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Editorial on the Research Topic

Cell Signaling Mediating Critical Radiation Responses

Radiotherapy is an important loco-regional component of modern multimodal cancer therapy.
Classically, radiobiology’s 5 Rs: repair, repopulation, redistribution, reoxygenation, and
radiosensitivity, as described by Steele et al. (1) have informed the use of radiotherapy. The past
several decades have filled in molecular mechanism by which the radiation response of cells and
tissues affect tumor control, expanding our knowledge of survival pathways beyond repair of
radiation damage to DNA (2). In many cases, these pathways receive cues from extracellular
signaling molecules via membrane-bound receptors (3). This emphasizes the importance of both
intra- and extracellular signaling, and the interaction between different cell types in radiation-
induced cell death as well as normal-tissue reaction after radiotherapy (4-6). The articles in the
present Research Topic discuss recent progress and present original research on the contribution of
cell signaling to radiation responses and radiation effects on cell signaling.

Residual double-strand breaks and complex DNA lesions are considered lethal and characteristic
for ionizing radiation although typically some 98% are repaired by non-homologous end joining
(NHEJ; all cell-cycle phases) or homologous recombination (HR, which is restricted to late S- and
G2 phase). While the yield of single-strand breaks and base damage is much higher, these lesions
contribute little to cell killing under normal circumstances as they are repaired with very high
efficiency by the base excision repair (BER) system, although some single strand breaks in S-phase
may be converted to double-strand break at replication forks. If HR is compromised (e.g. by BRCA1
mutation), or overloaded, an error-prone backup mechanism, alternative end joining (alt-EJ) will
repair the lesions. Liu et al. reviews the significant regulation of repair pathway choices by an
extracellular cytokine, transforming growth factor (TGFf), whose activity is a prominent signal in
the irradiated tumor. TGFf} promotes HR and NHE] but suppresses alt-EJ (7), and thus blocking
TGFP signaling increases radiosensitivity. An intracellular route to shifting repair competency is
reviewed by Starcher et al. who describe the rationale for using quinone substrates to induce futile
redox cycles leading to oxidative damage, BER hyperactivation, and depletion of NAD+ and ATP,
which synergizes with ionizing radiation to radiosensitize human cancer cells at moderate doses.
The study by Shukla et al. explores the synergy of combining the quinone derivative, B-lapachone
with inhibition of a mitochondrial enzyme involved in folate metabolism.

Tumor hypoxia is well-recognize factor associated with resistance to radiotherapy and other
therapies. The review by Serensen and Horsman focuses on the hypoxia-inducible factor (HIF)
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regulatory pathway, stress responses, and inflammatory
pathways, and discusses the clinical applications of vascular
modifiers and biomarkers. Extracellular signaling via
transmembrane receptors can influence repair and survival
pathways, and inhibition of EGFR is established in the clinic in
combination with radiation therapy of head and neck, non-small
cell lung and other cancers (8). Many cytokines, hormones and
some growth factors activate the transcription factor STAT3
which is also involved in radioresistance as discussed by Wang
et al. The study by Zhang et al. shows that a so far poorly
characterized protein, FAM53A, influences vital cell functions
related to the MAP kinase pathway in a p53-dependent manner
and may be a candidate for targeted therapy in combination with
DNA-damaging agents.

Radiotherapy is the canonical example of a DNA damage agent
whose benefit is ascribed to cell kill in the irradiated field yet more
than 15 years ago Formenti and Demaria showed that radiation
could elicit systemic response in combinations with
immunotherapy and formalized the concept by describing
radiation as an ‘in situ vaccination’ that can synergize with
immunotherapy (9-11). Even though so-called ‘abscopal’
response, i.e., outside the irradiated field, are rare in the clinic,
the idea of radiotherapy creating an ‘in situ’ vaccine has
engendered significant interest given the remarkable successes of
immune checkpoint blockade and other immunotherapy in many
cancer patients. The study by Chen et al. on experimental
hepatocarcinoma irradiated with different fractionation schemes
found anti-tumor effects upon rechallenge with a reduction in
immunosuppressing cells. Irradiation of the hepatocarcinoma
inoculated on hind limbs triggered the antitumor immunity
capable of suppressing the growth of subcutaneous tumors,
accompanied with reduced myeloid derived suppressor cells in
both blood and tumors. Radiotherapy can play a part in enhancing
the response to immunotherapy by releasing damage-associated
molecular pattern (DAMP) molecules that activate pattern
recognition receptors (PRR, e.g. toll-like receptors, TLR), thereby
acting as an immunological adjuvant (11). Domankevich et al.
show that a PRR agonist synergizes with radiation from o.-emitters
in the treatment of experimental tumors.

In addition, complex signaling effects to and from the immune
system beyond activation of immune cells are also beginning to be
recognized. The study by Xia et al. describes how a small-
molecule inhibitor of PD-L1 can radiosensitize glioblastoma
cells by downregulating MiR-33a causing upregulation of
PTEN, an endogenous suppressor of the AKT survival pathway.
The clinical study by Minnaar et al. on mild hyperthermia in
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addition to chemoradiotherapy in cervical cancer patients found a
marked increase in complete metabolic resolution in lymph nodes
outside the irradiated field at six months.

The microenvironment of tumors and the surrounding
stroma are key factors for both tumor control and normal
tissue toxicities. Farias et al. review the evidence for the ability
of mesenchymal stem cells and signaling via exosomes to
mediate bystander (i.e., near-neighbor) and abscopal effects of
radiotherapy. The study by Meyer et al. describes how host CD39
(part of the purinergic signaling pathway that responds to purine
derivatives such as ATP and adenosine) has suppressive effects
on the growth and radiosensitivity of Lewis lung tumors, which
was abrogated in CD39 knockout mice and was associated with
effects on the endothelial compartment. At the same time, CD39
deficiency enhanced radiation-induced lung fibrosis and
osteopontin expression. Subcutaneous fibrosis after breast
radiotherapy affects patients’ quality of life and is an endpoint
for risk prediction and mechanisms of radiation-induced fibrosis
(12). Liu et al. review phosphatidic acid-mediated signaling from
diacylglycerol kinase alpha and identify roles in T-cell activation,
exosome production, and cell-cycle regulation as potential
targets for interference. Finally, Herskind et al. analyzed genes
expression profiles and genetic pathways associated with
radiation-induced cell-cycle arrest and differentiation of
fibroblasts in vitro. Notably, upregulated inflammatory
pathways provide a potential link between fibrotic reaction and
the immune system.

OUTLOOK

Therapeutic resistance is often intrinsic to the cancer cell, but
signals generated between cells in the tumor microenvironment
may ultimately determine response or resistance to radiotherapy,
underscoring a gap that hampers cancer treatment optimization.
Together, the papers in this Research Topic emphasize the
importance of physiological context and intercellular
communication within tumors and tissue as well as systemic
signaling. Several provide a strong rationale for manipulating
these signals that could enable optimization of radiotherapy.
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Qi Liu™23, Kirsten Lopez*, John Murnane’, Timothy Humphrey* and
Mary Helen Barcellos-Hoff™
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Oxford Institute for Radiation Oncology, University of Oxford, Oxford, United Kingdom

Repair of DNA damage protects genomic integrity, which is key to tissue functional
integrity. In cancer, the type and fidelity of DNA damage response is the fundamental
basis for clinical response to cytotoxic therapy. Here we consider the contribution
of transforming growth factor-beta (TGFB), a ubiquitous, pleotropic cytokine that
is abundant in the tumor microenvironment, to therapeutic response. The action
of TGFB is best illustrated in head and neck squamous cell carcinoma (HNSCC).
Survival of HNSCC patients with human papilloma virus (HPV) positive cancer is more
than double compared to those with HPV-negative HNSCC. Notably, HPV infection
profoundly impairs TGFp signaling. HPV blockade of TGFf signaling, or pharmaceutical
TGFB inhibition that phenocopies HPV infection, shifts cancer cells from error-free
homologous-recombination DNA double-strand-break (DSB) repair to error-prone
alternative end-joining (altEJ). Cells using altEJ are more sensitive to standard of care
radiotherapy and cisplatin, and are sensitized to PARP inhibitors. Hence, HPV-positive
HNSCC is an experiment of nature that provides a strong rationale for the use of TGFB
inhibitors for optimal therapeutic combinations that improve patient outcome.

Keywords: cancer, TGFB, DNA repair, tumor microenvironment, genomic integrity, cytotoxic therapy, therapeutic
response

INTRODUCTION

DNA repair is executed by multiple pathways that must be coordinated to deal with different types
of DNA damage, including oxidative damage, single strand breaks (SSB), and double strand breaks
(DSB). Complex intracellular mechanisms have developed to ensure an appropriate DNA damage
response (DDR). In cancer, gene mutations and altered cell signaling can give rise to dysregulated
and aberrant DNA repair mechanisms that presumably contribute to genomic instability and
mutational burden that are associated with cancer progression.

Cancer cells are actively involved in crosstalk with host cells of the tumor microenvironment
(TME), which includes the vasculature, immune cells and stroma, constitutes a robust but skewed
signaling network distinct from normal tissue. Though the TME is critical in shaping the biology of
a tumor, the impact of context-related signaling on the tumor cell’s DNA repair proficiency is poorly
understood. This article reviews cell intrinsic execution of DSB repair proficiency and pathway
competency to discuss DNA repair in the context of the TME.
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Liu et al.

TGFp and DNA Repair

We focus on transforming growth factor-beta (TGFp), which
is critically involved in extrinsic control of pathway competency
in DSB repair. Recently, we determined that compromised TGFf
signaling caused by human papilloma virus (HPV) in head and
neck squamous cell carcinoma (HNSCC) shifts DSB repair to
error prone and inefficient alternative end-joining (altE]). HPV
is an experiment of nature that provides compelling evidence
that signaling from TGFp, and thus the TME, is critical for DNA
repair execution and pathway choice. The insight gained from
understanding of the mechanisms by which TGFf signaling,
DDR, and TME are functionally linked, paves the way to
further exploit weakness in specific cancers and develop pertinent
therapeutic strategies.

DSB REPAIR PATHWAYS

Tens of thousands of DNA lesions are produced in a cell’s
daily life as a result of endogenous metabolic activities such as
DNA replication or reactive oxygen species (ROS), as well as
exposure to exogenous agents like ultraviolet (UV) or ionizing
radiation (1, 2). Of the many types of DNA damage, DSBs are
among the most dangerous. Failure to repair DSBs may lead to
mutations, genomic, and chromosomal rearrangements, or cell
death. In order to maintain genomic integrity, two predominant
DSB repair pathways have developed to deal with different
types of lesions: classical non-homologous end-joining (c-NHE])
and homologous recombination repair (HRR) [Figure 1; (3)].
In mammalian cells, c-NHEJ is the predominant DSB repair
pathway that can efficiently rejoin most DSBs (4). Although c-
NHE] functions throughout the cell cycle, it is particularly critical
in the G1 phase when the cell has yet to replicate its DNA
(5, 6). C-NHE] is initiated by the binding of the Ku70/Ku80
heterodimer to the ends of the DSB, which is then recognized

with high affinity by the catalytic subunit of DNA-dependent
protein kinase (DNA-PKcs), forming the DNA-PK complex (7).
This enables the recruitment of nucleases, including Artemis,
to trim any short overhangs that are present on the DSB ends
(8), and polymerases, including Polp, to fill in any gaps (9-
11). The final ligation step involves a ligase complex comprised
of DNA ligase IV, X-ray repair cross-complementing protein 4
(XRCC4), and XRCCA4-like factor (XLF), which is responsible for
bridging and ligating the two processed ends (12). Because DSB
ends often require processing to remove damaged nucleotides
to enable ligation, c-NHE] is considered an error-prone form
of repair that can lead to short insertions and/or deletions.
However, growing evidence suggests the context under which c-
NHE] is used in DSB repair is a critical determinant of the repair
outcome, i.e., error-prone or error-prevention (13, 14). Although
it awaits further evidence, it has been speculated that orchestrated
repair with ¢-NHE] in normal cells prevents chromosome
instability, but in cancer cells with dysregulated repair pathways,
inappropriate implementation of c-NHE]-dependent end joining
of non-contiguous ends can cause genomic alterations and lead
to chromosome instability (13, 14).

The repair of DSBs by HRR is a highly complex process
that requires the generation of single-stranded 3’ overhangs at
each end, after which the homologous sequence on the sister
chromatid is used to accurately fill in the gaps and restore the
original DNA sequence (15, 16). In the first step of HRR, the DSB
ends are recognized by the MRN complex, which is composed
of meiotic recombination 11 homolog A (MRE11), RAD50, and
Nijmegen breakage syndrome 1 (NBSI). Once bound to the
DSB, the MRN complex activates ataxia telangiectasia mutated
(ATM), a serine-threonine kinase that initiates the DDR by
phosphorylating a plethora of substrates, thus facilitating the
recognition of the DSB and the activation of downstream repair
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FIGURE 1 | DSB repair pathways. Once a DSB is induced by a DNA damaging agent, cancer cells will try to repair it by one of these three mechanisms. Critical repair
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factors. In addition to its role in the MRN complex, MREI11 also
associates with C-terminal binding protein interacting protein
(CtIP), an endonuclease that allows for the removal of ~100
nucleotides from the 3’ end of the DSB (17, 18).

Following the initial processing step by MRE11 and CtIP, more
extensive resection is subsequently mediated by either the EXO1
exonuclease or a combination of the RECQ helicase (BLM or
RECQL4) and the DNA2 exonuclease (19). The single-stranded
DNA formed by these resection steps is very quickly coated with
and stabilized by replication protein A (RPA), preventing them
from being degraded or forming DNA hairpins (20). For the
final phase of HRR, RPA is replaced with RAD51 to facilitate
homology search, strand invasion into the sister chromatid, and
initiation of DNA synthesis at the region of the DSB (21).
This process requires several proteins known as recombination
mediators, e.g., the tumor suppressor breast cancer 1, early onset
2 (BRCA2) (22, 23). Repair is then completed upon resolution of
crossover junctions by resolvases (24). Because HRR requires a
homologous template, it can only be used to repair DNA that has
been replicated (i.e., during the S and G2 phases of the cell cycle).

A third mechanism for repair of DSBs is altE], which is also
referred to as backup end joining, or microhomology-mediated
end joining (25, 26). A comparison of repair strategies is depicted
in Figure 1. AItE] uses poly [ADP-ribose] polymerase 1 (PARP1)
to tether broken DNA ends (27), DNA polymerase theta (Pol
0) coded by the POLQ gene to initiate DNA replication at
sites within two single-stranded 3’ overhangs (28), and DNA
ligase I (LIG1) or DNA ligase III (LIG3) to join the DNA
ends (29). AItE] commonly occurs at sites containing short
complementary sequences, known as microhomology, that are
exposed after end resection; this requirement for resection and
minimal homology means that altE] has low fidelity and therefore
frequently results in small deletions, insertions, and gross
chromosomal rearrangements (30, 31). Because its execution
increases genomic instability, altE]J is believed to be more active
in certain cancers (32).

Other DSB repair pathways, such as single-strand annealing
(SSA), can result in large deletions during repair by annealing of
longer (e.g., >100 nt) repeats following extensive end-resection.
These are rarely used in mammalian cells and have been reviewed
recently (24), and will not be discussed herein.

DSB REPAIR PATHWAY COMPETENCY IN
CANCER

The mechanism by which DSB are repaired is determined
by a variety of factors, although the outcome is ultimately
determined by the presence or absence of end resection. The
initial phase of c-NHE], i.e., binding of the Ku heterodimer to
DSB ends, minimizes end resection to allow accurate end-joining.
End processing and resection are therefore tightly regulated
by Ku70/Ku80, along with WRN and 53BP1, which together
protect DNA ends during the G1 phase when HRR cannot
occur due to the absence of a sister chromatid. Resection is also
normally limited to late S or G2 due to the cell-cycle dependent
expression of CtIP and its activation by CDK1 or CDK2 (33, 34).

Importantly, resection requires the repositioning of 53BP1 on
DSB ends by BRCA1, and therefore the loss of BRCAL1 inhibits
HRR, which was demonstrated by the fact that a deficiency
in 53BP1 rescues the defect in HRR caused by the absence of
BRCA1 (35). Noordermeer et al. recently demonstrated that
53BP1 effector complex, shieldin, localizes to DSB to prioritize c-
NHE] repair (36). In BRCA1-deficient cells, loss of shieldin or its
subunits can restore HRR and resistance to PARP inhibition (37).

AItE] was initially believed to be a backup pathway for c-
NHE] and HRR (26). The Ku heterodimer has much higher
affinity for DSB ends relative to PARPI; thus, c-NHE] is highly
favored over altE] in most circumstances (38). A higher frequency
of altEJ-mediated repair was observed after the depletion of
HRR factors such as RPA, BRCA1, and BRCA2 (39), suggesting
HRR is used with priority in normal settings. In addition,
because both HRR and altE] require an initial resection step
at DSB ends, both pathways are inhibited by c-NHE] factors.
Conversely, end resection is sufficient to block repair by c-NHE],
as Ku70/Ku80 has very low affinity for single stranded DNA
(40). Notably, accumulating evidence suggests that altE] also
competes with HRR for the repair of DSB (28, 41). For example,
by studying dysfunctional telomeres and accumulation of RAD51
at DSBs, Mateos-Gomez and co-authors found that the loss of a
critical component in altE], Pol 0, increased HRR in mice (28).
Similar findings have been reported in ovarian cancers: HRR was
upregulated when Pol 0 expression was inhibited, while Pol 6
expression blocks RAD51-mediated HRR due to RAD51 binding
motifs in Pol 6 (41).

Cell cycle phase plays an important role in DSB repair pathway
choice. In S and G2 phases, HRR is preferentially used to repair
DSB due to the presence of CYREN, an inhibitor of c-NHE] (42).
AItE] is largely inactive in normal cells, but in quickly dividing
cancer cells, altE] may be increased to handle the increased level
of DNA damage and, as a result, generate more mutations as by-
products. Although the cell cycle dependency of altE] is not clear,
it is possible that HRR-deficient cells use altE] mainly in S or G2
phases, while c-NHE] defects may increase altE] in G1 phase. In
addition, host cell type, chromosomal location, and epigenetic
modification are also important factors for pathway competence
at DSBs, which has been reviewed elsewhere (43).

EXPLOITING DNA REPAIR DEFICITS IN
CANCER CELLS

Many DNA repair genes are tumor suppressors, and are
frequently mutated during tumor progression. Loss of functions
in some DNA repair genes increases compensating mechanisms
of repair that may expose a targetable “Achilles heel.” Synthetic
lethality, which is defined as a cytotoxic response to the loss
or inhibition of a gene or pathway that only happens in the
presence of another specific genetic deficit, can specifically target
cancer cells containing a defect in a DNA repair gene. The clinical
application of synthetic lethality is best exemplified using PARP
inhibitors in cells that have germ line or somatic mutations
in BRCAI or BRCA2 (44, 45). PARP inhibition results in the
accumulation of single-strand breaks (SSB) that produce DSBs
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upon collision with a DNA replication fork, which require HRR
to repair. This is one mechanism by which BRCA1/2-deficient
cancers are highly sensitized to PARP inhibition, although other
functions of PARP may contribute as well. For example, PARP is
directly involved in detoxifying endogenous ROS (46, 47), while
BRCA1 down-regulates cellular levels of ROS (48). Thus, BRCA
deficient cells may be more sensitive to increased cytotoxic ROS
that result from PARP inhibition. Although the clinical benefits of
PARP inhibition are clear in BRCA1/2-deficient cancers, tumors
with HRR defects in the absence of BRCA gene mutations (i.e.,
BRCAness) are also responsive to PARP inhibition (49). Hence,
mutation of genes that are directly or indirectly involved in
HRR or the Fanconi anemia pathway, a DNA repair pathway
that intersects HRR, can contribute to so-called BRCAness, i.e.,
tumors that behave as if BRCAI or BRCA2 are mutated (49).
Biomarkers to assess BRCAness, which include transcriptional
signatures, genomic scars, or levels of Rad51 foci, are under
intensive investigation (50-52).

SYNTHETIC LETHALITY BETWEEN ALTEJ
AND OTHER DSB REPAIR PATHWAYS

Besides its key role in SSB repair, PARP1 is also a critical
component of altE]J; thus, PARP inhibition can cause synthetic
lethality in tumors that rely on altE] (25). Other altE] components
are promising therapeutic targets for tumors that depend on this
repair pathway. Indeed Pol 6 -mediated end joining becomes
critical when either HRR or c-NHE] fails. A recent genetic screen
reported that both Pol 6 and another altE] component, the
structure-specific endonuclease FEN1, are synthetic lethal with
BRCA2 (53). The potential synergy of HRR and altE] is indicated
by embryonic lethality of combined loss of Brcal/Fancd2 and
Polg in mice (28, 41). Depletion of Pol 6 in human cancer
cells deficient in HRR due to absence of BRCA1/2 increases
chromosomal aberrations and impaired cell survival (28). Pol 6
loss also increases HRR-impaired cells sensitivity to DNA-
damage (41).

Moreover, there is growing evidence that defects in HRR can
lead to increased dependence on altE] for repair, particularly in
the context of fork stalling during replication stress (26, 54). In
addition to its relationship with HRR, altE] may also be synthetic
lethal with ¢-NHE]. Combined deletion of POLQ and Ku70,
as well as POLQ and 53BPI, leads to markedly reduced cell
proliferation and survival associated with excessive end resection
and chromosomal aberrations (55). Notably, POLQ is highly
expressed in a subset of cancer types (56, 57) and its expression is
associated with poor prognosis (58, 59).

DNA REPAIR IN CONTEXT: THE TUMOR
MICROENVIRONMENT

Cancer cells react to endogenous (e.g., replication stress) or
exogenous (e.g., radiation, chemotherapy) DNA damage in the
context of their TME. The TME plays an important role in
determining cancer clinical behavior and progression, and can
influence cancer cell response to therapy (60, 61). Components

of the TME include cellular constituents of bone-marrow derived
cells, fibroblasts and vessels, insoluble extracellular matrix, and
soluble cytokines and chemokines (62). These TME components
closely collaborate with cancer cells for development of a
neoplastic phenotype. In this “team,” frequent interactions and
crosstalk in a complicated signaling network unite them as
a whole. Better understanding of “tumor as a whole” could
provide information about the optimal use of therapies, and
improve the development of personalized therapy based on
integrated features of a tumor derived from both cancer cells and
TME composition.

The influence of TME conditions on DNA repair is
complex. Although DNA repair is largely regulated through
autonomous signaling cascades, tissue-wide stress responses
from DNA damage may be networked among tumor cells,
stromal cells, and other TME components. TME composition
influences DNA repair efficiency by transmitting inter- and
intra-cellular signals in a tissue-specific fashion. Many TME
factors, which include cytokines, extracellular matrix, stromal
cells, hypoxia, and inflammation, are known to modulate DNA
repair efficiency (63-68).

Here we focus on TGF, a highly pleiotropic cytokine and a
canonical tumor suppressor. Because TGFp suppresses epithelial
cell cycle progression, all carcinomas must escape TGFf growth
regulation (69). Notably, high TGFf expression and signaling is
associated with poor prognosis in multiple cancer types (52, 70)
because TGFP becomes a tumor promoter that is involved in
tumor progression by modifying the TME, suppressing immune
response, and promoting metastasis (71). Due to these critical
functions and association with poor outcomes, TGFp is an
intriguing therapeutic target in clinical trials (72, 73).

TGFB BIOLOGY

Understanding the biology of TGFf is rooted in understanding
when and where it is active. There are three mammalian TGFp
isoforms, each encode a polypeptide that is cleaved intracellularly
to form a roughly 24 kD TGFf that is non-covalently associated
with an 80 kD dimer of its pre-pro peptide, called latency
associated peptide (LAP). This complex, TGFp and LAP, is
secreted as the latent TGFf complex and is often sequestered in
forms bound to extracellular matrix. TGFf canonical signaling is
initiated upon the release of TGFp ligand from its latent complex,
and subsequent binding to the type II TGFp receptor (TBRII),
which causes recruitment and phosphorylation of type I receptor
(TBRI). Activated TPRI kinase phosphorylates the carboxy-
terminal serine residue of the mothers against DPP Homolog
proteins SMAD2 or SMAD3, which induces oligomerization
of SMAD2 or SMAD3 with SMAD4, and DNA binding of
the complex to mediate transcriptional activation or repression
of target genes. TGFB also transduces signals through non-
canonical signaling pathways, such as MAPK/ERK, PI3K/AKT,
Rho/Rock. Activation of TGFf is highly controlled in normal
tissues. In cancers, TGFp signaling is highly dysregulated (70, 74,
75). Defective TGFp signaling, which can be caused by mutations
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in SMAD4 and TGFBR2, are frequent in certain types of cancer
(52, 73).

