasts combinations was performed. After IR
there were more CD45+ cells detectable in tissue-specimen
as compared to respective unirradiated tumors and tumors
generated from cancer cells alone (Supplementary Figure 3).
Thus, there is already an indication that immune infiltration

induced by radiation and CAFs may play a role in the tumor
radiation response. Comito et al. could already show that
CAFs support the differentiation of macrophages into tumor-
promoting TAM-2 in prostate tumors (Comito et al.,, 2014).
Here CAFs were shown to contribute to the recruitment of
immunosuppressive and tumor promoting immune cells in
the prostate and breast tumors after radiation, which in turn
could contribute to the protection of the tumor from radiation.
However, a detailed analysis of the CAFs potential to affect and
recruit immune cells as well as the analyses of the nature of
infiltrated immune cells needs to be performed in future studies.

Conclusively, the tumor microenvironment and in
particularly the CAFs play a dominant role in the radiation
response of solid tumors, where the cancer cells (“seed”) form
their own microenvironment (“soil”). As a result, more work has
to be done to discriminate the normal fibroblasts from CAFs
and to unravel the phenotype and functionality of CAFs in a
tumor entity-specific manner to successfully target these cells or
their resistance-promoting traits for improving the outcome of
cancer therapy.
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