Both cancer cells and stromal cells produce TGFf that
may, when activated, elicit paracrine or autocrine signaling
to stimulate fibroblasts, endothelial cells and immune cells
that further alter the TME. Moreover, TGFf is a potent
immunosuppressive cytokine involved in shaping TME by
inhibiting the activation and function of T cells (76, 77), inducing
immune suppressive myeloid cells (78), as well as by other
multifaceted mechanisms (79-81). These complex interactions
are just a few of TGFp’s roles in the TME.

An unexpected role for TGFf, an intrinsically extracellular
signal, is response to intracellular DNA damage. Glick et al.
(82) was likely the first study to implicate TGFf in the
cellular response to DNA damage. They showed that Tgfbl
null murine keratinocytes were highly genomically unstable,
independent of Gl arrest and p53 function (82). Consistent
with a role of TGFB in maintaining genomic stability,
Maxwell et al. (83) demonstrated more centrosome aberrations
and aneuploidy in irradiated TgfbI-null compared to TGFf-
competent keratinocytes. Notably, this effect is phenocopied by
TGEf inhibition in human epithelial cells (83). In a subsequent
study, Glick and colleagues revealed a DNA repair deficit due
to hypermethylated O(6)-methylguanine DNA methyltransferase
(MGMT) that affected the DDR of Tgfbl-null keratinocytes
(84). Similarly, Kirshner et al. (85) showed that inhibiting TGFf
signaling attenuates DDR by compromising the function of ATM,
the DDR kinase involved in DSB recognition (85). Consequently,
pharmaceutical inhibition of TBRI kinase or knockout of Tgfb1
reduces ATM autophosphorylation and phosphorylation of its
substrates, e.g., p53, Chk2, and Radl7, inhibits formation of
radiation-induced yH2AX foci, and increases radiosensitivity
(85). In support of this, Wiegman et al. (86) showed that
exogenous TGFP stimulates ATM and p53 phosphorylation in
irradiated cells in a SMAD-independent fashion (86). Notably,
TGEF inhibition also reduces LIG4 expression, which is required
in c-NHE] (87).

Nucleotide excision repair (NER) is a versatile DNA repair
pathway that eliminates a wide variety of helix-distorting base
lesions induced by environmental carcinogenic sources. UVB
radiation downregulates E-cadherin, a cell adhesion protein,
in mouse skin and skin tumors whereas inhibiting the TGFB
pathway in these cells increases the NER of UV-induced DNA
damage (88). E-cadherin inhibition in keratinocytes suppresses
NER through activating the TGF-f pathway and increasing
TGFB1 mRNA levels. Interestingly, TGFB is activated by
ionizing radiation and in turn, promotes epithelial-mesenchymal
transition characterized by loss of E-cadherin (89). Treatment
of cells with exogenous TGFp enhances NER of DNA damage
formed by polycyclic aromatic hydrocarbons and UVC radiation
independent of the cell cycle (90).

Consistent with role of TGFS in DDR, the SMAD proteins,
which are the critical transducers of TGFp intracellular signaling,
are involved in DSB repair. Both pSmad2 and Smad7 can co-
localize with nuclear YH2AX foci at DSB, while pSmad2 foci
formation is ATM dependent (91). Studies in Smad4 conditional
knockout mice confirmed that TGFp is critical in maintaining

genomic stability through regulation of genes in the Fanconi
anemia/BRCA DNA repair pathway (92). SMAD4 suppresses a
micro RNA, miR182, which inhibits FOXO3, which is required
for ATM kinase activity (32, 52). MiR182 also suppresses BRCA1
expression (93, 94). Hence, TGFp signaling through SMAD4
promotes HRR in part by suppressing miR182 (52). C-NHE] is
also partially compromised because LIG4 expression and ATM
activity are reduced once TGF signaling is blocked (85, 87).

Although tumors must evade TGFp growth control, at the
time of clinical appearance, many tumors maintain signaling
competency. Indeed, squamous cell carcinomas may take
advantage of TGFf signaling to maintain a sub-population of
cells at a quiescent state for chemo-resistance (95). Moreover,
the high TGF activity of TME could promote tumor-intrinsic
resistance to cytotoxic agents due to its role in DNA damage
recognition and repair. If so, pharmacological TGFf blockade
could sensitize certain tumors to radiation and other cytotoxic
therapies. Exploration of brain, breast, and lung cancer pre-
clinical models is consistent with this concept, since TGFf
inhibition radiosensitized 38 of 43 murine and human cancer
cell lines in vitro (85, 96-98). Because TGFp provides extrinsic
control of several aspects of intracellular DNA repair pathway
competency, one prediction is that tumors that are insensitive
to TGFB can be exploited by targeting their deficiency in
DNA repair.

TGFB SIGNALING REGULATES DNA
REPAIR PATHWAY COMPETENCY

The contribution of TGF signaling as a barrier compromising
therapeutic response to cytotoxic therapy is exemplified by
HPV-positive (HPV+) HNSCC (52), which have much better
(70%) survival at 5 years compared to HPV-negative (HPV-)
cancers that attain only 30% survival, even when HNSCC
location and stage are similar. The considerable difference in
outcomes has stimulated significant interest based on the idea
that the mechanism of sensitivity of HPV+ cancer to standard-
of-care chemoradiation therapy, which could provide insights
that can be therapeutically exploited to achieve better response
in HPV- cancer.

Consistent with a cell-intrinsic effect, HPV+ cancer cell
lines exhibit altered expression of DNA repair proteins (99)
and increased sensitivity to cytotoxic therapy (100, 101). Most
research has focused on oncogenic impairment of p53 and
retinoblastoma (Rb) proteins by HPV E6 or E7, respectively.
However, HPV proteins E5, E6, and E7 target both the type I
and II TGFp receptors and SMAD 2, 3, and 4, the transducers
of ligand binding, for degradation (102, 103). We examined
the impact of HPV on TGF signaling in HNSCC at multiple
levels. Functionally, TGFp induced phosphorylation of SMAD2
(pSMAD), indicative of signaling competency, is significantly
reduced in HPV+ cell line, patient derived xenografts, and
primary tumor explants, compared to HPV— specimens (52).
Notably, HPV+ specimens in a HNSCC tumor array with 130
HPV— and 65 HPV+ samples exhibit less pSMAD compared
to HPV— specimens. In addition, TCGA HPV+ tumors are
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identified by low activity (243 HPV— vs. 36 HPV+ ones)
of a TGFB pathway signature, which contains 50 TGEFp-
regulated genes that were derived from epithelial cells chronically
stimulated or inhibited for the corresponding pathway.

Interestingly, Wang and colleagues engineered a conditional
Smad4 deletion in oral mucosa that gave rise to spontaneous
HNSCC accompanied by high rates of genomic instability (92).
Subsequent studies by this group showed that Smad4 deletion
leads to decreased Brcal expression in mice and that loss of
SMAD4 protein correlates with decreased BRCA1 and RAD51
proteins in human HNSCC. BRCAL is crucial for HRR during S-
phase/G2, acts upon the cell cycle machinery, and affects gene
expression and cell fate decisions via chromatin remodeling
and transcriptional activity (104). Wang and colleagues showed
that BRCAL1 is transcriptionally down-regulated by SMAD4-
dependent CtPB1 (105). A second, more direct route by which
TGEFB controls of BRCA1 is via TGFB suppression of miR-
182, which targets BRCA1 message stability and translation in
mouse and human cells. Thus, pharmacologically or genetically
compromised TGFp increase levels of miR-182 and consequently
suppress BRCA1 (94).

Consistent with our earlier studies in breast, lung and brain
cancer cells (85, 96-98), HPV+ HNSCC cell lines were more
sensitive to radiation than HPV— cell lines (52). Indeed, the
degree of pSMAD response to TGFf and cellular radiosensitivity
are highly correlated. Radiation sensitivity reflects the cumulative
damage and inherent capacity to repair the damage based
on the cells ability to recognize DNA damage, assemble the
repair machinery, and execute repair; abrogation of any of these
components decreases cell survival. As noted above, BRCA1 is
critical for HRR-mediated DNA repair. HRR requires RAD51
binding to 3’-single-stranded DNA overhangs from processed
DSB and strand pairing; thus, the formation of RAD51 foci is
evidence of HRR. Significantly, fewer RAD51 foci are formed
in HPV- HNSCC cells and tumor specimens if TGFf is
pharmacologically blocked, which is not observed in HPV+
HNSCC cells.

A deficiency in HRR should increase the proportion of cells
that are killed in response to PARPi. As predicted, TGFp-
unresponsive HPV+ cell lines are more sensitive to olaparib
alone compared to TGFp-responsive HPV- cancer cells, which
were sensitized 4-fold by TGFp inhibition (52).

Loss of effective HRR can activate altE], which competes
with HRR for repair of DSBs in S-phase (41) and/or acts as
backup repair when HRR or ¢c-NHE] are compromised (26).
As mentioned earlier, altE] requires PARP1 and Pol 6, the
product of the POLQ gene (28). To evaluate altE], we established
TGEB-responsive cells with a reporter construct detecting altE]
events (106). As expected, a specific PARP1 inhibitor reduced
altE] events, while TGFP inhibitors significantly increased
altEJ events.

Thus, either pharmaceutical blockade of TGFf signaling in
HPV — cells or intrinsic-defects in TGFf signaling in HPV+ cells
shifts DSB repair to altE] (Figure 2). This shift may result from
decreased implementation of HRR and c-NHE], or may indicate
an increase in altE] competency. Notably, BRCAI heterozygous
cells exhibit preferential use of altE] (107), suggesting that the

decrease in BRCAI that occurs upon loss of TGFp signaling
phenocopies the genetic BRCA1 loss. As c-NHE] is also partially
compromised because LIG4 expression and ATM activity are
reduced (85, 87), cells with deficient TGF signaling may increase
altE] to compensate for a deficiency in both HRR and c-NHE].

TGFB-unresponsive cells that depend on altE] are still capable
of rejoining most DSBs, which hinders the maximal cytotoxic
response to DNA damage. As mentioned above, recent studies
demonstrate that Pol 6 is required in altE]J (28, 41). HRR-deficient
ovarian and breast cancers exhibit increased POLQ expression,
perhaps indicative of altE] (41). Consistent with this, POLQ
expression is increased in HPV+ vs. HPV— HNSCC TCGA
(52). Notably, POLQ shRNA expressing HPV — cells treated with
TGEFp inhibitors were more sensitive DNA damage, supporting
the idea that Pol 6-mediated altE] is increasingly used when
TGEp signaling is abrogated. These data suggest that combining
altE] inhibitors with pharmaceutical blockade of TGFp signaling
would induce synthetic lethality, thus creating a novel route that
could boost the sensitivity of TGFp-active tumors to therapies
that involve DNA damage. Moreover, since altE] is a backup
mechanism that operates preferentially in cancer cells, inhibiting
altE] may pre-dominantly sensitize tumor cells and spare normal
cells. Alternatively, one might select cancers that are defective
in TGFf to target drugs that interfere with altE], since these
drugs will both improve the treatment effectiveness and the
toxicity profile.

The importance of alt-EJ in TGFp-deficient cells discovered
in HNSCC raises several questions. We are following this lead
to determine if the same mechanism is evident in other cancers
in which TGFp signaling is compromised. Almost all cervical
cancers are HPV positive, which we would expect to show
similar DDR choices as HNSCC. However, TGFp signaling is
compromised by various mechanisms in many cancers (108).
Our analysis across the spectrum of cancers suggest that there
is probably a generic mechanism (unpublished). We also find
that the repair shift to altE] in TGFp-deficient cells occurs
independent of miR-182. Further studies are necessary to
decipher the underlying mechanisms.

Although most evidence supports TGFp as a factor enforcing
DNA-repair proficiency to protect against genomic instability,
conflicting evidence about the role of TGFf in DDR also
exists (109-112). For example, Pal et al. reported that TGFf
hinders DSB repair in cancer stem cells by reducing HRR gene
expression, which was proposed to heighten genetic diversity and
adaptability of cancer stem cells (112). This subpopulation may
regulate DDR differently, but it is interesting that in another
study, glioblastoma cancer stem cells make 5-fold more TGFp
than bulk cultures (97). Considering that TGFp is a pleotropic
cytokine, the extensive technical and conditional differences in
these studies may lead to a different conclusion.

For example, TGFf signaling induces squamous cell
carcinoma cancer stem cells quiescence, which would be
expected to affect repair pathway competency in a manner that
contributes to chemo-resistance (95). However, many cancer
cells have escaped TGF cell growth control, as stated above. For
example, in our HNSCC study, the cell cycle was not significantly
changed upon TGFf stimulation or inhibition of HNSCC cell
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FIGURE 2 | Defective TGFp signaling in HNSCC increases altEd (52). (A) TGFp signaling suppresses miR182, which suppresses expression of BRCAT and FOXO3.
DNA damage elicits activates ATM autophosphorylation and its phosphorylation of BRCA1, which gives rise to use of HRR in S-phase. (B) In contrast, deficient TGF
signaling, which can be caused by HPV infection, TGFB receptor kinase inhibitors (TBRi) or SMAD4 mutations (SMAD4 mut), leads to increased miR182 that
suppresses BRCAT and FOXO3. Loss of FOXOg inhibits ATM auto-activation, which together with decreased BRCA1, impedes HRR. This is accompanied by
increased altEJ.
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Family with sequence similarity 53-member A (FAM53A) is an uncharacterized protein
with a suspected but unclear role in tumorigenesis. In this study, we examined its
role in breast cancer. Immunohistochemical staining of specimens from 199 cases of
breast cancer demonstrated that FAM53A levels were negatively correlated with p53
status. In the p53 wild-type breast cancer cell line MCF-7, FAM53A overexpression
inhibited cell migration, invasion, and proliferation, downregulated the expression of
Snail, cyclin D1, RhoA, RhoC, and MMP9, and decreased mitogen-activated protein
kinase kinase (MEK) and extracellular-signal regulated kinase (ERK) phosphorylation.
Concurrently, it upregulated E-cadherin and p21 expression levels. Interestingly, opposite
trends were observed in the p53-null breast cancer cell line MDA-MB-231. The MEK
inhibitor PD98059 reduced the biological effects of FAM53A knockdown in MCF-7 cells
and FAM53A overexpression in MDA-MB-231 cells, suggesting that FAM53A affects
breast cancer through the MEK-ERK pathway. Silencing TP53 in MCF-7 cells and stably
expressing wild-type p53 in MDA-MB-231 cells confirmed that the effects of FAM53A
signaling through the MEK/ERK pathway depended on the p53 status of the cells. These
results suggest that FAMS53A acts as a tumor suppressor in p53-positive breast cancer
by modulating the MEK-ERK pathway, but may be a potential candidate for targeted
anticancer therapies in p53-negative breast cancer.

Keywords: breast cancer, cell migration, epithelial-mesenchymal transition (EMT), invasion, metastasis, p53,
extracellular-signal-regulated kinase (ERK)

INTRODUCTION

The mitogen-activated protein kinase kinase (MEK)-extracellular-signal regulated kinase (ERK)
pathway is an evolutionarily conserved signal transduction pathway of crucial importance in
tumorigenesis. It is often aberrantly activated in malignant tumors, resulting in signal amplification
during tumor invasion and metastasis (1, 2). Abnormal activation leads to loss of differentiation and
apoptosis and increased proliferation and invasion, causing tumorigenesis and eventual metastasis
(3-6). The MEK-ERK pathway is activated at the cell membrane by Ras, which activates Raf,
starting a phosphorylation cascade that results in the sequential activation of MEK1/2 and ERK1/2
(7-12). ERK expression is significantly higher in breast cancer tissue than in benign hyperplastic
breast tissue, and ERK phosphorylation is increased in severe atypical hyperplasia and breast
cancer tissues compared with that in benign proliferating breast tissue, suggesting that abnormally
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increased ERK activation plays an important role in the
development of atypical hyperplasia into cancer, and
can stimulate the proliferation of breast cancer cells
(13). Phosphorylated ERK (p-ERK) enters the nucleus to
phosphorylate specific transcription factors such as c-Myc and
c-Jun (14). Decreased p-ERK reduces the expression of matrix
metalloprotease (MMP)1 and MMP9, significantly inhibiting
breast cancer invasiveness (14, 15). In breast cancer cells, ERK
inactivation is accompanied by the inactivation of cyclin D1 and
BCL2, leading to apoptosis (15).

Family sequence similarity (FAM) genes are families of
uncharacterized genes of similar protein sequence. Several
of these families have been linked to the development of
tumors, including breast cancer, non-small cell lung cancer, lung
adenocarcinoma, renal cell carcinoma, prostate cancer, colorectal
cancer, and esophageal squamous cell carcinoma, where they
are thought to play important roles in proliferation, apoptosis,
migration, and invasion (16-23). FAMS53 is a vertebrate-specific
family of proteins that bind to transcriptional regulators of
proliferation and neural tube development, encoded by three
homologous genes: FAM53A, FAM53B, and FAM53C (24-27).
FAMS53A, also known as dorsal neural tube nuclear protein,
is thought to play an important role in neurodevelopment by
specifying the fate of dorsal cells within the neural tube (28, 29).
Expression quantitative trait loci variants of FAM53A identified
in TP53-based interaction analysis are associated with the use
of therapeutic doxorubicin in breast cancer (27). In the triple-
negative TP53-missense mutant breast cancer cell line MDA-
MB-231, downregulation of FAM53A increased doxorubicin
resistance. However, in the luminal B p53-truncated mutant
line MDA-MB-361 and the luminal A p53-wild-type line MCF?7,
downregulation of FAM53A resulted in increased sensitivity to
doxorubicin (27). The role of FAM53A in breast cancer is unclear,
and its relevance to the clinical pathology of breast cancer has
not been reported. In this study, we examined the expression and
localization of FAM53A in breast cancer tissues and cell lines. We
then altered FAMS53A expression in two breast cancer cell lines to
explore its effects on the cells and gain mechanistic insight into
how FAM53A affects cancer.

EXPERIMENTAL PROCEDURES

Patients and Specimens

Primary tumor specimens were obtained from 199 patients
diagnosed with invasive ductal carcinoma who underwent
complete resection in the First Affiliated Hospital of China
Medical University between 2011 and 2013. Patients whose tissue
samples were used in this research provided written informed
consent. This study was approved by the local institutional review
board of China Medical University.

Cell Culture and Treatment

MCF-10A, MCEF-7, T47D, MDA-MB-231, BT-474, and BT-549
cell lines were obtained from the Shanghai Cell Bank of the
Chinese Academy of Sciences (Shanghai, China) and identified
by short tandem repeat (STR) DNA analysis. The cells were
cultured and frozen, and experiments were performed after

10 passages. MCF-10A cells were cultured in 1:1 Dulbecco’s
modified Eagle’s medium (DMEM)/F12 (Gibco, Waltham, MA,
USA) supplemented with 5% horse serum, 10 pg/mL insulin
(Sigma-Aldrich Co, St. Louis, MO, USA), and 20ng/mL
epidermal growth factor (EGF). MDA-MB-231 cells were
cultured in L15 (Gibco) supplemented with 10% fetal bovine
serum (FBS). MCF7 and T47D cell lines were cultured in DMEM
(Gibco) supplemented with 10% FBS. BT-474 and BT549 cells
were cultured in Roswell Park Memorial Institute (RPMI)-
1640 (Gibco) supplemented with 10% FBS. Cells were cultured
in sterile culture flasks in a 5% CO, incubator at 37°C and
subcultured every 2 days by trypsinization.

Immunohistochemistry

Surgically removed tumor specimens were fixed in 10% neutral
formalin, embedded in paraffin, and continuously cut into 4-pm
thick sections. The tissue slices were baked in an oven at 70°C for
2h; then the sections were dewaxed in xylene, absolute ethanol,
gradient alcohol, and distilled water, and boiled in 0.01 M citrate
buffer (pH 6.0) at high temperature and high pressure for 2 min.
Endogenous peroxidase activity was blocked with 0.3% hydrogen
peroxide and sections were incubated with 5% normal goat serum
for 30 min at 20°C to reduce non-specific binding. Tissue sections
were then incubated with FAM53A antibody (1:100 dilution;
see Table S1 for information on antibodies used in the study)
overnight at 4°C. The reaction was observed using an Elivision
super HRP (mouse/rabbit) immunohistochemistry kit (Maixin-
Bio, Shenzhen, China) and 3,3’-diaminobenzidine (DAB). The
nuclei were counterstained with hematoxylin.

FAMS53A expression levels were evaluated based on the
percentage of positive cells (PP) and the staining intensity (SI)
within the whole tissue section. FAMS53A staining intensity was
evaluated semi-quantitatively using the immune response score
(IRS) and calculated as follows: IRS = PP x SI; where PP: 0, no
dye; 1, 1-25%; 2, 26-50%; 3, 51-75%; and 4, 76-100%; and SI: 0,
no staining; 1, weak staining; 2, medium staining; and 3, strong
staining. The scores for each tumor sample were multiplied to
give a final score of 0-9; tumor samples with scores >3 were
classified as having high FAM53A expression, while samples with
scores <3 were classified as having low FAM53A expression.

Plasmid Transfection, siRNA Interference,

and Inhibitor Treatments

Transfection was performed using Xfect Transfection Reagent
(Takara Bio USA, Mountain View, CA, USA) according to
the manufacturer’s instructions. The plasmids pCMV6-ddk-myc
and pCMV6-ddk-myc-FAM53A were purchased from Origene
(Rockville, MD, USA). One day before transfection, cells were
plated in 2 mL of complete growth medium, aiming for 50-70%
confluency at the time of transfection. Plasmid DNA (5 pg) was
added to Xfect Reaction Buffer to a final volume of 100, and 1.5
nL Xfect Polymer was added. After a 10 min incubation at room
temperature (15-25°C), the solution was added dropwise to the
cell culture medium. Cells were incubated at 37°C for 4 h, then
the medium was replaced with 2mL of fresh complete growth
medium and the cells were incubated at 37°C for 48 h. FAM53A
(sc-88998) and non-targeted control (NC; sc-37007) siRNAs were
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purchased from Santa Cruz Biotechnology (Dallas, TX, USA),
and transfected into cells using HiPerFect Transfection Reagent
(Qiagen, Hilden, Germany) according to the manufacturers’
protocols. Cells were plated in 2 mL of complete growth medium,
aiming for 30-50% confluence at the time of siRNA transfection.
The next day, 37.5 ng of siRNA was added to 100 pL of
serum-free culture medium, 3 pwL of HiPerFect Transfection
Reagent was added, and the solution was mixed by vortexing
and incubated for 5-10 min at room temperature to allow the
formation of transfection complexes. The complexes were then
added to the cells, which were incubated for 48 h prior to analysis.

PD98059, a MEK inhibitor, was purchased from Selleck
Chemicals (Houston, TX, USA). A stock solution was generated
by dissolving PD98059 in dimethyl sulfoxide (DMSO). This
solution was added to MCF-7 and MDA-MB-231 cells at final
concentrations of 10 wM for 1 h and 25 uM for 2 h, respectively,
prior to analysis.

Immunofluorescence

Breast cancer cells cultured in 24-well plates for 24 h were fixed in
2% paraformaldehyde for 15 min, blocked in 5% BSA for 2 h, and
incubated with anti-FAM53A antibody (1:100) at 4°C overnight.
Cells were then incubated with a tetramethylrhodamine-labeled
secondary antibody at room temperature for 2h in the dark; the
nuclei were counterstained with 4',6-diamidino-2-phenylindole.
Images were captured using an Olympus FV1000 laser scanning
confocal microscope (Olympus, Tokyo, Japan).

Western Blot Analysis

Cells and tumor tissues were lysed in lysis buffer (Thermo Fisher
Scientific), and total protein was quantified using the Bradford
method. Proteins (80 pg/lane) were separated by 10% SDS-PAGE
and then transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA). Membranes were incubated
overnight at 4°C with the appropriate primary antibody
(Table S1) and for 2h at room temperature with horseradish
peroxidase-labeled secondary antibody, then visualized with
ECL (Thermo Fisher Scientific, Waltham, MA, USA) on a
Biolmaging System (UVP Inc., Upland, CA, USA). Protein levels
were analyzed using the Image] software (National Institutes of
Health, Bethesda, MD, USA), with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as a loading control.

Cell Proliferation and Colony Formation

Assays
Cell viability was measured by the mitochondrial reduction of
3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide
(MTT). Cells (3,000/well) were seeded in 96-well plates in
medium containing 10% FBS and have used a separate blank
(100 ml of fresh medium). MTT solution (10 wL/well) was added
and samples were incubated for 4h. Then, the medium was
aspirated from each well, and the obtained MTT formazan
was dissolved in 150 WL DMSO. Finally, the absorbance was
measured at 490 nm using a microplate reader daily, and the OD
value of the blank was subtracted from the absorbance at a given
time. We calculated the relative ratio and plotted the cell curve.
For colony formation experiments, cells (1,000/dish) were
seeded in 40-mm dishes and incubated for 10-15 days in medium

containing 10% fetal calf serum, which was changed every 3 days.
After incubation, the cells were washed with PBS and stained
with hematoxylin, and the number of colonies with >50 cells
were counted. At least three independent experimental replicates
were performed.

Cell Migration and Invasion Assays

Cell migration and invasion experiments were performed using
24-well Transwell chambers (Costar, Cambridge, MA, USA) with
a pore size of 8 um. For the invasion assay, the upper chamber
of the Transwell chamber was coated with 100 pL Matrigel (1:9
dilution; BD Biosciences); for cell migration assays, no Matrigel
was added. Approximately 24 h after transfection, the cells were
trypsinized, and 1 x 10° cells in 100 wL of medium supplemented
with 2% FBS were transferred to the upper chamber. Medium
supplemented with 10% FBS was added to the lower chamber
as a chemoattractant. After 18h of incubation, the chamber
was removed and stained with hematoxylin, and cells that
migrated through the chamber membrane were counted using an
Olympus FV1000 laser-scanning confocal microscope (Olympus,
Tokyo, Japan). At least three independent experimental replicates
were performed.

Statistical Analysis

Correlations between FAM53A expression and
clinicopathological features of breast cancer were analyzed
using the chi-squared test. For experiments involving cells,
differences between the control and experimental groups
were compared by paired t-test. P < 0.05 was considered
statistically significant.

RESULTS

FAMS53A Expression in Breast Cancer Cells
Is Associated With p53

We examined the localization of FAM53A in the breast cancer
cell lines MCF-7, T47D, MDA-MB-231, and BT-549 and the non-
malignant human mammary epithelial cell line MCF-10A by
immunofluorescence and observed its presence in the cytoplasm
and nucleus (Figure 1A). FAM53A was expressed at significantly
lower levels in the p53-wild-type breast cancer cell line MCF-7
compared with the normal human mammary epithelial cell line
MCEF-10A, whereas in the p53-mutant breast cancer cell lines
T47D, MDA-MB-231, BT-549, and BT-474, FAM53A was highly
expressed, particularly in MDA-MB-231 cells (Figure 1B). We
therefore selected MCF-7 and MDA-MB-231 cells for subsequent
experiments. To investigate the association between FAM53A
expression and clinicopathological features of breast cancer,
we selected 199 breast cancer tissues for immunohistochemical
staining. As shown in Table 1, FAM53A levels were negatively
correlated with wild-type p53 (P < 0.001; Figures 1C,D), but
had no significant correlation with age (P = 0.781); tumor size
(P = 0.110); TNM stage (P = 0.056); lymph node metastasis (P
= 0.996); or estrogen receptor, progesterone receptor, or human
epidermal growth factor receptor 2 (HER-2) status (P = 0.069).
Therefore, we next examined the effects of modulating FAM53A
levels in the presence and absence of functional p53.
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FIGURE 1 | FAM53A expression in breast cancer cell lines and tissues. (A) FAM53A expression in breast cancer cell lines was analyzed by immunofluorescence.
(B) FAM53A protein levels in five breast cancer cell lines and a normal human mammary epithelial cell line (MCF-10A) were assessed by western blotting. (C,D) The
relationship between FAM53A expression and p53 levels in breast cancer tissues was analyzed by immunohistochemistry.
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TABLE 1 | Correlation between FAM53A expression and clinicopathological
characteristics of invasive breast cancer.

Clinicopathological feature N FAM53A P-value
Positive Negative

All cases 199 70 129

Age (years)

<50 105 36 69 0.781

>50 94 34 60

Tumor size

<56.0cm 92 27 65 0.110

>5.0cm 107 43 64

TNM stage

Al 109 32 77 0.056

Il 90 38 52

Lymph node metastasis

Negative 119 42 77 0.996

Positive 80 28 52

p53 status

Negative 115 53 62 <0.001

Positive 84 17 67

ER, PR, and HER-2 Status

Non-TNBC 176 58 118 0.069

TNBC 23 12 11

TNBC, triple-negative breast cancer; ER, estrogen receptor; PR, progesterone receptor.

FAMS3A Inhibits Proliferation, Migration,
and Invasion in the p53-Wild-Type Breast
Cancer Cell Line MCF-7

To examine the effects of FAM53A expression on tumorigenesis-
related processes in a wild-type p53 cell line, FAM53A was
both overexpressed and depleted in MCE-7 cells (Figure 2A).
When FAMS53A was overexpressed, colony formation ability and
proliferation were significantly decreased; accordingly, FAM53A
depletion resulted in increased colony formation ability and
proliferation (Figures 2B,C). We also performed western blot
analysis to measure the levels of several proteins related to
proliferation. When FAMS53A was overexpressed, cyclin D1,
cyclin-dependent kinase 4 (CDK4), and c-Myc expression was
downregulated, while p21 expression was increased; FAM53A
depletion resulted in the opposite effects on these proteins
(Figure 2D). FAM53A overexpression inhibited the migration
and invasion of MCEF-7 cells, while FAM53A depletion promoted
these processes (Figure 2E). Changes in FAM53A protein levels
also affected the expression of proteins involved in cell migration
and invasion, with decreased RhoA, RhoC, Rho kinase 1
(ROCK1), and MMP9 expression and increased RhoB expression
after FAM53A overexpression. Expression of RhoA, RhoC,
ROCK1, and MMP9 correspondingly increased after FAM53A
depletion, along with decreased RhoB expression (Figure 2F).
These results suggest that FAM53A inhibits proliferation,
migration, and invasion in the presence of wild-type p53.

FAMS53A Promotes Proliferation, Migration,
and Invasion in the p53-Mutant Breast
Cancer Cell Line MDA-MB-231

FAM53A overexpression and depletion was also performed in
MDA-MB-231 cells (Figure 3A). In this cell line, overexpression
of FAM53A increased colony formation ability and proliferation,
while depletion had the opposite effects (Figures 3B,C). The
expression of proteins important for proliferation showed
opposite trends with FAM53A modulation to those observed
in MCF-7 cells; namely, FAM53A overexpression increased
cyclin D1, CDK4, and c-Myc levels, while decreasing p21 levels.
The depletion of FAM53A expression resulted in decreased
cyclin D1, CDK4, and c-Myc and increased p21 (Figure 3D).
FAMS53A overexpression promoted migration and invasion in
MDA-MB-231 cells, while depletion inhibited these processes
(Figure 3E). FAM53A overexpression increased RhoA, RhoC,
ROCK]1, and MMP9 expression and decreased RhoB expression,
and the opposite trends were observed with FAM53A depletion
(Figure 3F). Taken together, the above results indicate that
FAMS53A has opposing effects on proliferation, migration,
and invasion of breast cancer cell lines with wild-type and
mutated p53.

FAMS53A Differentially Affects the
Expression of Epithelial-Mesenchymal
Transition (EMT)-Related Proteins

EMT has dramatic effects on tumor cell behavior, as it results
in changes in cell polarity and the formation of tight junctions
between cells, a gradual loss of adhesion leading to cell
invasiveness and migration, and the expression of a large number
of extracellular matrix components that affect proliferation,
migration, and invasion. As the above experiments demonstrated
that FAMS53A affects the proliferation, migration, and invasion
of breast cancer cell lines, we next explored whether FAM53A
regulation is a potential inhibitory mechanism against EMT
by examining the expression of EMT-related proteins after
modulating FAMS53A levels. FAM53A overexpression in MCF-7
cells increased ZO-1 and E-cadherin expression and decreased
zinc finger E-box binding homeobox 1 (ZEB1), N-cadherin, and
vimentin expression; depletion of FAM53A had the opposite
effects on these proteins (Figure 4A). We also examined the
expression of EMT-related proteins in MDA-MB-231 cells.
FAMS53A overexpression decreased the expression of ZO-1 and
E-cadherin and increased the expression of ZEB1, N-cadherin,
and vimentin, while FAM53A depletion had the opposite effects
(Figure 4B).

FAMS53A Regulates Breast Cancer Cells
Through the MEK/ERK Signaling Pathway

We next sought to gain mechanistic insight into the effects of
FAMS53A on breast cancer cells. FAM53B, a homolog of FAM53A,
is involved in the regulation of Wnt/B-catenin signaling and
B-catenin nuclear localization (26). However, a Wnt/B-catenin
signaling pathway-related protein assay found no significant
changes upon modulation of FAM53A levels (Figure S1). The
MEK/ERK signaling pathway is crucial for the proper regulation
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FIGURE 2 | FAM53A inhibits proliferation, migration, and invasion in p53-wild-type breast cancer cells. (A) MCF-7 cells were transfected with FAM53A-specific
(si-FAM53A) or control (NC) siRNA, or with a FAM53A expression (p-FAMS3A) or vehicle (p-NC) plasmid. Western blotting was performed to evaluate transfection and
silencing efficiency. (B) Representative images and quantification of colony formation assays. (C) MTT assay results. (D) Expression changes in proliferation-related
proteins. (E) Cell invasion and migration assays. (F) Expression of proteins associated with cell migration and invasion. For all panels, *P < 0.05; **P < 0.01.
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FIGURE 3 | FAM53A promotes proliferation, migration, and invasion in p53-mutant breast cancer cells. (A) MDA-MB-231 cells were transfected with FAM53A-specific
(si-FAM53A) or control (NC) siRNA, or with a FAM53A expression (p-FAM53A) or vehicle (p-NC) plasmid. Western blotting was performed to evaluate transfection and
silencing efficiency. (B) Representative images and quantification of colony formation assays. (C) MTT assay results. (D) Expression changes in proliferation-related
proteins. (E) Cell invasion and migration assays. (F) Expression of proteins associated with cell migration and invasion. For all panels, *P < 0.05; **P < 0.01.
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FIGURE 4 | FAM53A regulates the levels of EMT-related proteins. (A,B) Expression changes in EMT-related proteins in MCF-7 and MDA-MB-231 cells, respectively.
E-Ca, E cadherin; N-Ca, N cadherin. *P < 0.05; **P < 0.01.

significantly change (Figure 6A). PD98059 rescued the increased
colony formation caused by FAM53A overexpression, as well as
the increased migration and invasion, confirming that the effects
of FAM53A are mediated through MEK/ERK signaling in this cell
line as well (Figures 6B,C). PD98059 also reversed the effects of
FAMS53A overexpression on the expression of proliferation- and
EMT-related proteins (Figure 6D).

of proliferation, migration, and invasion, so we next examined
the effects of FAM53A on MEK/ERK activation. In MCF-7 cells,
FAM53A overexpression resulted in decreased p-MEK1/2 and
p-ERK1/2, indicating decreased pathway activation. Conversely,
FAM53A depletion significantly increased the phosphorylation of
MEK1/2 and ERK1/2 (Figure 5A). Modulation of FAM53A levels
had no effect on EGF receptor (EGFR), Ras, Raf, MEK1/2, or
ERK1/2 levels, nor did it affect EGFR phosphorylation.

To confirm that FAM53A functions through the MEK/ERK
signaling pathway, we employed the specific MEK/ERK pathway
inhibitor PD98059. While FAMS53A depletion significantly
activated MEK/ERK signaling, PD98059 blocked this activation.
PD98059 treatment also blocked the increased colony formation
activity observed after FAMS53A depletion, and rescued the
increased migration and invasion, confirming that FAM53A
regulates MCF-7 cells through the MEK/ERK signaling
pathway (Figures 5B,C). We also examined the expression of
proliferation- and EMT-related proteins with PD98059 treatment
and found that MEK/ERK inhibition restored protein levels to
those observed without FAM53A depletion (Figure 5D). These
experiments demonstrate that FAM53A inhibits proliferation,
migration, and invasion and negatively regulates the EMT in p53
wild-type breast cancer cells through the MEK/ERK pathway.

In MDA-MB-231 cells, MEK1/2 and ERK1/2 phosphorylation
increased with FAM53A overexpression and decreased with its
depletion, while EGFR, Ras, Raf, MEK, and ERK levels did not

The Opposing Effects of FAM53A on
MCF-7 and MDA-MB-231 Cells Depend on

Their p53 Status
Interestingly, our results indicated that FAM53A has opposite
effects on the MCF-7 and MDA-MB-231 cell lines. As the
only positive correlation between FAMS53A expression and
the clinicopathological characteristics of invasive breast cancer
was p53 status (Table 1), we next investigated whether the
differential effects of FAMS53A in these lines was due to
the presence or absence of functional p53. An MCF-7 cell
line with stable expression of a p53 shRNA was generated,
which displayed decreased FAM53A expression compared with
the parental line (Figure 7A). Depletion of p53 reversed the
trends observed upon FAM53A depletion in the parental line,
decreasing MEK/ERK activation (Figure 7B), colony formation
(Figure 7C), and migration and invasion (Figure 7D).

Next, we constructed an MDA-MB-231 cell line stably
expressing wild-type p53 (Figure7E) and subjected it to
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FIGURE 7 | The opposing effects of FAM53A on MCF-7 and MDA-MB-231 cells depend on their p53 status. (A) An MCF-7 cell line with stable depletion of wild-type
p53 (shWTp53-7) was constructed and evaluated for (B) changes in the expression and activation of MEK/ERK signaling proteins, (C) colony formation ability, and
(D) migration and invasion. (E) An MDA-MB-231 cell line stably expressing wild-type p53 (WTp53-231) was constructed, transfected with control or FAM53A
overexpression plasmids, and evaluated for (F) changes in the expression and activation of MEK/ERK signaling proteins, (G) colony formation ability, and (H) migration
and invasion. For all panels, *P < 0.05; **P < 0.01.

the same analysis. FAMS53A overexpression in WTp53-
activation
colony formation (Figure7G), and migration and invasion

231 cells inhibited MEK/ERK

(Figure 7H).

(Figure 7F),

DISCUSSION

While FAMS53A has yet to be directly linked to tumorigenesis,

studies have shown that members of the FAM53 protein family
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bind to transcriptional regulators that regulate cell proliferation,
suggesting potential effects on cancer development. To the best of
our knowledge, this is the first demonstration of the relevance of
FAMS53A expression in cancer. The results indicate that FAM53A
levels are negatively correlated with wild-type p53, suggesting
a link between the role of FAM53A in breast cancer and
p53 status.

FAMS53A was shown to affect the sensitivity of breast cancer
cell lines to doxorubicin, with opposing effects on breast cancer
cell lines with different p53 status (27). However, the effects of
FAMS53A on breast cancer cells and their related mechanisms
were unknown. Our study demonstrates that overexpression of
FAM53A reduces proliferation, migration, and invasion ability in
the p53-wild-type breast cancer cell line MCF-7, but promoted
these abilities in the p53-mutant line MDA-MB-231. We had also
selected the p53-wild-type lung cancer cell line A549 and the p53-
mutant breast cancer cell line SK-BR3, the results are consistent
with the previous conclusions (Figure S2). Mechanistically,
the results indicate that FAM53A affects cell proliferation by
regulating the p21-cyclin D1-CDK4 signaling axis. In addition,
FAM53A may affect the migration and invasion of breast cancer
cells by regulating the expression of RhoA, RhoB, RhoC, ROCK1,
and MMP9. Through these proteins, FAMS53A could drastically
affect the behavior of malignant cells.

EMT occurs during tumor invasion and metastasis and
represents an important milestone in tumor progression. EMT
is mainly characterized by loss of epithelial cell polarity, loss
of adhesion between cells, and acquisition of mesenchymal cell
characteristics, accompanied by enhanced migration ability (30,
31). Our results indicate that FAM53A affects several key proteins
in EMT. Moreover, these effects were consistently opposite
between the p53-positive and -negative cells.

Our result demonstrated that FAM53A inhibits MEK and ERK
activity in p53 wild-type breast cancer cells, but activates these
enzymes in p53-mutant cells. The use of PD98059 to antagonize
ERK activation after FAMS53A overexpression or depletion
indicated that FAMS53A affects breast cancer proliferation,
migration, and invasion via the MEK/ERK signaling pathway.
Further mapping of this pathway will allow more precise
determination of the mechanism of FAM53A action.

As a key tumor suppressor gene involved in the regulation
of the cell cycle, apoptosis, senescence, and DNA repair,
somatic TP53 mutations are estimated to occur in 20-30% of
cancer cases, including breast cancer (31, 32). The prognosis
of breast cancer is closely related to lymph node metastasis,
which TP53 mutations can be used clinically to predict (32).
Importantly for breast cancer, TP53 status may be associated
with estrogen receptor (ER), HER-2, and Ki-67 status, with
important synergistic or regulatory effects (33, 34). When TP53
is mutated, normal regulation of these biomarkers is lost,
promoting lymph node metastasis. The effects of FAM53A levels
on the sensitivity of breast cancer to doxorubicin is correlated
with p53 status (27), and our previous immunohistochemical
staining demonstrated that FAM53A colocalizes with p53. In
this study, FAM53A inhibited proliferation, migration, and
invasion by inhibiting MEK/ERK signaling in p53 wild-type cells,
while in p53 negative breast cancer cells, FAMS53A activated
MEK/ERK signaling, promoting these behaviors. This suggests

that the role of FAM53A is reversed with loss of p53. We
used immunoprecipitation experiments to test for protein-
protein interaction between FAMS53A and p53 and did not
detect one (data not shown), suggesting an indirect regulatory
link between FAMS53A and p53. This relationship will require
further exploration. It is important to note that in addition
to their p53 status, MCF-7 and MDA-MB-231 cells differ in
the expression of the ER, K-Ras, and other important cancer
signaling proteins, and whether these factors affect the biological
behavior of FAM53A in breast cancer remains to be determined.

Our understanding of the role of FAMS53A in cancer
tumorigenesis and progression is limited. Taken together, our
study demonstrates for the first time that FAM53A affects the
proliferation, migration, and invasion of breast cancer cells in a
p53-dependent manner. These findings suggest that FAM53A has
broad prospects in cancer research, particularly in P53 wild-type
and P53 mutant breast cancer.
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In this paper, we summarize published articles and experiences related to the attempt
to improve radiotherapy outcomes and, thus, to personalize the radiation treatment
according to the individual characteristics of each patient. The evolution of ideas and
the study of successively published data have led us to envisage new biophysical
models for the interpretation of tumor and healthy normal tissue response to radiation.
In the development of the model, we have shown that when mesenchymal stem cells
(MSCs) and radiotherapy are administered simultaneously in experimental radiotherapy
on xenotumors implanted in a murine model, the results of the treatment show the
existence of a synergic mechanism that is able to enhance the local and systemic
actions of the radiation both on the treated tumor and on its possible metastasis. We are
convinced that, due to the physical hallmarks that characterize the neoplastic tissues, the
physical-chemical tropism of MSCs, and the widespread functions of macromolecules,
proteins, and exosomes released from activated MSCs, the combination of radiotherapy
plus MSCs used intratumorally has the effect of counteracting the pro-tumorigenic and
pro-metastatic signals that contribute to the growth, spread, and resistance of the tumor
cells. Therefore, we have concluded that MSCs are appropriate for therapeutic use in a
clinical trial for rectal cancer combined with radiotherapy, which we are going to start in
the near future.

Keywords: experimental radiotherapy, cell loss, mesenchymal cells, bystander effect, abscopal effect, exosomes,
mesenchymal cell enhancement ratio

INTRODUCTION

In clinical oncology, each patient is different. Therefore, the treatment should also be different;
that is, each patient needs a specific treatment adjusted to their characteristics and the prognosis of
the illness.

For most neoplastic diseases, the prognosis of the disease is a function of a small number of
variables. Although the choice of these variables is supported by a broad medical consensus and
it is assumed that each treatment is considered to be the most appropriate to achieve a cure, the
number of therapeutic failures that result constitutes a medical problem of singular importance.
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Currently the treatment of cancer patients is decided on
the basis of the size of the tumor, the status of the loco-
regional lymphatics, the presence or absence of distal disease,
the histological type, and the general health state of the
patient. Once the necessary values are known, the patients
are classified (the staging) into well-defined clinical categories
(1). This classification is so that the physician has a general
approach to the prognosis of the illness suffered by the
patient being treated, and that the treatment proposed is most
appropriate and above all offers the patient the necessary
information to decide and consent to how he/she wants to
be treated.

Ionizing radiation is widely and effectively applied in
oncology. However, due to dose limits, a complete tumor
cure cannot be achieved for many tumors and localizations.
Despite the advanced radiotherapy facilities and therapeutic
methods that are currently available, high doses of radiation
might still induce, fortunately only on rare occasions, early
and late side effects of severe magnitude. Unacceptable normal
tissue reactions persist as the limiting factor for administering
a tumoricidal dose in radiotherapy. Moreover, the frequent
presence of clinical and/or hide-metastatic foci in distal
organs is beyond the range of the treatment and is a death
threat for the patients. Therefore, research searching for
progress in the control of metastatic disease is a target of
major interest.

The previous paragraph reveals that both the study of the
extension of the neoplasms and the prediction of the probabilities
of tumor control or complications after therapy are based on
techniques that are imperfect, imprecise, and insufficient. Indeed,
when the results of therapy in groups of patients classified
to be at the same stage are studied in the long term, a
variability of response is found, which is impossible to predict
(1-6).

The evolution of ideas and the study of successively
published data have led us to imagine a new biophysical
model for the interpretation of tumor response to radiation.
In its development, we have shown that when human-
umbilical cord mesenchymal stem cells (MSCs) and
radiotherapy are administered simultaneously in experimental
radiotherapy on xenotumors implanted in a murine model,
the results of the treatment show the existence of a synergic
mechanism that is able to enhance the local and systemic
actions of the radiation both on the treated tumor and
on its possible metastasis. We are convinced that due to
the physical hallmarks that characterize the neoplastic
tissues, the physical-chemical tropism of MSCs, and the
widespread functions of macromolecules, proteins, and
exosomes released from activated MSCs, the combination of
radiotherapy plus MSCs used intratumorally has the effect of
counteracting the protumorigenic and pro-metastatic signals
that contribute to the growth, dissemination, and resistance of
the tumor cells.

Therefore, we have concluded that the administration of MSC
enhances the therapeutic effect of radiotherapy in vivo and does
not produce toxic effects, indicating that they could be used
as an adjuvant treatment for cancer, increasing the therapeutic

effect of radiotherapy on the tumor as well as on possible tumor-
metastatic foci.
The three objectives of this study are:

a. to propose a biophysics model that includes the classic
radiobiological concepts together with the bystander and
abscopal effects in a single picture.

. to summarize results of our in vivo studies that demonstrate
of the synergist effect of radiotherapy combined with
mesenchymal cell therapy in the treatment of xenotumors.

c. to suggest that exosomes and proteins secreted by the
activated-mesenchymal cells are responsible for the
enhancement of radiotherapy action on the tumor, including
the abscopal effect on tumor-metastatic foci.

THE ROLE OF RADIOBIOLOGY

The cellular consequences of direct radiation-induced DNA
damage, producing lethal and potentially lethal damage to
DNA, can be described by radiation cell survival models (7).
Nevertheless, although we agree with Brown et al. (8), who
suggested that, for the most part, the universally accepted
radiobiology ideas of the 5 Rs (9) are enough to describe the
clinical data and the isoeffect or tolerance calculations, we are
convinced that the results obtained from the application of the
LQ model (10, 11) in clinical studies through the calculation
of biologically effective doses (BEDs) are absolutely correct,
and that this model has also been successfully used, even with
stereotactic radio-surgery (SRS), intraoperative radiotherapy
(IORT), and stereotactic body radiotherapy (SBRT), although
with the probable exception that, for some tumors in which high
doses of irradiation may produce greater anti-tumor immunity
(8), the role of the 5 Rs of radiotherapy is clearly different in these
cases (12).

However, considering that the LQ model can explain neither
the bystander effects (13-15), nor the variation of damage
processing and tissue remodeling in the pathogenesis and
severity of the of the late effects of radiation (16-18), nor
the abscopal effects that can be intermediated principally by
immune cells such as the T cells (19), it is clear that the
models so far used to interpret the relationship between cell
radiosensitivity and clinical radio-response are unable to explain
all the effects of radiation in some circumstances and a more
general radiobiological model appears to be mandatory (6, 20).

WE MUST UNDERSTAND THE WHOLE
RESPONSE OF TUMOR AND NORMAL
TISSUE TO RADIOTHERAPY

The happening of hyper-radiosensitivity at low radiotherapy
doses (13) and the bystander effect (14-16) exemplifies that
reactive molecular signaling and repair activity regulate the
equilibrium of irradiated potential lethally damaged cells between
radiation cell killing and cell survival, and this communication
between irradiated and out-of-target cells can affect tumor cells,
reducing their surviving fraction (17, 18).
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Mounting data suggest that radiotherapy also recruits
biological effectors away from the treatment field and has
systemic effects (19, 20).

Consequently, in our view, non-target radiotherapy action
could be thought as the complete immunological reaction of the
tumor (21-25) and health tissues (6, 26) to the stress caused
in the irradiated volume (27) that results in enhanced levels of
DNA lesions (21), chromosomal aberrations (28), alterations in
transcript levels and gene expression (29-32), and finally cell
death (18, 33). The major question, however, is how to combine
diverse information (clinical, imaging, and molecular data) in an
algorithm to offer specific clinical information that precisely and
significantly estimate patient outcomes as a function of potential
therapeutic decisions (34).

We consider that neoplastic stem cell survival after radiation
treatment be determined by (a) the effects of radiation-induced
cellular damage (linear-quadratic model) and (b) the out-of-
target bystander and abscopal interaction produced by free
radicals, antigen-antibody interaction (19), and death receptor—
ligand interaction (18, 35, 36).

The Biophysical Model
Assuming that the targeted action of radiation on the cell DNA
and the non-targeted (bystander or abscopal) actions on cell
survival are independent as has been proposed recently (37), our
previously published model (35, 38) defines the final surviving
fraction as the product of the surviving fraction produced by
the targeted interaction of radiation with the tumor cells and the
cell surviving fraction on tumors and metastatic foci through the
short-range and long-range bystander effects that are promoted
by the radiation treatment (18, 35).

Based on these concepts, we have described that, after
radiation, cells in the therapeutic volume can be classified into
four compartments (Figure 1) that we briefly update here:

Undamaged Cells (A)
Survival response of cells after each fraction of dose, which should
be controlled with consecutive irradiation treatments.

Dead Cells (B)

This is the lethal-lesion compartment in Curtis’s model (39) that
arise from the targeted and non-targeted action of radiation
on DNA, and from the bystander and abscopal immunological
cell death promoted by the action of activated cells (38, 40)
and death cells (35, 40-42) on other tumoral cells belonging to
tumor process.

Activated Cells (C)

Cells that are either slightly damaged or have been able to
restore their lesions to a level of residual damage compatible with
survival. These cells might turn out to be an effective source of
cytokines (38), macromolecules (43), exosomes (44, 45), reactive
oxygen species (46), and reactive nitrogen species (18), and/or
could suffer phenotypic changes to express hide-antigens in the
tumors, which allow the triggering of the pro-immunogenic
effects of radiotherapy on the tumors (19, 20, 47), with none of
these possibilities being exclusive of the others, indeed all of them

Radiotherapy

MSC transplantation

Metastasis: Long range bystander and abscopal effects

FIGURE 1 | Schematic representation of the biophysical model for direct,
bystander, and abscopal actions of the radiotherapy and the enhancement
produced by the addition of cellular therapy through mesenchymal cell
transplantation simultaneously applied with radiation therapy. Rt-I-CD,
radiation-induced cell death on tumor cells; By-I-Cp, short and long-range
bystander-induced cell death on tumor cells; Abs-I-Cp, abscopal-induced cell
death on metastatic foci. The three types of induced cell death are enhanced
by the combination of radiotherapy and cellular therapy, and the compartment
of activated cells responsible for bystander and abscopal effects, labeled with
(C) in the figure, may be enlarged by mesenchymal cell transplantation.

might affect the local and distal burden of tumor cells (48) and
be the cause of the bystander and abscopal components of the
radiation immunologically induced cell death on local and distal
foci of the tumors (35).

As we will explain below, this compartment may be enlarged
by human-umbilical cord MSC transplantation (38, 44, 49).

Committed Cells (D)

This compartment corresponds with the potentially lethal lesions
in the LQ Equation (7, 39); cells in this compartment can flow
back to compartments (A) or (B) through proper repair or
binary misrepair.

Operational Terms
As operational purpose, we considered:

Short-Range Bystander Effect

It is generally accepted that the use of ionizing radiation
to a treatment volume that contains the tumor causes
effects that go beyond radiation-induced cell death (14),
revealing intracellular transmission that implies the gap-
junction intercellular connection and ends in cell death,
enhanced amounts of DNA double-strand breaks, induction of
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chromosomal aberrations, and/or alterations in transcript RNA
levels and gene expression (50).

Long-Range Bystander Effects

Results obtained from “in vivo” irradiated tumors suggest
that tumors may exert their influence far beyond its own
microenvironment to spread peritumoral region and tissues far
away from a tumor. The long-range bystander effect is generated
by cytokines, macromolecules, and exosomes liberated into the
extracellular space (38, 40, 44) that, through the lymphatic
or vascular systems, might substantially alter conventional
expectation in radiotherapy by yielding loco-regional positive
effects (35).

Abscopal Effect
The abscopal effect is an anti-tumor radiation consequence seen
in metastatic disease placed far away from the irradiated tissue.
High-dose ablative radiotherapy results in release of debris of
tumor cells containing molecules that may be immunogenic (51).
Therefore, radiotherapy could imitate the effect of vaccination,
as an unconventional method to present tumor antigens making
cancer cells more receptive to T cell-mediated cytotoxicity (52).
This effect could be associated first with the larger than usual
effect of single doses by standard models (53), thus facilitating
excellent local control rates, second to the unexpected abscopal
effect. In this sense, new original associations of RT with
immunotherapies have been designed to reverse tumor immune-
related radioresistance (54), and the reactivation of the anti-
tumor immune response can be considered as the 6th R of clinical
radiobiology (36), opening an exciting field in patient treatment.
It is important to underline that unlike an increased reply
concomitant with an escalation in radiation dose, the bystander
reaction reaches a saturation level at comparatively low doses
(18, 50).

The Mathematical Model

A key feature of bystander responses, as opposed to direct
irradiation effects, is the dose-response relationship. Instead of
a continuously increased response related with an increase in
dose, the bystander response turns out to be saturated at low
doses. This might indicate a receptor-ligand interaction, which
we took as our original hypothesis (18), with the characteristic
of being simultaneously dynamic and reversible. The same
kinetic mechanism could be used to describe the antigen-
antibody interaction.

Assuming the radiation and bystander consequences on
tumor cell survival to be independent (38, 44), the whole response
of the tumors and their metastatic foci to radiation therapy might
be expressed as the product of the probability of radiation tumor
cell death times the probability of cell death through bystander or
abscopal effects (18, 37).

Data now indicate that, as well as these targeted DNA damage
dependent effects, tumor cells and normal tissue-irradiated cells
(activated cells) and immunological cell death also transmit
signals to their adjacent cells (35). Here, we think that clonogenic
cell survival § after radiation therapy depends together with the
direct effects on DNA through radiation interaction Sgr and

bystander and abscopal communication IT Spy. Thinking that
DNA damage caused by radiation and short- and long-ranged
bystander effects on tumor cell survival are independent, the
whole tumor response may be said as:

n
S = Srr- 1_[ SBy(i) (1)

i=1

where the first term of the product of cell survival calculated
using linear-quadratic model represents the pure RT action on
the irradiated tumor and the second term, which begins with
the IT symbol, is the product from n = 1 to n = n of the cell
death probabilities resulting from each one (i = 1...i = n) of the
out-of-target cell death actions (bystander and abscopal effects)
promoted for the combined treatment (RT + MSCs) that was
used in our last papers. A set of these possibilities has been
summarized here in the point section Activated Cells (C).

Following the same reasoning that we indicated in our
previous paper (35), this entails that the chance of cell survival
depends on both the direct radiation effect (the LQ model) and
bystander effects, with these effects also being a phenomenon
composed of long- and short-range bystander actions, whose
importance, at least in experimental RT, may be estimated.

The final values of tumor cell survival (S) suggest that the
lethal effects of radiation on tumor cells can be significantly
enhanced by unanticipated interactions between live cells with
the secretome of activated cells (14, 44) or with the molecules
released after immunological cell death (42).

This model helps us to comprehend how anticancer treatment
may have an additional and significant effect in that the radiation-
activated MSC* cell response could be important for therapy
to be successful due to the fact that the survival of tumor cells
interconnecting with irradiated and activated cells is reduced.

THE LONG-RANGE BYSTANDER EFFECTS
AND THE ABSCOPAL EFFECT OF
RADIOTHERAPY

Anti-tumor consequences beyond the radiation field have been
identified (43, 47, 55-61) and the regression of remote metastasis
after tumor radiotherapy has been recently described in human
melanoma skin cancer (48, 62, 63) and other tumor locations
(64, 65).

Over recent years, the abscopal mechanism has been clarified
by the effort of several investigators, including Formenti and
Demaria (19, 20), who revealed that this activity was probably
facilitated by the immune system leading to immunogenic cell
death, a mechanism that implicates dendritic cells, T regulatory
cells, and suppressor cells as key intermediaries. Radiation
therapy sensitizes unresponsive tumors to the anti-neoplastic
action of antibodies that target the inhibitory receptor CTLA-
4 on T cells (66). Multiple studies have demonstrated that
radiotherapy can increase the efficacy of anti-PD1 therapy by
priming and recruiting more anti-tumor effector T cells (67, 68)
and recently it has been suggested that the addition of immune
checkpoint inhibition with local radiotherapy might increase
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local and distant metastatic control and, in the end, the clinical
results of disease control in patients with oligometastatic cancer
(69). Moreover, the idea to generate an integrated clinical and
molecular categorization of metastases along the spectrum of
disease is very interesting, because this approach may perhaps
influence the staging and treatment of patients with cancer
diseases (70).

Golden and colleagues (42) were the first to prove that
abscopal responses can be consistently identified in patients
with confirmed solid metastatic cancer treated with radio-
and immune-therapy. The combined treatment with and the
granulocyte-macrophage colony-stimulating factor generated
clear abscopal responses in certain patients with metastatic
diseases, and this finding signifies a hopeful advance to
establishing an in situ anti-tumor vaccine (71). Recently
published results prove that radiotherapy in combination with
the CTLA-4 blockade (72) or the PD1 blockade (68) produces
systemic effects in patients with cancer. The early response in
the TCR clonal dynamic detected in responders is coherent with
a change and increase of the tumor-directed TCR repertoire
provoked by radiation therapy and its study in representative
cases means that increase of a huge amount of tumor-specific
T cell clones in peripheral blood and their presence over time
correlated well with the occurrence of abscopal outcomes (72).
In spite of the growing number of clinical studies examining the
ability of radiation to improve immunotherapy, clinical proof
that it transforms cold tumors with little to no immune response
into responsive ones remains elusive (66).

Nevertheless, it seems clear that reasonable combinations
of immunotherapy with RT may dramatically change the
model of care for many tumor types in the following
decade (73).

MESENCHYMAL CELLS AS BIOLOGICAL
RESPONSE MODIFIERS

It is generally recognized that MSCs can be found commonly in
numerous tissues and are not limited to those of mesodermal
origin, such as bone marrow, adipose, muscle, and bone (74).
On the other hand, it has recently been revealed that in vitro
differentiation of human MSCs is linked by an augmented
sensitivity to apoptosis, which is in significant divergence
to undifferentiated MSCs, which are moderately resistant to
irradiation or temozolomide-induced DNA damage (75). We
have demonstrated that MSCs are relatively sensitive to low-LET
irradiation and very resistant to the bystander effect produced by
the culture medium of irradiated cells (18).

Stem cell knowledge has also become the basic element in
regenerative medicine (76, 77).

It is an exciting idea that inhibiting the mechanism that
facilitates the bystander effect can give rise to therapeutic
approaches that stimulate the radio-sensitivity of cells or protect
healthy tissue against the damaging effects of ionizing radiation
(78). Previous reports suggested a protective role for MSCs when
combined with RT (79, 80). In effect, study on mesenchymal
stem cell therapy for wounded and unhealthy tissues, involving

the intestines, has been highly encouraging. Therapy with bone-
marrow-derived or vascular-wall-derived MSCs protects the lung
tissue from radiation-induced vascular damage and antagonizes
the metastatic potential of circulating tumor cells to formerly
irradiated lungs (81).

The use of human grade MSC is challenging and must
fulfill EMA or FDA requirements to regulate autologous adult
stem cells for therapeutic application. This has been widely
summarized and discussed (82, 83) and we know that MSCs,
commonly mentioned to as MSCs or mesenchymal stromal
cells, are a varied population of cells that must be properly
characterized. To clarify this controversial aspect, different
papers have been published in the latest years (84-86) and
contribute to the understanding of the composition of MSC-
based products and provide the way to assess their in vitro and
in vivo bioactivity.

Due to their properties, MSCs might be suitable as a
therapeutic tool for handling radiation-induced normal
tissue injury (84, 87). Numerous papers have demonstrated
that administered either intraperitoneally or intravenously,
MSCs effectively home onto primary tumors and their
metastases (85, 86). Moreover, before supporting tissue
repair functions, MSCs first organize the microenvironment
by controlling inflammatory processes and releasing a variety
of growth factors in reaction to the inflammation process
(88). Due to their trophic, paracrine, and immunomodulatory
functions, they may have the highest beneficial impact in
vivo (89). However, the amount of MSCs that engraft into
damaged tissues might not be enough to explain their robust
protective effect.

The therapeutic efficacy of transplanted MSCs seems to be
unconnected to the physical proximity of the transplanted cells
to damaged tissue. Thus, we believe that the predominant
mechanism by which MSCs contribute in tissue repair might
be related to their paracrine activity, and in this way, it is also
possible to think of the additional use of MSCs as an adjuvant
to support and complement other therapeutic options as has
recently been recently proposed (65, 90).

IS IT POSSIBLE TO WIDEN THE
BYSTANDER AND ABSCOPAL
RADIOTHERAPY EFFECTS?

MSCs have been studied for the treatment of cancers as they are
able to home onto tumors and come to be incorporated into their
stroma. Moreover, MSC homing is enhanced after radiotherapy
(45). MSCs can both suppress or stimulate tumor progression
(91-93). It has been described that the bioactivation of MSCs may
be achieved by different treatments and the molecules secreted by
the activated MSCs (MSCs*) could have an influence on a variety
of immune cell lineages and establish a beneficial field (40).

We have recently shown that optimal bystander and abscopal
effects can be obtained using MSCs plus RT administered on an
experimental murine model with two xenotumors symmetrically
placed in the upper region of both the rear legs, with only one of
them being treated with radiotherapy (38, 44).
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In a recently published article, the influence of MSC
cell therapy on the progress of solid tumors using an
orthotopic cancer model of human colorectal cancer cells
has been studied, as well as in an immunocompetent rat
model of colorectal carcinogenesis representative of human
pathology (49). In their results, the authors show that MSC
administration to immunocompetent rats treated topically with
methylnitronitrosoguanidine (MNNG), a strong carcinogen,
reduced the growth of the tumors and improved overall
survival. In this experimental cancer model, the MSCs
have strong action on colon cancer growth by altering the
immune component of the tumor microenvironment. In
an important concordance with our research (38, 44), when
MSCs were administered after therapy of colorectal cancer
(CRC) with fractionated irradiation, MSCs reduced tumor
growth, extended animal survival, and reduced the presence of
metastatic foci.

The MSCs also protected healthy tissue from radiation
damage by rising the levels of growth factors, reducing fibrosis,
and facilitating intestinal recovery (49).

Taking into account both the previous reports and
our own experience and research on the extraordinary
abilities of proliferation (94, 95), secretion (44, 96), and
differentiation (95) of the umbilical cord mesenchymal cells
that we have investigated (38, 44) and used in combination
with radiotherapy in recent years, we have developed the
following hypothesis:

“Radiotherapy may not only be a successful local and regional
treatment but also a novel systemic cancer therapy” (38).

To check this hypothesis, we used a set of human cancer cell
lines implanted in NSG mice as xenotumors and MSCs obtained
from human umbilical cord stroma. We have investigated the
tumor response to direct irradiation (2Gy low-LET radiation
fraction administered once a week for 5-6 weeks) and, in the
non-irradiated contralateral tumor, the tumor sensitivity to the
bystander effect.

In our experiments, mice with tumors larger than 60 mm
were treated with an intraperitoneal administration of 10° MSC
once a week for 5-6 successive weeks (38, 44). The day after
each cellular therapy, one of the four groups of mice was
randomly chosen to have one of their tumors irradiated. Ionizing
radiation was delivered by X-ray TUBE (YXLON, model Y,
Tu 320-D03) as explained previously (38, 44). The treatment
was repeated once a week for a total of 5-6 weeks. The other
mice groups were treated with exclusively RT or exclusively
MSC. The mice in the control group received no treatment
(38, 44).

We have proved that tumor cell loss induced after treatment
with radiotherapy enhances with the therapeutic combination of
RT and MSCs, when compared to RT alone, in the three cell
lines (A375, G361, and MCF7) used, and also that, through the
bystander and abscopal effect, the therapeutic combination (RT
+ MSC) had a positive effect on the tumor-volume reduction
of the contralateral, untreated tumor (Table 1). When the cell
line used had metastatic potential, the combination (RT + MSC)

3

produced a reduction in the microscopic number of metastasis in
the internal organs of mice with A375 xenotumors (44). These
results prove conclusively that the combination of MSC 4 RT
produces a synergic, bystander, and abscopal effect.

In Table1, notice the differences in the tumor volume
doubling time values (Tp) corresponding to different cell lines
treated with RT (from 7.60 to 17.60 days) and observe, also, the
differences between the control and MSC+RT groups for each
of the tumor cell lines implanted as xenotumors (from 22.5 to
38.9 days) and the gains derived from the addition of MSC to the
RT treatment, measured as the mesenchymal cell enhancement
ratio (MSC-ER), ranged between 1.60 and 2.00 and more than
3.00 for A375 in our last paper (44) designed to evaluate the anti-
metastatic potential of MSCs combined with RT, when the tumor
volume was followed only in the first 14 days.

It is important to analyze that the time-to-tumor growth to
a volume of 2ml reached an increase in time ranging between
12% for A375, the most aggressive cell line, and 117% for MCF7,
the least aggressive. For details on the mathematical model used
[see (38, 44)]. It is important to highlight that G361 and A375 are
human melanoma cell lines, whereas MCF7 is a cell derived from
a human breast cancer.

We define cell loss factor as CL 100-[1
Tp(control)/Tp(treatment)]; in which Tp(treatment) is the
volume doubling time in each of the treatment groups: MSC
+RT and RT.

MSC-ER: the mesenchymal enhancement ratio is the ratio
between the cell loss corresponding to the combined treatment
divided by the cell loss corresponding to the treatment with
radiotherapy alone.

CL: in the cell-loss factor, the following are included: (i) all
the types of cell death, (ii) lengthening of the mean cell cycle
duration produced by the treatment, and (iii) cells that have a
null or limited growth potential due to misrepair of damage or
because they have been involved in a differentiation process.

The abscopal effect has been estimated by the reduction of
metastasis index that was 60% in the A375 cell line, with the
difference between the control and RT 4+ MSC groups being
statistically significant (P = 0.002). In our experiments, A375 is
the only cell line that has showed metastatic potential. It is very
important to note that the amount of metastatic foci observed in
the internal organs of the mice treated with MSC + RT was 60%
fewer than in the mice treated with RT alone (44).

Moreover, in our last paper (44) (supplementary materials),
we demonstrated that MSC, previously activated with 2 Gy low-
LET radiation dose (MSC*) and used after tumor radiotherapy
as adjuvant cellular therapy, retained a wide cytotoxic activity
that affected the volume of the xenotumors treated, thus
enhancing the therapeutic effect of radiotherapy in a similar
level to that we have communicated previously (38, 44).
Using these MSC*-activated cells, we found that when the
tumors implanted in mice were first treated with radiotherapy
and then treated immediately after the end of RT with
infused intraperitonially MSC* activated, the tumors treated
in this way significantly reduced their tumor growth rate
compared with both control mice and mice treated with
radiotherapy alone.
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TABLE 1 | Characteristic growth kinetics parameters of the treatment of xenografts implanted in NSG mice on control and MSC + RT groups.

Parameter Tumor cell line
G361 A375 MCF7

RT MSC + RT RT MSC + RT Control MSC + RT

Tp (days) 1.5 22.5 7.6 8.5 17.6 38.9
(Cl: 10.6-12.6) (Cl: 18.7-28.1) (Cl: 5.3-5.7) (Cl: 8.1-8.9) (Cl: 17.2-18.2) (Cl: 32.3-47.5)

CL (% days™") 47.0 72.3 9.6 18.8 - 55.9
MSC-ER 1.6 2.0 Not calculated
T-t-G (days) 60.8 91.1 32.8 36.6 195.0 422.3
Mx No Yes: 1.0+0.4 Yes: 0.440.1 No

% reduction Mx index: 60%; P = 0.002

Tp, tumor volume doubling time (days); CL, cell loss factor in a treated tumor compared to a control tumor (%-days~"); MSC-ER, radiotherapy mesenchymal cell enhancement ratio
= (cell loss produced by the combination RT + MSC)/(cell loss produced by RT alone); T-t-G, time-to-tumor growth (days) to reach a volume of 2.0 ml; Mx, Metastasis index: % of
decrease in the histological identification of microscopic metastasis in the MSC + RT group, compared to the control group; Cl, confidence interval.

Accordingly, the results obtained in our study regarding the
tumor doubling time (Tp) values were different among the
groups, being longer for mice treated with RT + MSC* (8.46
days), compared with the control and RT groups (6.87 and 7.60
days, respectively).

Mesenchymal enhancement ratio (MSC-ER) is the ratio of
tumor effect produced by the combination of radiotherapy
plus MSCs therapy (RT + MSC*) divided by the tumor effect
produced by exclusive radiotherapy. By means of doubling
the time values, we have calculated the MSC*-ER values as
the proportion of cell loss C; (38) produced by RT +
MSC* treatment, compared to the cell loss C; produced by
radiotherapy treatment alone and demonstrated that activated
MSC* potentiated the radiotherapy effect when infused into
tumor-bearing mice with a MSC*-ER of:

_ CL(RT+ MSC* treatment) _18.8%
o Cr (RT treatment) T 9.6%

MSC* — ER =195

(2)

This result fits with previous results summarized in Table 1
and proves that the combination (RT + MSC*) improves
the therapeutic efficiency respect to RT alone (both in tumor
and metastatic control) through enhancing short- and long-
range bystander and abscopal effects. For more details on
the mathematical model applied [see supplementary materials
in (37)].

CELLULAR THERAPY WITH MSCS: A
PROBLEM FOR ANTI-TUMOR THERAPY?

MSCs exist in many tissues and are recognized to actively be
recruited to primary tumors and metastasis and also to other
locations of normal tissue damaged, where they take part in
wound repair. Tumors can be thought of as “wounds that never
heal” and, in reply to signals from the neoplastic tissue, the
MSCs can exhibit a marked tropism that might contribute to
tumor growth promotion by several mechanisms that have been
reviewed recently (97).

Tumors continuously recruit cells from the tumor
microenvironment and become important elements of the
tumor volume, interchanging proper signals that might
acquire aggressive phenotypes of carcinoma cells and establish
a complicated situation that concludes in metastasis (98).
Recently, it has become apparent that tumor-associated MSCs
have an effective role in tumor induction, promotion, growth,
and metastasis (99), and although the tumor microenvironment
is constituted of numerous cell types including tumor, stromal,
endothelial, and immune cell populations, it appears clear
that, under the influence of these cells, MSCs acquire different
functional phenotypes that promote tumorigenesis (100),
permitting the tumor to avoid immune clearance or impeding
effectiveness through the acquisition of a chemotherapy and
radiotherapy resistance mechanisms (101). On the other hand, it
has been described that, in an inflammatory situation, resident
tumor MSCs strikingly enhanced tumor growth by engaging
monocytes/macrophages in comparison to bone marrow MSCs
(102, 103) and exosomes present in the cancer cell secretome
might be the principal agent able to modify the normal MSC cell
phenotype toward a malignant one (104).

Nevertheless, it is still controversial whether this innate
tropism of MSCs toward the tumors and metastatic foci
is linked with cancer promotion or suppression (105), and
it has been suggested that a better understanding of the
interactions between cancerous cells and stromal components
of tumor microenvironment is important to allow progress in
the development of more specific and useful therapies in cancer
(99, 100, 106).

EXOSOMES SECRETED FROM MSCS
HAVE A TOTALLY DIFFERENT EFFECT
FROM THE EXOSOMES RELEASED FROM
TUMOR CELLS

Cancer cell-derived exosomes have been shown to participate
in the key steps of the metastatic widening of a primary
tumor, ranging from oncogenic reprogramming of malignant
cells to the formation of pre-metastatic niches (107) and this
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mechanism may be facilitated by RT under certain conditions
(108, 109) or facilitated by released mir-939 in exosomes that,
once internalized in endothelial cells, play a protumorigenic role
for metastatic spread in association with triple-negative breast
cancers (110).

By studying the exosomes and microvesicles released by tumor
cells into the extracellular medium, we have been able understand
that exosomes from tumor cells spread through the biological
fluids and support tumor growth and metastasis formation (111,
112). There are several examples that confirm this hypothesis;
for example, it is well-known that the process of cancer cell
migration into the normal tissues and invasion-promoting effects
may be due to cancer-cell-derived exosomes (113, 114). After
release, the exosomes are taken up by neighboring or remote
cells facilitating tumor progression and the miRNAs confined
within the exosomes modify such processes as interfering with
tumor immunity and the microenvironment, suggesting that
exosomal miRNAs have a noteworthy role in regulating cancer
progression (115).

Pancreatic ductal adenocarcinoma (PDAC) is an exceptionally
aggressive tumor, characterized by a high metastatic potential,
even at the point of diagnosis; in a recent paper (116),
using proteomic studies, it has been shown that it is
possible to identify the impact of exosomes on the Kuppfer
cells in the liver, which may function to organize this
organ for metastatic occupation. Recently, the exosome-
mediated transfer of pyruvate kinase M2 (PKM2) from
PCa cells into bone marrow stromal cells (BMSCs) has
been identified as a new process through which primary
tumor-derived stimulate premetastatic niche
development (117).

Other published results (118) suggest that exosome-mediated
discharge of tumor-suppressor miRNA is selected in tumor
evolution as a mechanism to organize the activation of a
metastatic cascade (119). The load of exosomes is given for the
parental cells and the circumstances in which they deliver them,
which implies that circulating miRNAs in exosomes have the
ability to serve as prognostic and predictive biomarkers (120).

However, exosomes derived from MSCs play a completely
different role, and previous reports have suggested a protective
role for MSCs when combined with RT. Indeed, therapy
with bone-marrow-derived MSCs or vascular-wall-derived MSCs
protects the lung tissue from radiation-induced vascular
dysfunction and antagonizes increased metastases of circulating
tumor cells to previously irradiated lungs (81).

Exosomes produced by MSCs have been demonstrated
to contain antiapoptotic miRNAs to improve epithelial and
endothelial wound healing and angiogenesis, and to include
growth factor receptor mRNAs, well-known to facilitate wound
recovery and safeguard the intestines from experimental
necrotizing enterocolitis (121). Results of the research on
mesenchymal stem cell therapy for wounded and unhealthy
tissues, including the intestines, have been highly promising
(79, 80) and MSCs may be considered as a therapeutic tool to
deal with radiation-induced tissue damage (87).

It is important to underline that the group of Chapel et al.
(122) has initiated a phase 2 clinical trial (ClinicalTrials.gov

€xosomes

Identifier: NCT02814864) for the treatment of severe adverse
effects for patients receiving radiotherapy for prostate cancer and
that this clinical trail is supported by numerous papers focused on
the use of MSCs for alleviating the side effects on normal tissues
after radiation therapy (123-125).

However, the biodistribution and the mechanism involved in
the control of colateral side effects are not well-known, although
there are also some reports directed to investigating this problem
in more depth. But we do know that in an undamaged mouse,
exogenous intravenously injected MSCs quickly accumulate
within the lungs and are cleared from this site to other tissues,
such as the liver, within days (126). Nevertheless, the quantity
of MSCs that are uptaked for the injured tissues may not be
sufficient to explain their strong protective effects.

Moreover, in a cancer rat model used to study the treatment of
chemical-induced colorectal cancer (CRC) previously cited (49),
it has been demonstrated that exogenous MSCs, although only
briefly found in the colon tissue of treated animals, were able
to alter the immune profile of the tissue microenvironment as
far as 1 year after the last MSC administration, possibly due to
polarization of resident MSCs and immune cells.

To sum up, it is generally accepted that MSC-derived
microvesicles and exosomes have been proposed as a novel
mechanism of cell-to-cell communication that permits the
transmission of functional proteins or genetic material via
mRNAs and microRNAs upon cell activation that may encourage
a new approach for repairing acutely damaged organs by virtue of
the exclusive MSC tropism for the injured tissue, as well as their
paracrine action in nature and facilitated through the decrease of
inflammation and enhancement of tissue repair (127).

On the other hand, our in vitro and in vivo results show that
TRAIL and DKK3 are molecules delivered by mesenchymal cells
that, as consequence of the cell treatment with 2 Gy low-LET
gamma radiation, are released to the extracellular space where
they can work as signaling molecules to yield tumor cell death
(38, 44). The ability of MSCs to release TRAIL to culture medium
that inhibits the growth of human cancer cells has recently been
confirmed (128). Exosomes and microvesicles also appear in
the extracellular medium of cell cultures that are quantitatively,
qualitatively, and functionally different if they are removed from
the MSC medium or from the activated MSC medium (44).

Together, all these results indicate that the administration of
MSCs might be a safe and innovative therapeutic alternative to
heal normal tissue after cancer radiotherapy (49).

ANNEXIN A1 AS A CANDIDATE FOR
ENHANCING RADIOTHERAPY

When we examined the exosome load before and after the
activation of MSCs with RT, we noticed statistically significant
differences between the results of the proteomic analysis
corresponding to the samples.

We have described that there are qualitative, quantitative,
and functional variations among the proteins included in the
exosomes found from MSCs and activated MSCs* (44). Thus,
the comparison between cells studied in basal and in activated
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states shows that whereas the amounts of very significant
common GO terms and MSC GO terms are in concordance,
the results produced a significant variability and number of
pathways modified in MSCs* (44), and it demonstrates the
intense metabolic change that these activated cell exosomes have
suffered and the consequences after activation with radiation.
Among the cluster representatives in MSCs*, we underline
the leukocyte cell-cell adhesion, cell localization, and negative
control of responses to activation and cell death. Several of
these proteins are important elements of cell-cell or cell-matrix
adhesion and include annexin and integrins. Among them, the
presence of ANXAL is very significant because it is always present
in the exosomes secreted from MSCs* and constantly absent
in MSCs.

We have verified these findings using quantitative mRNA-
PCR to measure the mRNA of this molecule in MSCs and MSCs*
and demonstrated that mRNA is dramatically induced in MSCs
after irradiation, which supports the massive presence of ANXA1
in the exosomes released by MSCs* (44). Especially relevant is the
presence of ANXA 1 in the exosomes from activated MSCs* and
the absence of this protein in the conditioned medium separated
from the non-irradiated MSCs.

During more than 30 years of research, annexins have been
established as key elements in the control immune responses.
The prototype member of this family, ANXA1, has been broadly
accepted as an anti-inflammatory intermediary influencing
migration and cellular reactions of various specialized cell types
of the innate immune system (129). Nevertheless, it is now
accepted that ANXALI has extensive effects beyond the immune
system with consequences in preserving homeostatic secretion,
fetal development, the aging process, and development of several
diseases such as cancer (130, 131).

Inflammation is a strongly controlled process, initiated after
tissue damage or infection. If uncontrolled or unresolved, the
inflammation itself can drive additional tissue destruction and
cause persistent inflammatory disorders and autoimmunity with
following deficiency of organ function. It is now clear that the
control of inflammation is a functional process that appears
during an acute inflammatory incident (132). Following cell
activation and release, ANXAI1 inhibits the accumulation of
neutrophils in the tissue injured by numerous mechanisms;
furthermore, ANXA1 promotes neutrophil apoptosis and takes
actions on macrophages to stimulate the phagocytosis and the
elimination of dead neutrophils (132, 133) and leads to the
rapid restoration of tissue homeostasis. Inflammation outcome is
regulated by numerous endogenous factors, involving fatty-acid-
derived specialized pre-resolving mediators and protein, such as
ANXALI (134).

There is mounting evidence that ANXA1, and its mimetic
peptides (135), may have a major function in mitigating
ischemia-reperfusion injury-associated complications (136).
Moreover, chronic inflammation in tumors is frequent and
promotes tumor growth, progression, and metastatic spreading,
as well as treatment resistance (137). Physical aberrancies
of tumor vasculature comprise their chaotic organization, an
enhanced interstitial pressure, an amplified solid stress, hypoxia,
and a progressive contraction of solid tumors that are the

physical barriers in tumors (138) and are inspiring new anti-
cancer strategies aimed at targeting and normalizing the physical
anomalies of these solid tumors (139).

On the other hand, the overexpression of this molecule has
been reported in many cancers, although its clinical meaning
is still controversial (140-142), which could be, in part, due
to the localization of ANXA1 in the nuclear and cytoplasmic
compartments, and also associated to the membrane (131).
In fact, the expression level of ANXA1 is down-regulated in
numerous types of cancer and is linked with metastasis, relapse,
and poor prognosis (141, 143); ANXA1l is an endogenous
inhibitor of NF-kB that may be stimulated in human cancer cells
and in experimental mice models by powerful anti-inflammatory
glucocorticoids and altered by non-steroidal anti-inflammatory
drugs (143). In this context, ANXA1 has long been categorized
as an anti-inflammatory molecule due to its influence over
leukocyte-mediated immune responses (144).

Upon tissue damage, epithelial wound closure is a finely
adjusted process detected in chronic inflammatory diseases
related with non-healing wounds. In this process, ANXA1
is involved as a pre-resolving mediator (145). ANXA1 is a
glucocorticoid-induced protein that is well-known to reproduce
numerous anti-inflammatory effects of glucocorticoids and is
implicated in the modulation of T-cell function and the adaptive
immune response related to rheumatoid arthritis (146) and
increasing data suggest that ANXA1, which act together with
the formyl peptide receptor family, might have a major role in
alleviating ischemia-reperfusion injury (136). ANXAI interacts
with p53 to co-regulate Bid expression and stimulate cell death
after OGD/R via the caspase-3 pathway (147) and it has been
described that ANXA1 is one of the molecules that is involved
in p53-mediated radio-response and the abnormal expression
of ANXATI in nasopharyngeal carcinoma NPC might affect the
apoptosis of tumor cells caused by ionizing radiation decreasing
radiotherapeutic efficacy (148).

Recently, the function of ANXALI in the therapy of acute
radiation-induced lung injury has been analyzed and the
mechanism of its action is investigated (149). The role of
damage-associated molecular patterns in neuro-inflammation
has been implicated in adverse neurological outcomes following
lethal hemorrhagic shock and polytrauma. Data obtained in
(150) provide new suggestion that appealing pro-resolving
pharmacological approaches such as Annexin-Al biomimetic
peptides can effectively reduce neuro-inflammation and new
data show a new multifaceted role for ANXALI as a therapeutic
and a prophylactic drug due to its capacity to stimulate
endogenous pro-resolving, anti-thrombo-inflammatory circuits
in cerebral ischemia-reperfusion injury (151). Finally, the chance
of exploiting ANXAI as a novel therapeutic molecule in
diabetes and for treatment of microvascular disease has been
announced (152).

CONCLUSIONS

Considering all the information summarized in this review,
we are convinced that, due to (i) the physical hallmarks and
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biological capabilities (153) that characterize neoplastic tissues,
(ii) the physical-chemical tropism of MSCs (154), and (iii)
the widespread functions of macromolecules, proteins, and
exosomes, all these factors secreted by activated MSCs* are able
to reduce pro-tumorigenic and pro-metastatic signals released by
tumors that influence the progression, growth, spread, and drug
resistance of tumor cells.

However, additional study is required to find the cause of
tumor cells forsaking malign phenotypes of cancer cells and
returning to their normal state.

We have recently shown that clinical grade umbilical cord
MSCs can be expanded, cryogenically stored, and reconstituted
after batch release, maintaining their immunophenotype,
and show good viability and activation by irradiation.
Our study indicates that no toxic effects are produced by
MSCs or pre-irradiated MSC* inoculation. In addition,
umbilical cord MSCs* have never been detected in any
studied organ at 90 days, indicating that these cells will not
be present for a long time in a treated patient (manuscript
in preparation).

In an attempt to take our basic and regulatory research to
clinical practice, we proceeded to apply for the registration of
the patent P201500022 and title “Activated stem cells and medical
uses,” with the priority date of December 2014. Its international
extension via PCT has the number PCT/ES2015/070951
(WO0/2016/102735) and was published in June 2016.
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Background: Stereotactic radiotherapy treats hepatocellular carcinoma (HCC) at
different stages effectively and safely. Besides its direct killing of cancer cells, radiotherapy
stimulates host immunity against hepatoma. However, the role of myeloid-derived
suppressor cells (MDSCs) in on-target and off-target anti-HCC effects induced by
hypofractionated irradiation (IR) is unclear.

Methods and Materials: Hepal-6 and H22 allogeneic transplanted tumors on hind
limbs of C57BL/6 and Institute of Cancer Research (ICR) mice, respectively, were
irradiated with O, 2.5, 4, 6, or 8 Gy/fraction until the total dose reached 40Gy. The
off-target effect induced by the IR was investigated by subsequently inoculating the
same HCC cells subcutaneously on the abdomen. MDSCs in peripheral blood and tumor
tissues were measured by flow cytometry or immunofluorescence microscopy analysis.
IL-6, regulated on activation normal T cell expressed and secreted (RANTES), and
granulocyte colony-stimulating factor (G-CSF) in irradiated mouse plasma and hepatoma
cell cultures were measured with ELISA kits. Conditioned media (CM) from irradiated HCC
cell cultures on bone marrow cell differentiation and MDSC proliferation were examined
by co-culture and flow cytometry.

Results: Our study showed that the IR of primarily inoculated HCC on hind limbs
created an “in situ tumor vaccine” and triggered the antitumor immunity. The immunity
was capable of suppressing the growth of the same type of HCC subcutaneously
implanted on the abdomen, accompanied with reduced MDSCs in both blood and
tumors. The decreased MDSCs were associated with low plasma levels of IL-6,
RANTES, and G-CSF. The cytokines IL-6 and RANTES in the CM were lower in
the high single IR dose group than in the control groups, but G-CSF was higher.
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MDSC-Mediated Immune Suppression

The CM from high single-dose IR-Hepal-6 cell culture reduced the differentiation of
C57BL/6 mouse bone marrow cells into MDSCs, whereas CM from high single-dose
IR-H22 cells reduced the proliferation of MDSCs, which might be due to the decreased
p-STAT3 in bone marrow cells.

Conclusions: The hypofractionated IR on transplanted tumors at the primary location
exerted a strong antitumor effect on the same tumor at a different location (off target).
This abscopal effect is most likely through the reduction of MDSCs and decrease of IL-6,

RANTES, and G-CSF.

Keywords: in situ tumor vaccine, high-dose low-fraction radiation, myeloid-derived suppressor cells, negative
immune breaker, hepatocellular carcinoma

INTRODUCTION

Myeloid derived suppressor cells (MDSCs), a group of high-
heterogeneity immune-negative regulating cells, have two
subgroups: granulocytic MDSC (PMN-MDSC) and monocytic
MDSC (M-MDSC) with their own functions (1). In pathological
conditions (such as an infection and an autoimmune disease),
overproduced inflammation molecules and overstimulated
proliferation, and differentiation of immune cells could be
restrained by MDSCs to keep the reaction under control and to
balance immune response and host’s homeostasis (2).

The traditional and new treatments are unsatisfactory for
hepatocellular carcinoma (HCC) (3-5). Recently, stereotactic
body radiotherapy (SBRT) has emerged as a preferred regimen
for HCC owing to its effectiveness and safety (6, 7). Besides its
direct killing of tumor cells, the irradiation (IR) also induces
immune reactions that kill metastatic hepatoma tumor cells
(8). Radiotherapy (RT) enhances the release of tumor-associated
antigens (TAAs), creates damage-associated molecular patterns
(DAMPs), and stimulates the immunomodulatory cell surface
molecules, resulting in a manifestation “in situ vaccine” and
antitumor immune response (9-11). The IR-targeted tumor
could suppress the off-target tumors (tumors at locations away
from the irradiated location) (12). This abscopal effect might
relate to a fact that the IR turns on the bodys antitumor
immune response by up-regulating the tumor immunogenicity,
which has been well summarized by Demaria and his colleagues
(13, 14, 33). However, cellular, molecular, and immunological
mechanisms of this off-target effect are not well-studied. Because
MDSCs have a significant inhibitory effect on the immunity
against malignancies during the development and progression,
it is desired to understand the role of MDSCs in IR-induced
on-target and off-target antitumor effects.

The alterations of MDSCs could be triggered by different IR
regimens (15). IR induces the MDSCs, dendritic cells (DCs),
macrophages, and other cells in the lymph nodes surrounding
the tumor (16, 17), and affects the recruitment and redistribution
of MDSCs in tumor (16, 18, 19). Crittenden et al. found that a
total dose of 20 Gy (~6 Gy x 3) given to 4T1- or Panc02 tumor-
bearing mice could increase infiltrated MDSCs but decreased
blood MDSC:s significantly (20). Deng et al. reported that after a
single-dose 12-Gy IR, the decreased MDSCs negatively correlated

with the increased CD8™ cells (21). IR also reduces MDSC levels,
which requires high-dose ablative IR rather than multiple lower-
dose treatments (22). Thus, MDSCs play an important role in the
outcome of tumor RT (23). However, so far, there is no consensus
about the best way of IR to fully utilize MDSCs in the RT owing
to the lack of systematical comparison study of the IR effects
on MDSCs.

We hypothesize that hypofractionated IR of primary tumor
generated “in situ vaccine,” which could suppress the off-IR-
target tumor growth by reducing MDSCs in blood and tumor
tissues. To prove this hypothesis, MDSCs in two IR HCC models
and the consequent abscopal effects on off-target tumor growths
were examined. In addition, MDSCs regulated inflammation
molecules [granulocyte colony-stimulating factor (G-CSF), IL-6,
and regulated on activation normal T cell expressed and secreted
(RANTES)], and their effects on differentiation and proliferation
of MDSCs were also explored.

MATERIALS AND METHODS

Cell Culture

Hepal-6 cells [murine HCC, from American Type Culture
Collection (ATCC), Manassas, USA] were cultured in Dulbecco’s
modified Eagle medium (DMEM); and H22 cells (murine HCC,
from Bio-Rad Life Sciences Development Co., Ltd. Beijing,
China) were cultured in Roswell Park Memorial Institute
(RPMI) 1640 in 37°C in a humidified incubator with 5% COs,.
The media contained 10% fetal bovine serum (FBS) and 100
U/ml of penicillin and 100 pg/ml of streptomycin. The culture
media, FBS, and antibiotics were purchases from Thermo Fisher
Scientific (USA).

Animal Models

C57BL/6 and Institute of Cancer Research (ICR) mice (8-week-
old pathogen-free female mice) were purchased from Slaccas
Experimental Animal LLC (Shanghai, China). Hepal-6 cells and
H22 (1 x 10° cells/in 0.1 ml/site) were subcutaneously injected
into hind limbs of C57BL/6 mice and ICR mice, respectively.
Three days after the inoculation, the tumors were established
as they were touchable (size about 2 mm?). Each type of the
tumor-bearing mice was randomly divided into five groups
(Hepal-6/C57BL/6, 6 mice/group; and H22/ICR, 8 mice/group)
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for different IR doses/fractions (0, 2.5, 4, 6, or 8 Gy) with 40-
Gy total dose. The IR schedule was as indicated in Figure 1B.
Briefly, the mice were immobilized in a special device. The
hind limbs bearing the HCC were stretched out, fixed on rear
supporter as part of the device, placed on the 1-cm tissue
equivalent compensator, and exposed to the IR (voltage, 6 MV;

direction, 180°; dose rate, 5 Gy/min; irradiated volume, 36 cm x
4 cm; distance from source to skin, 100 cm) of linear accelerator
(CL/1800, Varian Medical System Inc, USA).

The second tumor challenge of Hepal-6 cells or H22 (1 x 10°
cells/0.1 ml/site) was subcutaneously injected on the abdomen 3
days after the entire IR was completed.

Placed on IR device table
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FIGURE 1 | Hypofraction irradiation (IR) significantly improved the local control of hepatocellular carcinoma (HCC) growth in mice. (A) Schedule of irradiation: after the
Hepa1-6 or H22 allogeneic tumors in C57BL/6 or Institute of Cancer Research (ICR) mice were established, the IR was conducted with different doses (2.5, 4, 6, or
8 Gy) per fraction every day during weekdays until the total dose reached 40 Gy. The images of irradiation procedure of Hepa1-6/C57BL/6 and H22/ICR mouse
models are shown (B). The tumors in the hind limbs of mice were fixed in a special device and placed on the 1-cm tissue equivalent compensator and exposed to the
IR (voltage, 6 MV, direction, 180°; dose rate, 5 Gy/min; irradiated volume, 36 x 4 cm; distance from source to skin, 100 cm) of linear accelerator (CL/1800, Varian
Medical System Inc, USA). The tumor growth in hind limbs was measured by circumference ruler once a week for C57BL/6 mice or twice a week for ICR mice

(C,D). The differences of intra-groups were analyzed by one-way ANOVA test followed by Tukey’s honestly significant difference (HSD) test in Kruskal-Wallis test.

*p < 0.05, “p < 0.01, and ***p < 0.0001. (n = 30, 6 mice/group, 5 groups in Hepal-6/C57BL/6 model; n = 40, 8 mice/group, 5 groups in the H22/ICR models).
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FIGURE 2 | Effectiveness of the on-target vaccine created by hypofraction irradiation (IR) on off-target tumors was dose dependent. The allogeneic tumors on mouse
hind limbs underwent different IR doses/fraction to create in situ vaccines. The antitumor immunity elicited by in situ vaccines was evaluated by observing the growth
of the second tumor challenge on abdomen in both Hepa1-6/C57BL/6 and H22/Institute of Cancer Research (ICR) models. The second tumor challenge volume was
measured weekly for Hepa1-6/C57BL/6 models and twice a week for H22/ICR models; and the tumor were calculated as length x width?/2. Results showed that all
irradiated on-target tumors had an antitumor immunity effect on the second inoculated off-target tumors (A), except for H22 tumors irradiated with 2.5 Gy/fraction, in
which the off-target tumors grew bigger than controls. The antitumor immunity effect of the in situ vaccines on the second inoculated off-target tumors (abscopal
effect) was dose per fraction dependent (B,C). The higher the dose per fraction (>4 Gy) used, the stronger the antitumor immunity against the second tumor
challenge developed. *P < 0.05, **P < 0.01.

The tumor volume of the hind limbs was evaluated by  isothiocyanate (FITC)- or allophycocyanin-conjugated anti-
measuring with circumference ruler owing to the unclear tumor ~ mouse CD11b and phycoerythrin (PE)-conjugated anti-mouse
boundary. The volume of the second tumor challenge was  Grl on ice for 45 min, and then the 7-aminoactinomycin (7AAD)
measured with vernier caliper weekly for Hepal-6/C57BL/6  (BioLegend, USA) was added for another 15min. After being
models and twice a week for H22/ICR models; and the tumor  washed three times, the cells were analyzed by Accuri C6 flow
volume was calculated as length x width?/2. cytometer (Becton Dickinson, USA). The negative 7AAD cells

All mice had ad libitum access to standard diet and  were gated for the live cells. Forward vs. side scatter (FSC vs.
water. The growth of subsequently inoculated tumors SSC) was used to gate the subpopulations of monocytes or
and animal well-being were closely monitored. All  neutrophils. It has been proved that the morphology of M-
animal experiments were approved by Fujian Medical ~MDSCs (CD11b*Ly6G~Ly6C*t or CD11b*Ly6G~Ly6CM) was
University Institutional Animal Ethical Committee (FJ]MU  mononuclear and that of PMN-MDSCs (CD11b*Ly6G*Ly6C™~
IACUC 2018-027). or CD11bTLy6GtLy6C) was multinuclear (24). We used

FSC/SSC-gated method to distinguish the mononuclear cells

. . from granulocytes and to determine the MDSCs in the two

Flow Cytometric Analysis for Blood groups by CD11b and Grl antibodies. The two groups of
Myeloid-Derived Suppressor Cells cells were stained with DAPI (BioLegend, USA) after being
Blood sample of mice was collected from the tail vein. After  sorted by FACSAria™ (Becton Dickinson, USA). The nuclear
red blood cells were lysed with ACK lysis buffer (Sigma, morphology was observed using a fluorescence microscope
USA), white blood cells (WBCs) were stained with fluorescein ~ (Olympus, Japan). In the FSC/SSC-gated mononuclear cells,
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the CD11b*Grl™ cells were recognized as M-MDSCs. In
the FSC/SSC-gated granulocytes, the CD11bTGrl1™ cells were
recognized as PMN-MDSCs. The percentage of CD11b*Gr-17
MDSCs was calculated in gated monocytes or neutrophils using
FlowJo7.6 software.

Immunofluorescence Analysis for
Infiltrated Myeloid-Derived Suppressor

Cells in Tumor Tissues

For infiltrated MDSCs in tumor tissues, tumor tissues from
the mice were fixed in 10% neutralized formalin overnight and
embedded in paraffin blocks [formalin fixed paraffin embedded
(FFPE)]. FFPE slides that are 3-4 um thick were cut from the
blocks. The slides were deparaffinized with xylene, rehydrated
with gradual alcohols, and incubated in 0.01M of sodium
citrate buffer (pH 6.0) in a 95°C water bath for 15min for
antigen retrieval. After being blocked with 5% FBS in 0.1%
PBST (Triton X-100-PBS) for non-specific binding sites, the
slides were incubated with FITC-conjugated anti-mouse CD11b
and PE-conjugated anti-mouse Gr1 (BioLegend, USA) overnight
at 4°C. For MDSC density, the CD11b*Gr1™ yellow area in
random 0.42-mm? field within the tumors was measured and
averaged. Images were acquired using a fluorescence microscope
(Olympus, Japan). Quantification of fluorescent signals was
performed using Image]J software.

In vitro Radiation Response Assay

Hepal-6 or H22 cells were seeded in 6-cm plates, each with 4 x
10° cells. After being cultured for 24 h, the cells were placed on
the 1-cm tissue equivalent compensator and exposed to the IR
(voltage, 6 MV; direction, 180°; dose rate, 5 Gy/min; irradiated
volume, 10 cm x 10 cm; distance from source to skin, 100 cm)
of linear accelerator (CL/1800, Varian Medical System Inc, USA)
at different single doses (0, 2.5, 4, 6, or 8 Gy). At the indicated
time points, the conditioned media (CM) were collected, and cell
debris in CM was removed by centrifugation. The cells in the
plates were washed with PBS, harvested, and frozen at —80°C for
subsequent analyses.

In vitro Induction of Myeloid-Derived

Suppressor Cells

Protein concentrations in the collected CM from the
aforementioned irradiated Hepal-6 or H22 cultures were
determined by bicinchoninic acid (BCA) assay (Beyotime,
China) and adjusted to the final concentration of 1 mg/ml.
Bone marrow cells isolated from C57BL/6 or ICR mice were
adjusted to the final density of 2.5 x 10/ml in culture media in
the presence of 10 ug/ml of granulocyte-macrophage colony-
stimulating factor (GM-CSF) (BioLegend, USA) or the CM from
irradiated Hepal-6 or H22 cells. Three days after the culture, the
percentage of CD11bTGr1™ MDSCs was measured with flow
cytometry (FCM). The proliferation of MDSC was detected by
5,6-carboxyfluorescein diacetate (CFSE) staining.

Cytokine Assay
IL-6, G-CSE, and RANTES in the experimental mouse plasma
and the CM collected from irradiated H22 or Hepal-6 cells

cultured in vitro were quantified using Mouse Cytokine
ELISA Kit (MULTI SCIENCES, China) following the
manufacturers’ instructions.

Western Blot for p-P65 and p-STAT3

All steps for Western blot were consistent with the published
literature (25). Briefly, the irradiated HCC cells were lysed with
TNE buffer (10 mM of Tris-HCl, 150 mM of NaCl, 1mM of
EDTA, and 0.5% NP40, pH 7.5). Protein concentrations in the
lysates were measured and adjusted to 2 mg/ml. The tumor cell
lysates were mixed with 4 x loading buffer [40 mM of Tris-
HCI, 200 mM of DTT, 4% sodium dodecyl sulfate (SDS), 40%
glycerol, and 0.032% bromophenol blue, pH 8.0]. The mixtures
were run on SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) gel with 4% stacking gel and 10% separating gel. After
being run, separated proteins in the gels were then transferred
to nitrocellulose membranes for standard Western blot assay.
Target protein bands on the membranes were detected with
specific antibodies and developed with Thermo Pierce ECL kit.
The results were quantified on FluorChem E exposure device
(ProteinSimple, USA).

Statistical Analysis

Quantitative data are presented as average & standard deviation
(SD) unless otherwise indicated. Statistical significance was
determined with the one-way ANOVA test followed by Tukey’s
honestly significant difference (HSD) test with ranks for a
multiple-group comparison. The correlation between in situ
irradiated tumor sizes and the percentage of MDSCs in peripheral
blood mononuclear cell (PBMC) of two HCC tumor-bearing
models were determined with Pearson correlation with dose as
control variate followed by statistical significance set to p <
0.05. A statistical analysis of the differences between groups was
performed with GraphPad Prism 5.

RESULT

Hypofractionated Irradiation Improved the
Local Control of Hepatocellular Carcinoma
in Mice

To test what dose per fraction and how many fractions within
the clinically used SBRT produce the best antitumor effect, a 40-
Gy total ablative dose with different doses/fractions was tested in
the two allogeneic HCC mouse models described in the Materials
and Methods. The fractional radiation schedule is indicated in
Figure 1A. The IR procedure and the quality control of the IR
procedure are shown in Figure 1B. The IR suppression of the on-
target tumor growth was dose dependent (Figures 1C,D). The
higher the dose/low fraction used, the greater the suppression
of the tumor growth obtained. In Hepal-6/C57BL/6 model,
higher than 4 Gy/fraction of hypofractionated IR (x10) could
completely inhibit the tumor growth and 8 Gy/fraction of the
hypofractionated IR (x5) completely suppressed tumor growth
in the H22/ICR models for 42 days.
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FIGURE 3 | Hypofraction irradiation (IR) reduced the percentage of myeloid-derived suppressor cells (MDSCs) in peripheral blood. On day 3 after a 40-Gy total IR,
MDSCs (CD11b™Gr17) in mouse peripheral blood were measured with flow cytometry (FCM) in both Hepa1-6/C57BL/6 and H22/Institute of Cancer Research (ICR)
mouse models (A). The percentages of MDSCs within monocyte population (the first and third rows of FCM charts, A) and granulocyte population (the second and
fourth rows) in Hepa1-6/C57BL/6 (the first and second rows) and H22/ICR (the third and fourth rows) mouse models were compared among the groups with different
doses of fractional IR. There were significant differences in monocyte-like MDSCs (B,D) and granulocyte-like MDSCs (C,E) between irradiated groups and unirradiated
control group in both animal models [(B, C) from Hepa1-6/C57BL/6; (D, E) from H22/ICR mouse model] ("p < 0.05 and **p < 0.01). The nuclear morphological
differences between the monocyte-gated MDSCs and granulocyte-gated MDSCs were sorted by flow cytometry and observed after DAPI staining. Images were
acquired using a fluorescence microscope (Olympus, Japan). Magnification 400x white 4 for target nuclear and red 4 for impurities in the background (F).
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FIGURE 4 | Hypofraction irradiation (IR) reduced blood MDSCs, which was positively correlated with the growth of the tumors. The mice were subcutaneously
injected with hepatocellular carcinoma (HCC) cells Hepa1-6 and H22 on one hind limb of each mouse. Three days after the inoculation, the inoculated site was
irradiated according to the schedule in Figure 1A. The peripheral blood of the mice was collected from the tail vein. The growth of allogeneic tumors was closely
monitored. MDSCs in the blood were measured by flow cytometry. Results showed that the size of on-target tumors is positively correlated with the percentage of
MDSCs in total white blood cells (A for Hepa1-6 allogeneic tumor and B for H22 allogeneic tumor) [r? = 0.716, p < 0.01 in Hepa1-6/C57BL/6 model and r? = 0.332,
p = 0.032 < 0.05 in H22/Institute of Cancer Research (ICR) models]. There was a positive correlation of blood MDSCs with off-target tumor growth (C, D, the
Pearson r? = 0.45, p = 0.041 < 0.05 in Hepa1-6/C57BL/6 model; r* = 0.529, p = 0.003 < 0.01 in H22/ICR models).
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Effects of Irradiation-Induced in situ
Vaccine on the Growth of Off-Target

Tumors

To test whether irradiated tumors formed by Hepal-6 or H22
cells on one hind limb of each mouse could serve as “IR-
induced in situ vaccine” and trigger an immune response to
exert “abscopal effect,” the same tumor cells were subsequently
inoculated under the abdominal skin. Results showed that all
irradiated on-target tumors had an antitumor immunity effect
on the second inoculated off-target tumors (Figure 2), except for
H22 tumors irradiated with 2.5 Gy/fraction, in which the oft-
target tumors grew bigger than controls. With the same 40-Gy
total dose, the high dose and low fraction of 8 Gy x 5 groups
had the strongest immune response and the best abscopal effect
than had other low dose/fraction groups in both HCC-bearing
mouse models.

Hypofractionated Irradiation Reduced
Blood Myeloid-Derived Suppressor Cells,
Which Was Positively Correlated With the
Growth of the Tumors

The immunosuppressive tumor microenvironment has been
believed to be not only one of the key factors stimulating
tumor progression but also a strong obstacle for efficient tumor
therapy (26). MDSCs as heterogeneous immunosuppressive cells
develop and expend during the tumor progression (27). To
determine the alteration of MDSCs in peripheral blood during
the progression of allogeneic HCC tumors in mouse models,

the double-stained (CD11b*TGrlt) MDSCs were measured
in two populations: mononucleocytes and granulocytes with
FCM (Figure 3A). Results showed that the IR decreased
peripheral blood MDSCs in both animal models. There was a
significant difference in the percentages of monocyte-like MDSCs
(Figures 3B,D) and granulocyte-like MDSCs (Figures 3C,E)
between irradiated groups and unirradiated control group. There
was no significantly difference in the MDSC percentage among
the irradiated groups with different doses/fraction in a C57BL/6
mouse model. There was a tendency that increasing dose/fraction
radiation (except for 8 Gy/fraction) could increase its inhibitory
effect on MDSC:s in peripheral blood. At the high dose/fraction
(>4 Gy/fraction), the magnitude of MDSCs reduction was
greater in C57BL/6 mice than in ICR mice.

Based on the size and nuclear density, the FSC/SSC analysis
could further divide CD11bTGrl™ MDSCs into monocyte
MDSCs (M-MDSCs) and granulocyte-like MDSCs (G-MDSCs).
Both subpopulations were reduced in mice with IR-treated
tumors (Figure 3). The number of MDSCs in peripheral blood
was positively correlated with the size of the on-target allogeneic
tumors in both Hepal-6/C57BL/6 (Figure 4A) and H22/ICR
(Figure 4B, the Pearson r*> = 0.716, p < 0.01 in Hepal-
6/C57BL/6 model; r* = 0332, p = 0.032 < 0.05 in the
H22/ICR models).

We also found a positive correlation of blood MDSCs with
off-target tumor growth. That is, the higher the number of
blood MDSCs, the faster the off-target tumors grew, indicating
that MDSCs act as a positive promoter for the tumor growth
(Figures 4C,D, the Pearson > = 0.45, p = 0.041 < 0.05 in
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FIGURE 5 | Hypofraction irradiation (IR) reduced the tumor-infiltrating myeloid-derived suppressor cell (MDSC) and plasma granulocyte colony-stimulating factor
(G-CSF), IL-6, and regulated on activation normal T cell expressed and secreted (RANTES). The infiltrated MDSCs in allogeneic tumors irradiated with different
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FIGURE 5 | doses/fraction (2.5, 4, 6, or 8 Gy) and unirradiated tumors were stained with fluorescein isothiocyanate (FITC) anti-mouse CD11b antibody (green),
phycoerythrin (PE) anti-mouse Gr1 antibody (red), and DAPI (blue). The infiltrated MDSCs (CD11b*Gr1™, yellow) decreased with the increase of radiation
dose/fraction applied (A, magnification, 200x). The MDSCs in Hepa1-6 and H22 tumors irradiated with different IR doses/fraction were compared. Significant
differences were found among the groups with different doses/fraction radiation and without radiation (B and C). Plasma G-CSF, IL-6, and RANTES in peripheral
blood of the mice were quantitatively measured with ELISA kits in both Hepa1-6/C57BL/6 and H22/Institute of Cancer Research (ICR) models. Significant differences
in these cytokines in the blood were found after IR with different doses/fraction (D-F). *o < 0.05, *p < 0.01, and ***p < 0.0001.

Hepal-6/C57BL/6 model; r* = 0.529, p = 0.003 < 0.01 in the
H22/ICR models).

Hypofractionated Irradiation Reduced the
Tumor-Infiltrating Myeloid-Derived

Suppressor Cells

The infiltrated MDSCs in IR-on-target tumor tissues was
examined under a fluorescence microscopy after being stained
with FITC-labeled anti-mouse CD11b antibody and PE-labeled
anti-mouse Grl antibody followed by DAPI counterstaining.
Figure 5A shows that in non-IR control tumors, there was a large
amount of infiltrated MDSCs. The MDSCs were significantly
reduced in IR tumors. The higher the IR dose/fraction, the
lower the tumor-infiltrating MDSCs, which was more obvious
in Hepal-6 tumors than in H22 tumors after 6 to 8 Gy of IR
(Figures 5A-C). The reduction magnitude of infiltrated MDSCs
was greater in C57BL/6 mice than in ICR mice. The difference
in the infiltrated MDSCs in tumor tissues between unirradiated
and irradiated with 2.5-4 Gy/fraction in Hepal-6 C57BL/6
mice was less significant than in those irradiated with >4
Gy/fraction (Figures 5A,C).

Hypofractionated Irradiation Reduced the

Plasma Cytokines and Chemokines

It is well-known that tumor and host cells in the tumor
microenvironment produce the pro-inflammatory mediators
that activate MDSCs (28, 29). To test if the alteration of MDSCs
is related with IR-induced chemokines and cytokines, the plasma
G-CSE IL-6, and RANTES of each mouse were measured with
Mouse Cytokine ELISA kits. The plasma IL-6 was decreased in
all tumor IR groups (Figure 5F). The plasma G-CSF was also
decreased in irradiated groups, especially in 4-8 Gy C57BL/6 and
2.5-4 Gy ICR groups, with statistical significance (Figure 5D).
The plasma RANTES was decreased only in 6- and 8-Gy groups
in two mouse models (Figure 5E). These results demonstrate
that the IR could decrease the expression of MDSC-related
stimulatory cytokines: IL-6, G-CSF, and RANTES.

Irradiation Caused Hepatocellular
Carcinoma Necrosis, Which Was Related
to the Activation of NF-«kB and to the
Alteration of Cytokine Production by Tumor
Cells

It is well-known that tumor cell necrosis could be caused by
TNF activation of NF-kB accompanied with tissue damage
or inflammation (30, 31). To verify the biological response
of HCC cells after different doses of IR, we monitored the
phosphorylation change of NF-kB and the cytokine secretion
from irradiated HCC. Results demonstrated that p-P65 was

significantly elevated after IR in both Hepal-6 and H22 cells
(Figure 6A). The elevated p-P65 might relate to the decreased IL-
6 and RANTES, whereas the increased G-CSF was significant in
the 8-Gy group detected in the CM in both cell lines (Figure 6B).

Conditioned Media From High Single-Dose
Irradiation Altered the Differentiation or
Proliferation of Myeloid-Derived

Suppressor Cells

To examine whether the cytokines in the IR-induced CM were
correlated with the differentiation or proliferation of MDSC,
CM of different single-dose IR-HCC were added to the cultures
of bone marrow cells from C57BL/6 or ICR mice. Figure 6C
shows that CM from high single-dose irradiated Hepal-6 cells
could significantly inhibit the differentiation of bone marrow
cells into MDSCs, whereas CM of IR H22 cells did not affect
the differentiation of MDSCs but inhibited the proliferation of
MDSCs as evidenced by CFSE assay (Figures 6C-E).

We then tested the phosphorylation of STAT3 (p-STAT3) of
bone marrow cells transformed into MDSCs in vitro triggered
by CM from different IR doses of HCC with Western blot
(Figure 6F). As expected, the p-STAT3 was significantly reduced
in the MDSCs induced with CM from the high-dose irradiated
H22 cultures, whereas the p-STAT3 was not changed in the cells
treated with IR Hepal-6 CM.

DISCUSSION

It has been reported that IR with different dose per fraction
schemes could change the tumor immune microenvironment
(32, 33) and create “in situ vaccine” to induce an effective abscopal
effect on remote tumors (off target) (34, 35). This study, using two
HCC mouse models, demonstrated that hypofractionated IR was
more effective to create the abscopal effect with a high dose per
fraction in the same 40-Gy total dose, that is, >4 Gy/fraction. The
higher the dose/fraction of radiation, the better the inhibition of
off-target tumor growth produced.

To reveal the cellular immunological mechanism of
the abscopal effect, we focused on the alterations of IR-
induced MDSCs (the negative immune breaker), by which
hypofractionated IR exerted its off-target effect. It has been
well-summarized that RT both promotes and inhibits MDSC
function (36). In conventional fractionated IR, there is an
increase in MDSCs in both clinical trials and animal models
(19, 22). However, high-dose ablative IR reduced the level of
MDSCs (22). We found the same results in two HCC tumor-
bearing mouse models: (1) the higher the IR dose/fraction, the
bigger the off-target effect (Figure 2); (2) the bigger the tumor,
the higher the blood MDSCs (both G-MDSCs and M-MDSCs)
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FIGURE 6 | Hypofraction irradiation (IR) increased p-P65, reduced the cytokine secretion from hepatocellular carcinoma (HCC), and inhibited the differentiation or

proliferation of MDSCs. (A) The phosphorylated P65 increased in Hepal-6 cells or H22 cells 1 h after IR with different doses of radiation detected by Western blot.

(B) Two days after Hepal-6 or H22 cells after IR with different doses (0, 2.5, 4, 6, or 8 Gy), conditioned media (CM) was harvested and the levels of granulocyte
(Continued)
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cytological experiments were repeated three times. ***P < 0.001.

FIGURE 6 | colony-stimulating factor (G-CSF), IL-6, and regulated on activation normal T cell expressed and secreted RANTES in CM were measured with ELISA kits.
(C-E) The bone marrow cells were harvested from C57BL/6 or Institute of Cancer Research (ICR) mice and co-cultured with CM from Hepa1-6 or H22 cells irradiated
with different single doses (0, 2.5, 4, 6, or 8 Gy). Three days later, the differentiation of the bone marrow cells into MDSCs or their proliferated was monitored by
CD11b/Gr1 staining or 5,6-carboxyfluorescein diacetate (CFSE) assay. By comparing results from these assays, some differences were found among the different
groups. “p < 0.05; *p < 0.01 except for the granulocyte-macrophage colony-stimulating factor (GM-CSF) concentration. (F) The phosphorylation of STAT3 was also
detected by Western blotting; and the phosphorylated and unphosphorylated STAT3 bands on Western blots were scanned and their densities were compared. All

(Figure 3); (3) the higher IR dose, the less blood MDSCs
(Figure 4) and infiltrated tumor MDSCs (Figures 5A-C) found.
We also observed that the higher the IR sensitivity, the faster
the reduction of tumor size (Figure 1) and MDSCs (Figure 3),
and the better the suppression of remote (off-IR-target) tumor
(Figure 2). Whether the speed of MDSCs reduction could
be utilized as the sensitivity of tumors to IR remains to be
further investigated.

Different methods have been used to detect the MDSC
subpopulations in blood. Using Ly6G or Ly6C monoclonal
antibodies to distinguish the M-MDSCs and PMN-
MDSCs was a common method (1). The PMN-MDSCs
(CD11bTLy6G*Ly6C~ or CD11b*Ly6GtLy6Cl) and M-
MDSCs (CD11b*Ly6G~Ly6C*+ or CD11b*Ly6G~Ly6CM) (24)
showed that the morphology of M-MDSCs was mononuclear
and PMN-MDSCs was multinuclear. In this study, we used
the FSC/SSC-gated method to distinguish the mononuclear
cells and granulocytes and to determine the MDSCs in the
two groups by CDI11b and Grl antibodies. The two group
cells were stained with DAPI after sorting by FACSAria™, and
the nuclear morphology was observed using a fluorescence
microscope. We proved that M-MDSCs were single nuclear cells
and PMN-MDSCs were multinuclear cells (Figure 3F). In the
FSC/SSC-gated mononuclear cells, the CD11bTGr1™T cells were
recognized as M-MDSCs; in the FSC/SSC-gated granulocytes,
the CD11b*Gr1™ cells were recognized as PMN-MDSCs. The
different functions of these two MDSC subpopulations in IR
patients remain to be for further careful study.

To further reveal the molecular mechanism related to
alterations of HCC with hypofractionated IR, we believe that
the necrosis signal transduction should be changed. Therefore,
the phosphorylation of key factor NF-kB of necrosis signal
transduction was monitored. Consistent with others’ report (30),
we found that p-P65 was significantly elevated after IR in
both Hepal-6 and H22 cells (Figure 6A). The high dose IR
of tumor cells also effectively reduced their production of IL-
6 and RANTES (Figure 6). The phosphorylation of STAT3 was
observed in MDSCs treated with H22 but not Hepal-6 CM,
indicating that the IR released NF-kB in H22 test system to reach
the threshold of phosphorylation of STAT3, but not in Hepal-6
test system. Tumor cell necrosis as triggered by TNF activation of
NF-kB was also accompanied with inflammation (31). It might
be a reason for G-CSF increase in CM of hypofractionated IR
cells. It was reported that cytokines and chemokines, such as
IL-6 and RANTES, produced by the tumor cells could promote
the generation of MDSCs (37-39), which might explain that
CM from high single-dose IR cells lead to less differentiation
or proliferation of MDSCs (Figure 6). MDSCs are utilized by
tumors to counteract the immune surveillance by suppressing

antigen-presenting cells (APCs) such as DCs and macrophages
(40), T cells (41), and NK cells (42). When MDSCs as the
breaker of immune surveillance are reduced or removed, the
APCs, T cells, and NK cells could better exert their effect on the
recognition and killing of tumors, which could explain that the
MDSCs were positively correlated with tumor size in our two
mouse models (Figure 4). The advantage of the hypofractionated
IR over surgery is that although surgery simply removes tumors,
the “radiation surgery” also creates “in situ vaccine” to stimulate
the antitumor immunity by removing the MDSC breaker of
immune surveillance, a double benefit from IR.

The limitations of this study are as follows: (1) it is a mouse
model study, and therefore, the conclusions need to be further
confirmed by clinical research; (2) the reduction of MDSCs is one
mechanism of the abscopal effect induced by hypofractionated
IR, and more underlying mechanisms should be explored.

So far, it is clear that MDSCs, like PD-1, is a negative breaker
of immune surveillance. Reduction or removal of MDSCs could
be a new strategy for effective treatment of cancers. In fact,
several agents have been found to reduce the proliferation of
MDSCs or to target MDSCs’ trafficking in mouse and human
tumors, for example, the inhibitor of CXCR2 (43), the CXCR4
antagonist AMD3100 (44), and the chemotherapeutic drugs
doxorubicin (45), sunitinib (tyrosine kinase inhibitor) (46), and
Avastin (VEGF-specific monoclonal antibody) (47). Whether
the combination of drugs inhibiting MDSC proliferation with
hypofractionated IR could enhance the efficacy of antitumor and
antimetastasis drugs needs to be studied.

CONCLUSION

The hypofractionated (4-8 Gy/fraction) IR exerts strong on-
target and off-target antitumor effects via the reduction of
MDSCs and its related IL-6, RANTES, and G-CSF. The alteration
of MDSCs could be a potential target for effective RT.
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Background: A Phase Il randomized controlled trial investigating the addition of
modulated electro-hyperthermia (MEHT) to chemoradiotherapy for locally advanced
cervical cancer patients is being conducted in South Africa (Human Research Ethics
Committee approval: M1704133; ClincialTrials.gov ID: NCT03332069). Two hundred
and ten participants were randomized and 202 participants were eligible for six month
local disease control evaluation. Screening '8F-FDG PET/CT scans were conducted and
repeated at six months post-treatment. Significant improvement in local control was
reported in the mEHT group and complete metabolic resolution (CMR) of extra-pelvic
disease was noted in some participants. We report on an analysis of the participants
with CMR of disease inside and outside the radiation field.

Method: Participants were included in this analysis if nodes outside the treatment field
(FDG-uptake SUV>2.5) were visualized on pre-treatment scans and if participants were
evaluated by '8F-FDG PET/CT scans at six months post-treatment.

Results: One hundred and eight participants (mEHT: HIV-positive n = 25, HIV-negative
n = 29; Control Group: HIV-positive n = 26, HIV-negative n = 28) were eligible for
analysis. There was a higher CMR of all disease inside and outside the radiation field
in the mEHT Group: n = 13 [24.1%] than the control group: n = 3 [5.6%)] (Chi squared,
Fisher’s exact: p = 0.013) with no significant difference in the extra-pelvic response to
treatment between the HIV-positive and -negative participants of each group.

Conclusion: The CMR of disease outside the radiation field at six months
post-treatment provides evidence of an abscopal effect which was significantly
associated with the addition of mEHT to treatment protocols. This finding is important
as the combined synergistic use of radiotherapy with mEHT could broaden the scope of
radiotherapy to include systemic disease.

Keywords: modulated electro-hyperthermia, abscopal effect, radiotherapy, cervical cancer, immunomodulation
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Modulated Electro-hyperthermia Potentiates Abscopal Effect

INTRODUCTION

The abscopal effect is a systemic response to ionizing radiation
(IR) in which non-irradiated lesions respond after irradiation of
the primary treatment site (1, 2). It is generally accepted that
the abscopal effect is driven by underlying immune mechanisms
which are activated by IR (2-4). One proposed mechanism is the
immunogenic cell death (ICD) caused by IR (3) which requires
the release of damage associated molecular patterns (DAMPs).
These in turn activate dendritic cells and enhance antigen
expression and presentation to the immune system. Ionizing
radiation has also been shown to enhance the functioning of
T-cells (4).

The frequency of reported abscopal effects in the literature is
extremely low with only a handful of published cases per year
(3, 4). In a review, Reynders et al. summarized 23 case reports,
one retrospective study, and 13 pre-clinical papers, from the
1970s to 2014. Only one of these involved a primary squamous
cell carcinoma of the cervix. The patient (age 69 years) was
treated with external beam radiation (EBRT) and brachytherapy
(BT) for locally advanced cervical cancer (LACC) and showed
a complete response of the para-aortic nodes outside of the
radiation field, as well as a complete response of the tumor, on the
post-treatment Abdominal and Pelvic Computed Tomography
(CT) and Pelvic Magnetic Resonance Imaging (MRI) scans (5).
Reynders et al. concluded that the abscopal effect is based on
anti-tumor immunity and was more common in immunogenic
tumor types. Renal cell carcinoma had the most frequently
reported cases of the abscopal effect followed by hepatocellular
carcinoma. The abscopal effect was observed at all ages and with
a variety of radiotherapy protocols. The preclinical data indicates
that some immunomodulatory agents may have potential to act
synergistically with IR to induce a systemic response (4) which
may explain the increase in the number of reported abscopal
effects with the combined treatment of immunotherapies and
IR (6).

The addition of mild hyperthermia to local irradiation has
shown to have immunomodulating effects which may result
in enhanced tumor regression and an abscopal effect when
combined with radiotherapy, as was seen in a liposarcoma patient
treated with hyperthermia and radiotherapy (7). Hyperthermia
may directly activate the immune cells present in the tumor and
its microenvironment (8) and may further enhance the function
of the dendritic cells (9).

Modulated electro-hyperthermia (mEHT) applies amplitude
modulated radiofrequency (13.56 MHz), in a capacitive coupling
set-up to target and heat malignant tissues, sensitizing them to
treatments. The technique exploits the differences in impedance
between the malignant and healthy tissue as well as impedance
matching technology, to selectively deliver an energy to the
malignant tissues. The energy deposition has the net effect of an
increase in the thermal energy, and temperature. The biophysics
are further described in detail in the literature (10-12). Preclinical
research suggests that mEHT combined with immunotherapies is
able to elicit an immune-mediated response (13) which may even
extend to untreated tumors. Vancsik et al. showed that mEHT
induced DAMPs in murine models was followed by an invasion

of antigen presenting cells (APC) and T-cells at the site of the
treated tumor and that when mEHT was administered combined
with a T-cell stimulating agent, APC and T-cell invasion was also
seen in the untreated tumors of the same murine model (14). In
an in vivo study, mEHT combined with dendritic cell therapy
elicited a response to untreated tumors in murine squamous
cell carcinoma (SCCVII) models (15). Ionizing radiation has
shown to increase the expression of immunogenic molecules
such as calreticulin, on the surface of tumor cells and radiation-
induced stress-response leads to the expression of heat shock
protein70 (HSP70) on cell membranes. This Heat Shock Protein
plays an important role in mounting an immune response at
the site when released into the extracellular matrix (16). Yang
et al. reported an increased release of the expressed HSP70 and
increased levels of calreticulin after mEHT, compared to other
heating methods (17).

The safety and heating efficacy of mEHT in cervical cancer
patients has been demonstrated (18-20). Minnaar et al. (19)
reported on local disease control in an ongoing randomized
controlled trial investigating the effects of the addition of mEHT
to chemoradiotherapy (CRT) protocols for the treatment of
LACC. The trial was conducted in a resource-constrained setting
and in high risk patients in South Africa. In the report, 202
participants were eligible for six month local disease-free survival
(LDES) and local disease control (LDC) (mEHT: n = 101;
Control: n = 101), of which 171 [mEHT: n 88 (87.1%);
Control: n = 83 (82.2%)], were alive at six months post-
treatment. Participants in the mEHT group had a higher LDC
and complete metabolic response of the tumor (45% and 58%),
than those in the Control Group (24% and 36%), (p = 0.005
and p = 0.003, respectively), and were significantly more likely
to achieve six month LDFS (OR: 0.36, 95% CI: 0.19-0.69; p
= 0.002) (19). During the LDC analysis, it was noted that
some of the participants with extra-pelvic disease present on the
pre-treatment Fluorodeoxyglucose (** F-FDG) Positron Emission
Tomography (PET) /CT scans showed a complete metabolic
resolution (CMR) of disease outside the treatment field on
the post-treatment ¥ F-FDG PET/CT scans. An analysis of the
subset of patients with extra-pelvic disease visualized on the pre-
treatment '®F-FDG PET/CT scans was subsequently planned. We
present the results of this analysis with the aim of investigating
the possibility of an abscopal effect induced by the addition of
mEHT to CRT in these participants.

METHODS AND MATERIALS

A Randomized controlled trial by Minnaar et al. (19) is being
conducted at the Charlotte Maxeke Johannesburg Academic
Hospital, a public hospital in Johannesburg, South Africa,
by the Radiation Sciences department of the University of
the Witwatersrand. The trial was registered on the South
African National Clinical Trials Register before recruitment
was started (ID:3012) and approval from the Human Research
Ethics Committee was obtained (M704133/M190295). The trial
was registered at ClincialTrials.gov (NCT03332069). Enrolment
began in January 2014 and was closed in November 2017.
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Two hundred and ten participants were randomized to
receive either CRT alone (Control Group) or combined with
mEHT (mEHT Group). Randomization was conducted using
the REDCap on-line computer generated random-sampling tool
with stratification according to HIV status and accounting for age
and FIGO stage. Physicians reporting on the '8F-FDG PET/CT
scans were blinded to treatment allocation and did not interact
with the participants, eliminating the risk of biased reporting.

Eligibility

Eligibility criteria for the trial: Females with International
Federation of Gynecology and Obstetrics (FIGO) (21) stages
IIB to IIIB primary, treatment naive, histologically confirmed
squamous cell carcinoma of the cervix (staged based on clinical
examination, chest radiography, and a pelvic ultrasound) eligible
for CRT with radical intent; Signed informed consent; >18
years old; Eastern Cooperative Oncology Group (ECOG) score
<2; Creatinine clearance >60 mL/min. Screening evaluations
included full blood count, urea and creatinine levels, liver
function, Human Immunodeficiency Virus (HIV) test; and a CD4
count if necessary. An 8F-FDG PET/CT scan was performed
on eligible participants prior to commencement of therapy, as
a baseline study against which response to treatment could be
measured. Participants with bilateral hydronephrosis, visceral
metastases, or fistulas visualized on the F-FDG PET/CT scan
were excluded from the study. HIV-positive patients were
included provided their CD4 count was above 200 cells/pL
and/or they had been on antiretroviral therapy (ART) for more
than six months.

Exclusion Criteria for the trial: Bilateral hydronephrosis;
Second primary malignancy/prior malignancy treated in the
preceding two years; vesicovaginal fistula or rectovaginal fistula
that required a change in treatment protocols; Abnormal liver
function tests; Pregnant or breast feeding; Prior hysterectomy;
Cardiovascular disease (excluding controlled hypertension);
Acute or life-threatening infections or medical conditions;
Contraindications to any of the prescribed treatments.

At the time of this analysis all participants were a minimum
of six months post-treatment and local disease control data
at six months post-treatment was available for all participants
(19). Participants were considered eligible for the sub-analysis
presented in this report if: They met all the trial eligibility criteria;
the pre-treatment '®F-FDG PET/CT scan showed FDG-avid
(SUV > 2.5) nodal disease outside of the pelvic treatment field;
and the participants had a post-treatment '8 F-FDG PET/CT scan.

Data Management

Participant data was captured using REDCap (Research
Electronic Data Capture), an online, secure web based
application hosted by the University of the Witwatersrand.

Treatment

All participants were planned to receive 50Gy in 25 fractions
EBRT to the whole pelvis and 24Gy in 3 fractions of high dose
rate (HDR) BT (36Gy equivalent dose in 2Gy fractions for an
alpha-beta ratio of 10; source used: Iridium-192) and two doses
of cisplatin (80 mg/m2) administered 21 days apart (subject to

the participant’s fitness to receive cisplatin), as per institutional
protocol. The goal of RT was for participants to receive a total
dose of 86Gy equivalent by the combination of EBRT and
BT. External beam radiation to the whole pelvis was delivered
using a two dimensional four-field-box technique to include the
tumor and pelvic nodes. Participants were simulated supine. The
superior border of the Anterior-Posterior and Posterior-Anterior
(AP-PA) field was mid-L5. The inferior border was either the
inferior part of the ischial tuberosity or the lowest extension of
the tumor with at least a 2 cm margin, whichever was lower. The
lateral borders were 2 cm beyond the lateral margins of the bony
pelvis. For the lateral fields, the superior and inferior borders
were the same as for the AP-PA fields. The anterior border was
the mid to anterior third of the symphysis pubis and the posterior
border was S2-S3 to include the presacral nodes and possible
tumor extension along the uterosacral ligament.

Modulate electro-hyperthermia  (Model:  EHY2000+;
Manufacturer: Oncotherm GmbH, Troisdorf, Germany) was
administered twice per week (maximum ten treatments),
at a maximum power of 130 W, immediately before EBRT
(maximum 30min from completion of mEHT to completion
of EBRT). Step-up heating protocols were adhered to and
mEHT treatments were administered at least 48 h apart. A 30 cm
diameter round electrode was used and treatment duration was
55min at the final power output, with a minimum planned
energy dose of 360 KJs. Details of the technique are described
elsewhere in the literature (11, 19, 22).

Outcome Measures

Nodes with FDG-avid disease were grouped by region on the pre-
treatment scans: Head and Neck; Thorax; Abdomen (including
the upper pelvis outside of the radiation field); and Pelvis (within
the radiation field). The standard uptake value (SUV) cut-off was
considered to be 2.5 and evaluation of the '*F-FDG PET/CT
scans was based on PERSIST 1.0 Criteria. Tumor response
was classified as Complete Metabolic Response (CMR); Partial
Metabolic Response (PMR); Stable Metabolic Disease (SMD);
Progressive Metabolic Disease (PMD) (23). On the follow-up
scans each region was scored as: no change; resolved nodes; new
nodes. Only the complete metabolic response of all disease (nodes
outside of the radiation field, nodes inside the radiation field, and
the tumor), as visualized on post-treatment '8F-FDG PET/CT
scans, was considered an indicator of the abscopal effect.

Statistics

The frequency of the observed abscopal effect was compared by
group (mEHT or Control) and HIV status (positive or negative)
using a Chi-squared frequency table. Paired ¢-test was used to
compare the difference in means between groups and logistic
regression was used to test prognostic factors. Two sided p values
are reported and p < 0.05 were considered significant. STATA
13.0 Statistics software program (Stata Corporation, College
Station, Texas, USA), was used to analyze the data.

Ethics

All  procedures performed studies involving human
participants were in accordance with the ethical standards of the
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institutional and/or national research committee (M120477 and
M190295) and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.

RESULTS

Characteristics

Two hundred and ten participants were randomized for
treatment, of which 146 [70%] had FDG-avid nodal disease
visualized outside of the radiation field on the pre-treatment
I8R_FDG PET/CT scans (mEHT Group: n = 68 [64%]; Control
Group: n =78 [75%]). One hundred and eight of the participants
with extra pelvic nodal disease survived six months post-
treatment and were eligible for the post-treatment 8F-FDG
PET/CT scans (mEHT Group: n = 54 [79%]; Control Group: n
= 54 [69%]) and were therefore included in this analysis. The
characteristics, including treatment characteristics, of these 108
participants are listed in Table 1. The number of participants
(grouped by treatment group and HIV status) with nodes
visualized in each region on the pre-treatment '*F-FDG PET/CT
scans are shown Figure 1. The median number of weeks between
the final RT treatment and the follow-up '8F-FDG PET/CT scans
was 26.3 in the mEHT Group (Q1: 25.3; Q3: 27.3) and 27 in the
Control Group (Q1: 26; Q3: 29).

Abscopal Effect as Visualized on 8F-FDG
PET/CT

An abscopal response was only considered if all disease, including
the primary tumor, nodes within the radiation field, and all
nodes outside of the radiation field showed a complete metabolic
response (SUV < 2.5) on the six month post-treatment '$F-
FDG PET/CT. Therefore all participants who had an abscopal
effect also showed local disease control (a complete metabolic
response of the tumor and nodes within the pelvic radiation
field). The percentage of participants with complete resolution
of all metabolically active disease on six month post-treatment
BE_FDG PET/CT scans was higher in the mEHT group: n
= 13 [24.1%] than in the control group: n = 3 [5.6%] (Chi-
squared: p = 0.013). There was no significant difference in the
response between the HIV-positive (n = 51) and -negative (n
= 57) groups (HIV-positive: n = 7 [13%]; HIV-negative: n =
9 [16%]; Chi-squared: p = 0.793) with a close to even split
in frequency of abscopal responses observed between the HIV-
positive and -negative participants in each treatment group, as
seen in Figure 2. In a multivariate analysis (confidence interval
[CI] 95%) of age, cisplatin cycles, total radiation dose, and
the number of days between the final radiation treatment and
the follow-up ®F-FDG PET/CT, none of the variables were
indicators of an abscopal effect (Age: OR:1.01, p = 0.692, CI:
0.96-1.07; Cisplatin cycles: OR: 1.20; p = 0.671; CI: 0.51-2.83;
Days to PET/CT: OR: 1.01; p = 0.283; CI: 0.99-1.07; Total RT:
OR: 0.66; p = 0.316; CI: 0.30-1.47). In a univariate analysis, the
CD4 count of participants was also not predictive of an abscopal
effect (OR: 1.00, p = 0.893, CI: 0.997-1.003). In the participants
in whom an abscopal effect was observed, the mean time between
the final radiation and the follow-up '8F-FDG PET/CT was 196
days (range 162-266).

TABLE 1 | Characteristics of participants eligible for analysis of the
abscopal effect.

mEHT Control
54 54
FIGO Staging 1B 25 [46%] 22 [41%)]
1l 29 [54%)] 32 [569%)]
Race African 51 [94%)] 52 [96%)]
Caucasian 1[2%] 0[0%]
Other 2 [4%] 2 [4%]
Age [years] Mean 49.3 49.9 p=0.776
SD 9.98 9.99
Range 30-68 28-70
BMI Mean 28.7 27.0 p=0.127
SD 5.61 6.01
Range 18-44 15-39
Total RT dose Mean 85.7Gy 86Gy p =0.251
(EQD2) SD 1.65 0
Range 74-86Gy 86Gy
No of Cisplatin Mean 1.37 1.25 p =0.321
doses SD 0.69 0.76
0 doses 5 [9%]) 6 [11%]
1 dose 19 [35%]) 20 [37%)]
2 doses 30 [56%)] 28 [52%)]
Days between final Mean 188.2 193.4 p =0.242
RT and PET/CT SD 24.05 2215
Range 54-310 155-266
CD4 count Mean 552.9 543.9 p = 0.089
[cells/pL] SD 264.15 276.36
Range 194-1077 134-1524
No of mEHT doses Mean 9.54
SD 1.07
Range 4-10
Average KJ Mean 382.6 KJ
administered SD 29.95
during mEHT Range 259-427 KJ

No significant differences in characteristics and treatment were seen between the two
groups. mEHT, Modulated Electro-Hyperthermia; FIGO, Federation of Gynecology and
Obstetrics; SD, Standard Deviation;, BMI, Body Mass Index; RT, Radiation Therapy;
PET/CT, Positron Emission Tomography / Computed Tomography; KJ, Kilojoules.

Follow up

One participant had visceral disease on the pre-treatment '3F-
FDG PET/CT scan: multiple lung nodules (highest SUV in the
left lung of 6.03 and the right lung of 4.38) and a lesion in the
T11 vertebra (SUV 9.71). This participant was in the mEHT
group. The follow-up ¥F-FDG PET/CT scan showed no sign
of metabolically active disease. This participant is 18 months
post-treatment and is still disease free. Of the participants who
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OmEHT HIV Positive (n=25)
8 Control HIV Positive (n=26)
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m Control HIV Negative (n=28)
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FIGURE 1 | Number of patients with nodes visualized by region. The number of participants with nodes visualized in each region is represented graphically, showing a
similar pattern in all participants in each treatment group on the pretreatment '8F-FDG PET/CT. mEHT, Modulated Electro-Hyperthermia; HIV, Human
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FIGURE 2 | Frequency of observed abscopal effect in HIV-positive and
HIV-negative participants in each treatment group. A significant difference
between the frequency of abscopal effect was noted between the mEHT
Group (13 out of 54[24.1%]) and the Control Group (3 out of 54 [5.6%)) (o =
0.013). There was no significant difference in frequency of the observed
abscopal between the HIV-positive and HIV-negative participants. mEHT,
Modulated Electro-Hyperthermia; HIV, Human Immunodeficiency Virus.

showed an abscopal effect, seven out of 13 mEHT participants
and two out of three control participants have reached 2 years
post treatment and are still disease free. Two participants in

the mEHT group and one in the Control group demised before
reaching two years (cause of death: acute renal failure). Four
participants in the mEHT group have not yet reached two years
post treatment (two are 18 months and two are 12 months post-
treatment), however they are still disease free. Table 2 lists all
the sites of FDG avid disease seen in the participants in whom
an abscopal response was observed, the disease-free survival
observed, the viral load, CD4 count, and the HIV status of
the participants.

HIV Status

In order to rule out the effects of HIV on the visualization
of nodes, the cases were reviewed with the intention of
discarding cases which had nodes known to be visualized
in HIV disease. HIV-positive participants with high viral
load levels may have benign hypermetabolic foci visualized
on BF-FDG PET/CT images, resulting in false positive
interpretations of malignancy (24). Furthermore, Sathekge
et al. showed that the CD4 count of HIV positive participants
was inversely proportional to the FDG uptake in the nodes
(25). During acute HIV infection FDG uptake increases
in the head and neck lymph nodes, in mid stage of HIV
infection hypermetabolism occurs in cervical, axillary, and
inguinal lymph nodes, and an increased FDG uptake occurs
in the colon, mesenteric, and ileocecal lymph nodes during
late HIV disease (24). None of our participants were in
acute (newly diagnosed) or late stage (no Acquired Immune
Deficiency Syndrome-defining illnesses other than cervical
carcinoma) of HIV infection. Four of the participants with
an abscopal response showed increased FDG uptake in the
axillary glands: one was HIV-negative and was therefore
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TABLE 2 | Details of the extra-pelvic disease in participants with an *Abscopal
Effect.

HIV status Days No. Description of extra-pelvic Survival
to PET ChT disease on pre-treatment
PET/CT
mEHT group
Pos. (CD4: 211 2 Common carotid (SUV 7.5); Para  2YDFS
863; VL:27) tracheal (SUV 4.41); Axillary (SUV
5.59)
Pos. 163 1 Bilat. Jugular. digastric (SUV Left:  OS: 335
(CD4:194; 2.62; Right: 3.34); Axillary (SUV
VL:<20) 4.49); Pre- (SUV 2.75) and
Sub-carinal (SUV 3.16);
Retrocrural (SUV 3.47) Bilat. PA
(SUV Left: 2.59; Right: 3.39)
Pos. (CD4: 200 2 Jug. Digastric (SUV 2.6); Hilar 2YDFS
905; VL:<20) (SUV 2.92)
Pos. (CD4: 190 2 Bilateral supraclav. (SUV Right: 2YDFS
845; VL: ND) 6.04; Left: 2.94)
Pos. (CD4: 192 2 7 Bilat. cervical (highest 2YDFS
456; VL: ND) SUV4.81); Axillary (SUV 4.24);
Subcarinal (SUV 2.73); CI (SUV
Right: 2.93; Left: 4.73)
Pos. (CD4: 182 2 Bilat. Jug. Digastric (SUV Right: DF at18 m
284; VL:196) 7.42; Left: 2.72); CI (SUV 3.89)
Neg. 185 1 Aorto-pulmonary (SUV 2.75) 2YDFS
Neg. 197 1 PA (SUV 4.73) 2YDFS
Neg. 185 2 Cervical (Level IIA SUV 5.67; 2YDFS
Level IIB SUV 3.49)
Neg. 183 0 Bilat. axillary (SUV Left: 2.87; OS: 596
Right 2.98)
Neg. 193 2 Supraclav. (SUV 7.42); DF at 18 m
Paratracheal (SUV 20.38);
Aorto-pulmonary (SUV 14.72);
Bilat. hilar / Peribronchial (SUV
Right 17.86, Left 13.47); Multiple
Pulmonary nodules (SUV Right
6.03, Left 4.38); T11 (SUV 9.71)
Neg. 224 1 Coelic axis (SUV 7.93) DFat12m
Neg. 189 2 Aorto-pulmonary (SUV 4.1); DF at 12 m
Pre-carinal (SUV 3.7)
Control
Pos. (CD4: 207 0 PA (SUV 3.35); CI (SUV 4.50.9  OS: 483
564; VL: ND)
Neg, 266 2 Aorto-pulmonary (SUV 2.79); PA 2YDFS
(SUV 4.21)
Neg. 183 2 PA (SUV 4.81); Paravertebral 2YDFS
(SUV 6.56)

*An abscopal response was considered if there was complete metabolic resolution of
the extra-pelvic disease and pelvic disease, including the tumor and pelvic nodes, on the
post-treatment "8F-FDG PET/CT scans, with an SUV of <2.5. ChT, Chemotherapy; Cl,
Common lliac; DF, Disease Free; HIV, Human Immunodeficiency Virus; mEHT, Modulated
Electro-Hyperthermia; ND, Not Detectable; OS, Overall Survival; PA, Para aortic; SUV,
Standard Uptake Value; YDFS, Years of Disease Free Survival; VL, Viral Load.

still included, three were HIV-positive and all had increased
FDG uptake in extra-pelvic nodes other than the axillary
nodes. These three participants were therefore still included.
Of the seven HIV-positive participants, one had increased
FDG uptake in the inguinal nodes however several other

extra-pelvic nodes were also visualized and the patient
was included.

DISCUSSION

The CMR of disease outside the radiation field at six months
post-treatment in our sample provides evidence of an abscopal
effect. The frequency of the observed abscopal effect was
significantly associated with the addition of mEHT. This
finding is important as methods to enhance the abscopal effect
could broaden the scope of ionizing radiation from a local
treatment to a systemic and potentially curative modality for
metastatic and systemic disease. The abscopal effect was seen
equally in HIV-positive and -negative participants in the group
treated with mEHT. This suggests that the potentiation of the
systemic, immune-mediated response to IR was not inhibited
by HIV-infection and could still be possible in such high
risk patients.

Reynders et al. reported that the median time to achieve
an abscopal response was five months, ranging from 1 to 24
months (4). In our study we assessed the abscopal effect as part
of the disease response at six months, which corresponds to the
findings by Reynders et al. In their review Reynders et al. report
on patients who had received multiple fractions of radiotherapy
followed by a reduction in size/metabolic activity of a non-
irradiated lesion (partial response). In our report we present
only participants who showed a complete metabolic response
of all disease, including the primary tumor. This strengthens
the probability of an abscopal response in our participants.
Reynders et al. excluded papers in which systemic cytotoxic
drugs were administered (4). We have included participants
who were treated with cisplatin as a radiosensitiser, however
the administration of cisplatin to participants in the mEHT
Group and Control group was evenly matched suggesting that
the difference between responses in the two groups was not the
due to the cisplatin and is associated with the addition of mEHT.
Furthermore cisplatin was not a predictor of an abscopal effect in
our sample.

The rarity of the abscopal effect documented in the literature
suggests that the abscopal effect alone is unlikely to impact
clinical regimes and influence treatment choices (3). Considering
their immune components, the combination of radiotherapy
with immunotherapies and mEHT may provide an opportunity
to boost abscopal response rates. Reynders et al. reported
on four case reports of the abscopal effect using Ipilimumab
(one in adenocarcinoma of the lung and three in melanoma
patients), one using BCG-vaccination (adenocarcinoma of the
lung) combined with IR, and one retrospective study in which 11
out of 21 melanoma patients treated with Ipilimumab followed
by palliative radiotherapy showed an abscopal response (4).
The increase in use of immunotherapies combined with IR has
resulted in an increase in the reports of abscopal effects. At least
ten trials have been registered on ClincialTrials.gov to investigate
the effects, including the abscopal effect, of immunotherapies
combined with IR. The lack of reliable biomarkers to predict
and confirm the presence of an abscopal effect may impact

Frontiers in Oncology | www.frontiersin.org

March 2020 | Volume 10 | Article 376


https://ClincialTrials.gov
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Minnaar et al.

Modulated Electro-hyperthermia Potentiates Abscopal Effect

on the future optimization of protocols to induce an abscopal
effect. An important future field of investigation is therefore
the development of biomarkers which can reliably predict and
quantify the presence of an abscopal effect.

Preclinical data on the synergistic effects of
immunomodulating agents and mEHT with IR, as well as
case reports, and the results of this study, provide strong support
for the development of trials on the combined use of IR with
mEHT and immunotherapies. Positive results in such trials
would broaden the scope of ionizing radiation from local
or palliative treatment to a potentially curative modality in
metastatic and systemic disease.
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Tumor Hypoxia: Impact on Radiation
Therapy and Molecular Pathways

Brita Singers Serensen™ and Michael R. Horsman

Experimental Clinical Oncology—Department of Oncology, Aarhus University Hospital, Aarhus, Denmark

Tumor hypoxia is a common feature of the microenvironment in solid tumors, primarily
due to an inadequate, and heterogeneous vascular network. It is associated with
resistance to radiotherapy and results in a poorer clinical outcome. The presence of
hypoxia in tumors can be identified by various invasive and non-invasive techniques,
and there are a number of approaches by which hypoxia can be modified to improve
outcome. However, despite these factors and the ongoing extensive pre-clinical studies,
the clinical focus on hypoxia is still to a large extent lacking. Hypoxia is a major cellular
stress factor and affects a wide range of molecular pathways, and further understanding
of the molecular processes involved may lead to greater clinical applicability of
hypoxic modifiers. This review is a discussion of the characteristics of tumor hypoxia,
hypoxia-related molecular pathways, and the role of hypoxia in treatment resistance.
Understanding the molecular aspects of hypoxia will improve our ability to clinically
monitor hypoxia and to predict and modify the therapeutic response.

Keywords: hypoxia, radiation response, gene regulation, intracellular signaling, hypoxia classifyer

CHARACTERISTICS OF TUMOR HYPOXIA

Normal tissues require a regular supply of oxygen and nutrients to maintain viability, and a means
for eliminating the waste products of metabolism (1, 2). These processes are achieved through a
functional blood supply. Most solid tumors have the same metabolic requirements and to achieve
this tumors initially utilize the blood supply of the host organ in which the tumor arises. Eventually
that supply becomes inadequate in meeting the demands of the growing tumor mass (1, 2). To
compensate, tumors develop their own functional vascular supply from the normal host vascular
network by the process of angiogenesis (3, 4). However, despite the significance of this tumor neo-
vasculature, the system formed is chaotic and primitive, suffering from numerous structural, and
functional abnormalities (1, 2) (Figure 1). Consequently, it is actually unable to meet the metabolic
demands of the developing tumor. Micro-regional areas are thus formed within the tumor that are
characterized by glucose and energy deprivation, high lactate levels and extracellular acidity, and
oxygen deficiency (1, 2).

The most extensively studied micro-environmental parameter is hypoxia. Hypoxia is a
characteristic feature of most solid tumors and is generally defined as a state of reduced oxygenation
that influences biological function (5). As such, it is usually considered as a single entity, which
it most definitely is not. From histological data from patients with carcinoma of the bronchus,
Thomlinson & Gray suggested that hypoxia could be present in tumors due to a diffusion
limit of oxygen (6). Such hypoxia would be chronic in nature (Figure 1). Later it was proposed
(7) and demonstrated (8) that a form of acute/transient hypoxia could occur, resulting from
periodic fluctuations in blood flow (9) (Figure 1). This acute hypoxia can result from a complete
shut-down in tumor blood flow thus causing ischemic hypoxia, or from a partial shut-down
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sufficient to induce hypoxia by preventing red blood cell flow
yet allowing plasma flow to continue to supply nutrients. The
cause of chronic hypoxia can also be multi-factorial. Although
the result of a diffusion limitation, the actual distance from the
blood vessel can be highly variable due to several factors. These
include the oxygen carrying capacity of the blood, which can be
“normal” or reduced as in anemic patients or smokers and the
ability of hemoglobin to release oxygen (10). It also involves the
intravascular oxygen partial pressure gradient (from the arterial
to the venous end of the micro-vessels), and the level of oxygen
consumption by the tumor cells and the tumor growth fraction,
both of which can vary within and between tumors (10). One
also has to consider the degree of oxygenation, which can vary
from reasonably well-oxygenated through intermediate levels of
hypoxia to severely hypoxic (11).

HYPOXIA AND THE HYPOXIA-INDUCIBLE
FACTOR (HIF) REGULATORY PATHWAY

Hypoxia is a major cellular stress factor and in response to this
condition, cells undergo a wide range of molecular changes. A
number of cellular pathways are affected, including increased
glycolysis, decrease of cell proliferation, and enhancement
processes involved in angiogenesis and erythropoiesis (Figure 2).
The hypoxia-mediated intracellular signaling pathways are pre-
dominantly orchestrated by intracellular signaling, mainly under
control by a family of transcription factors, the hypoxia inducible
factors (HIFs) (12, 13). HIF upregulates target gene expression
through binding at the hypoxia responsive elements (HREs) in
the enhancer and promotor regions of the target genes (14). HIF
binds to the DNA as a heterodimer consisting of a alpha (a)
subunit (HIF-1a, HIF-2a, or HIF-3a) and a HIF-1f subunit (15).
HIF-1B is constitutively expressed, while regulation of HIFa is
controlled by tissue oxygenation status, through hydroxylation
of two proline residues by prolyl hydroxylase domain proteins
(PHD) 1-3 (16, 17) (Figure 2). Hydroxylation, occurring only
in the presence of oxygen, promotes interaction with the
von Hippel-Lindau tumor suppressor protein (pVHL), which
targets HIFa for ubiquitination and subsequent proteasomal
degradation (18, 19). At oxygen concentrations around 2% O,
and below this hydroxylation is suppressed leading HIFa to
not be degraded (20, 21), and form the active transcription
complex with HIF-1B, which induce transcriptional upregulation
of a broad range of target genes (22-24). The regulation of
HIF-a is not only affected by PHD1-3, since a large plethora
of kinases are also involved in the regulation, either directly,
or indirectly (15). The major HIF complexes are comprised of
HIF-1B, and one of either HIF-1a or HIF-2a, which constitutes
the transcription factors referred to as HIF1 and HIF2 (25).
HIF1 and HIF2 have structural similarities and identical DNA
recognition motifs, but binds to different cell-specific sites across
the genome (26, 27). HIF-3a has a structural difference, in
that it lacks the C-terminal TAD, and as such is not able
to induce the expression of hypoxia-inducible target genes to
the same extent as HIF-la and HIF-2a. HIF-3a competes
with HIF-1a or HIF-2a to bind HIF-18, and can thereby act

as a suppressor of HIF-dependent gene expression (25, 28).
The HIFs have been shown to influence a large range of
cellular functions (Figure 2), such as angiogenesis, invasion and
metastasis, apoptosis and autophagy, metabolism, intracellular
acidosis, and tumor immunity.

HYPOXIA AND CELLULAR STRESS
RESPONSES

Cancer cells adapt to hypoxia by a number of stress responses,
mediated by the intracellular signaling aimed at facilitating
the cells ability to cope with the microenvironment, and to
alter the energy requirements as necessary. One of the stress
responses is the unfolded protein response (UPR) activated
in response to ER stress, endoplasmic reticulum stress, and
leads to a downstream activation of adaptive mechanisms.
ER stress is the result of an accumulation of unfolded or
misfolded proteins, as oxygen depletion can interfere with
protein folding (29, 30) Unlike HIE which is activated at
oxygen concentrations below 2%, UPR is activated at exposure
to more severe hypoxia (<0.02% O,) (31). The UPR is a
complex of intracellular signaling pathways which are mediated
by three independent ER transmembrane proteins: PKR-like
ER kinase (PERK), Activating Transcription Factor 6 (ATF6)
and inositol-requiring enzyme 1(IRE-1) (32). Exposure to severe
hypoxia leads to a reduction in mRNA translation initiation and
overall protein synthesis, through a activation of PERK which
subsequently phosphorylates elF2a (33) (Figure 2). Activated
ATF6 and IRE-11 directly modulates transcriptional induction
of UPR target genes. Activation of IRE-1 leads to expression
of a panel of genes maintaining metabolic homeostasis and
ER through activation of a transcription factor, spliced XBP1
(XBP1s) (34-36). ATF6 is cleaved in the Golgi apparatus,
where after the active transcriptional form, ATF6f, translocate
to the nucleus and induce transcription of the UPR target
genes (29, 37, 38).

Translation of the majority of genes is inhibited under
these conditions, but due to regulatory sequences in the 5
untranslated regions, some gene transcripts are able to escape
this inhibition, resulting in an alteration in differential protein
expression during hypoxia due to the change in translational
efficiency (33, 39).

UPR has been suggested to induce autophagy, an intracellular
self-degradation process which can both induce or protect from
cell death, through the PERK and BNIP3 pathways (40, 41). The
impact of hypoxia on autophagy pathways in malignant cells,
and the balance of autophagy in survival and death pathways
under hypoxia has shown to be complex. It is susceptible to
the genetic background of the cells, as well as the severity of
the oxygen deprivation and of other tumor microenvironmental
factors (40, 41).

The cellular response to hypoxia also affects the DNA Damage
Response (DDR) at very low oxygen concentrations, which
includes DNA replication arrest and rapid accumulation of
replication stress (Figure 2). This is thought to be due to the
enzyme responsible for nucleotide production, ribonucleotide
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FIGURE 1 | Schematic illustration of the vascular networks in tumors and associated normal tissues. Compared to the well-organized blood supply of normal tissues,
in tumors the system is primitive and chaotic. The tumor vascular supply shows abnormal vascular density, contour irregularities, enlarged vessels, vessels with blind
ends, and transiently blocked vessels. In addition, there is a loss of hierarchy, a lack of regulatory control mechanisms, and the vessel walls can be structurally
defective causing increased vascular permeability. These factors result in the development of diffusion limited chronic hypoxia and perfusion limited acute hypoxia.

reductase, being dependent on cellular oxygen for its function
and, therefore, compromised in hypoxic conditions (32, 42).
The DDR involves a complex collaboration between signaling
pathways activated due to different types of DNA damaging
stresses, and the hypoxia induced effects includes both ATR-
and ATM-mediated signaling, despite the absence of detectable
DNA damage. This results in cellular protection of the
replication forks, minimizing the risk of further genomic
instability (42-44). Activation of p53 is a consequence of the
hypoxia induced DDR, by phosphorylation at a number of
residues (45, 46).

The tumor microenvironment is characterized by factors
other than tumor hypoxia, such as low pH. Lactic acid
accumulation can cause acidosis in solid tumors. In order
to compensate for reduced mitochondrial ATP, low oxygen
concentrations leads to anaerobic energy production and the
formation of lactic acid production, referred to as the Pasteur
effect (47). Significant disparities in the temporal and spatial
distribution of areas in tumors with low oxygenation level and
high level of acidosis results from tumor cells maintaining a
high rate of glycolysis even in the presence of oxygen, a which
is referred to as aerobic glycolysis or the Warburg effect (48-
50). The cellular response in terms of DNA repair and gene

transcription and translation succeeding combination of low
oxygen concentration and low extracellular pH in combination
has shown to be very different compared to the response to
either hypoxia or acidosis alone (51, 52). While both hypoxia
and acidosis greatly effects the cellular response, simultaneous
hypoxia and acidosis in vitro suppresses metabolic rate and
protein synthesis to a greater extent than each of the factors on
their own (53).

IMMUNE INFLAMMATORY PATHWAYS

Cancer immunotherapy has resulted in unprecedented
improvements in outcome in patients with a spectrum
of solid tumors, and has established itself as the fourth
modality in cancer treatment. This is primarily the result
of development of vaccines and agents targeting immune
regulatory checkpoints, namely the cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), or programmed death 1 (PD-1)
and programmed death 1 ligand (PD-L1) (54). Despite positive
results, many patients show little or no response to vaccines and
checkpoint inhibitors (55). The immune response to tumors
is a complex balance between antitumor mechanisms, where
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FIGURE 2 | Schematic illustration of cellular pathways affected by hypoxia. Hypoxia affects regulation of hypoxia-inducible factors and induction of HIF target. HIF is a
heterodimer consisting of an alpha (&) subunit (HIF-1a, HIF-2a or HIF-8a) and a HIF-18 subunit. Under normoxic conditions, HIF-a is rapidly degraded due to
hydroxylation by prolyl hydroxylase domain (PHD) protein. The proline-hydroxylated HIF-a interacts with the von Hippel-Lindau protein (VHL), which targets HIF-a for
ubiquitination and degradation via the proteasome. Under hypoxia, HIF-a is stable, and forms the active transcription complex with HIF-1p. After translocation to the
nucleus the HIF heterodimer binds at the hypoxia response element (HRE) of target genes thereby initiating the transcription of the HIF target genes. At severe
hypoxia, the cellular response also affects the DNA Damage Response (DDR), which leads to DNA replication arrest. Exposure to very low oxygen concentrations also
leads to an reduction in mRNA translation initiation and overall protein synthesis, through an activation of the Untranslated Protein Response (UPR).

infiltrating lymphocytes recognize tumor specific antigens influence immune checkpoints. A rapid and selective up-
on the surface of cancer cells and eliminate the cancer cells  regulation of PD-L1 is induced by hypoxia on MDSCs, and
thereby decrease tumor growth, and the protumor inflammatory  significant increased expression of PD-L1 on macrophages,
response, which increases immune tolerance, cell survival, dendritic cells and tumor cells, all due to HIF1 binding
and proliferation (56-58). There is evidence that radiation  directly to the HRE in the PD-L1 proximal promoter (68).
alone can induce an innate immune response, and recent  Hypoxia has also been shown to regulate the CTLA-4 receptor,
studies have shown that the combination of radiotherapy with  again potentially via HIF1 (69). Apart from direct immune
immunotherapy has the potential to be an effective treatment  suppressive effects, hypoxia can also indirectly affect immune
modality (59-61). response since it causes an increased accumulation of adenosine,

Hypoxia seems to play a significant role in influencing  drives the expression of vascular endothelial growth factor,
anti-cancer immune responses (62, 63). It promotes an  and is associated with higher levels of lactate, all of which
immunosuppressive microenvironment by regulating the can inhibit anti-tumor immunity (62, 70). Interestingly,
recruitment of T-cells, myeloid-derived suppressor cells one pre-clinical study using a variety of tumor models
(MDSCs), macrophages, and neutrophils (64, 65). In addition, = showed that by allowing tumor-bearing mice to breathe
hypoxia can have a negative effect on immunogenicity by  high oxygen content gas (60% oxygen) rather than the
altering the function of immune cells and/or increasing normal 21% oxygen, resulted in an inhibition of tumor
resistance of tumor cells to the cytolytic activity of immune  progression, a decrease in metastatic disease, and prolonged
effectors (66, 67). There is also evidence that hypoxia can  animal survival (67). This hyperoxia decreased tumor
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hypoxia, increased pro-inflammatory cytokines, decreased
the levels of immunosuppressive molecules, and weakened
immunosuppression by regulatory T-cells.

Clearly, there is a need to investigate role of hypoxia
on immune response and understand how modifiers of
hypoxia influence that response. Non-invasive imaging may
be helpful in this context. Substantial pre-clinical and clinical
effort has been made in finding clinically relevant approaches
that can non-invasively identify hypoxia in tumors (71).
The techniques include positron emission tomography (PET),
magnetic resonance imaging, and computed tomography. Using
these techniques, especially the PET-based approaches, one not
only identifies tumor hypoxia, but also shows its relationship to
patient outcome following radiotherapy (71). More recently, a
PET based approach has also been developed for non-invasively
imaging immunotherapy. It involves radiolabeling various
monoclonal antibodies with 89-Zirconium (3°Zr). Pre-clinically,
these conjugates have included CD4 and CD8 antibodies (72),
or an anti-PD-L1 antibody (73). Both approaches allowed for
whole body visualization and evaluation of tumor response.
Such approaches have even undergone clinical evaluation using
897r-labeled atezolizumab, an antibody against PD-L1, and the
images obtained in cancer patients was able to assess response
to PD-L1 blockade (74). Combining PET-hypoxia markers
with immunotherapy based PET markers should allow us to
investigate the interaction between both parameters and how that
influences patient outcome.

SIGNIFICANCE OF HYPOXIA FOR
RADIATION RESPONSE

Estimates of tumor hypoxia obtained using electrodes, exogenous
marker expression, or the upregulation of endogenous hypoxia-
associated molecules, have not only demonstrated hypoxia to
be a common feature of animal solid tumors, human tumor
xenografts and human cancers (49, 75), but also a major negative
factor influencing tumor radiation response. Pre-clinical studies
in the early 1950s demonstrated that when the partial pressure
of oxygen was reduced below about 20 mmHg at the time of
irradiation cells became resistant to the radiation damage (76).
When radiation is absorbed in biological material, highly reactive
free radicals are produced either directly or indirectly in the
target. These radicals are unstable and will react with oxygen
to change the chemical composition of the target, ultimately
causing damage. However, under hypoxic conditions the target
can be chemically restored to its original form. Typically, under
hypoxia one requires 2.5-3.0 fold higher radiation doses to
induce the same level of damage as seen under normoxic
conditions (77). The type of hypoxia (i.e., chronic or acute)
is irrelevant for the initial radioprotection. However, while
chronically hypoxic cells are generally also nutrient deprived,
acutely hypoxic cells are hypoxic for only a short period (78)
and as such are less likely to be nutrient deprived, and this
could play a role in influencing the cells ability to repair
the radiation damage, thus making acute hypoxia a more
resistant factor.

Regardless of whether one type of hypoxia is more of a
negative factor, there is good clinical evidence that hypoxia
significantly impacts patient outcome following radiation therapy
(71). Consequently, substantial effort has been made in the last 50
years to identify approaches that can overcome hypoxia-induced
radiation resistance (1, 71). These have involved using agents
that either increase oxygen delivery, radiosensitize the hypoxic
cells, or preferentially kill them. Attempts have also been made to
use dose painting, whereby the hypoxic areas are identified and
the radiation dose to these areas is increased, or the use of high
LET (linear energy transfer) radiation where hypoxia is less of
an issue (79). However, despite the pre-clinical and even clinical
demonstrations of the benefit of several of these approaches, only
one approach has become established in routine clinical practice
and that is the hypoxic cell radiosensitizer nimorazole, and only
in head & neck squamous cell carcinoma and only in Denmark
(80) and Norway (81).

VASCULAR TARGETING AGENTS AND
HYPOXIA

A principal factor controlling the tumor microenvironment, and
thus the degree of hypoxia, is its vascular supply. As a result,
any treatment that modifies this tumor vascular supply can
consequently change the level of hypoxia. One such group are
the so-called vascular targeting agents (VTAs). These include
angiogenesis inhibitors (Als) that inhibit the development of the
tumor neo-vasculature, and vascular disrupting agents (VDAs)
that damage the already establish tumor vascular supply (82,
83).

With VDAs, the vascular damage induced causes a
reduction in tumor blood flow and this increases the adverse
microenvironmental conditions within tumors leading to
substantial cell killing and subsequent increase in necrosis
(82, 84, 85). The overall result is a reduction in tumor volume.
Als also inhibit tumor growth, but their effects on the tumor
vascular supply and microenvironment are more complex
and somewhat controversial. Some years ago it was suggested
that rather than Als simply stopping the angiogenesis process
and thus decreasing vessel density they could also actually
reduce or abolish the vascular abnormalities of the remaining
vessels, causing vessel stabilization resulting in a more efficient
vasculature similar to that seen in normal tissues. This
stabilization process was termed “normalization” (86) and the
more stable, organized vasculature that resulted would likely lead
to a better delivery of oxygen and nutrients to the tumor, thus
reducing the degree of tumor hypoxia. Numerous studies have
since reported that treatment with a range of Als can indeed
give rise to an apparent decrease in tumor hypoxia (82, 84). The
first study that demonstrated an improvement in oxygenation
status that was associated with vessel normalization was that
of Winkler and colleagues (87), using the anti-VEGF (vascular
endothelial growth factor) monoclonal antibody DC101. Using
a human glioblastoma xenograft grown orthotopically in the
mouse brain they found that during treatment with DC101
there was a significant decrease in the level of binding of
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the hypoxic marker, pimonidazole, and a similar increase in
radiation sensitivity, an affect that was clearly associated with
pericyte recruitment. They also found that when pericyte
coverage was maximal there was an upregulation of human
angiopoietin-1 (Ang-1) and Ephrin B2. Ang-1 is associated
with pericyte recruitment and additional studies showed that
an increased synthesis of Ang-1 mRNA resulted in an increased
Ang-1 protein deposition close to its receptor Tie2 on the
endothelial cells (87). Furthermore, when using a Tie2-blocking
antibody or peptide to block Ang-1/Tie2 signaling, DC101
was unable to increase pericyte coverage of vessels. However,
the reported improvements in oxygenation by Als are not
all due to vessel normalization. Using SU5416, an antagonist
of the VEGF receptor, the increase in tumor oxygenation
resulted from an inhibition of mitochondrial respiration,
thereby decreasing hypoxia by increasing the oxygen diffusion
distance (88).

Regardless of the mechanisms for these decreases in tumor
hypoxia, the improved oxygenation in both these studies
was somewhat transient and only lasted for a period of a
few days despite the AI treatment being continued. This
“narrow window” of improved oxygenation has also been
seen with thalidomide (89, 90), a nucleolin antagonist (91),
and bevacizumab (92-95), regardless of the technique used
to monitor the changes in oxygenation/hypoxia. The transient
nature of this effect would suggest that the timing of hypoxia
measurement is critical. In fact, two studies reported both
a decrease and increase in hypoxia depending on the time
of measurement after treatment with either DC101 (96) or
bevacizumab (95).

Although at least one clinical study suggested an apparent
improvement in oxygenation with Al therapy (97), several pre-
clinical studies reported no change in tumor oxygenation status
despite the Als causing a decrease in vascular density and blood
perfusion (1, 98). More significantly, in the majority of reported
pre-clinical studies these Al-induced anti-vascular effects actually
led to an increase in hypoxia, in line with what one would expect
(1, 82). It could be argued that these different effects on tumor
oxygenation status could be the result of using different drugs,
doses, scheduling, or the time of hypoxia assessment. However,
it seems more likely that the effects are a tumor dependent
phenomena. This is probably best illustrated using DC101, where
one study showed that 2 days after treating animals with DC101
(3 x 40 mg/kg), U87 gliomas were significantly better oxygenated
when measured using a hypoxic specific marker (87). Yet another
study using the same drug, almost identical dose schedule (3
x 45 mg/kg), and similar hypoxic specific marker, found that 2
days after treatment, MCa4/MCa35 mammary carcinomas were
significantly more hypoxic (99). This same controversy was seen
in the limited clinical studies in which both a decrease (100) and
an increase (101, 102) in tumor hypoxia have been reported. Such
findings clearly argue against making sweeping statements about
the effects of Als on tumor hypoxia and that either measurements
of the oxygenation status need to be routinely made when Als are
administered or that they be given in such a way as to avoid any
negative influence on the conventional treatment with which they
are combined.

MOLECULAR HYPOXIA BIOMARKERS

To take advantage of the cellular response to hypoxia, the use
of expression levels of hypoxia induced genes as biomarkers
for tumor hypoxia has been widely investigated. Initially, single
genes such as HIF-1, Ca9, and Glutl measured either at
the protein level, with for example immunohistochemistry,
or on the mRNA level with for instance qPCR, was used
in a range of studies (103-106). The use of single gene
expression markers for tumor hypoxia has often led to
conflicting reports, due to the genes being influenced by
factors other than hypoxia, such as extracellular pH or
glucose concentrations (107, 108). Ca9 expression was one
such factor proposed as a hypoxia marker in a number of
studies, however other experimental studies clearly demonstrated
that hypoxia and Ca9 expression did not exclusively correlate
(109). Certain microRNAs (miRNAs) have also demonstrated
to be inducible by hypoxia (110, 111), as for example hsa-
mir-210 which has shown to be hypoxia related and to
have prognostic significance in several tumor types, e.g., in
cervical cancer (112), in breast cancer (113), and in bladder
cancer (114).

Progresses in gene expression profiling have let to a
higher level of understanding of the biology of hypoxia, and
development of hypoxic signatures based on a number of genes
rather than on single genes as biomarkers for tumor hypoxia
(115-122). These have typically been developed by determining
global gene expression levels by gene expression arrays, and
identifying genes preferentially upregulated by hypoxia based
on either in vitro or clinically derived gene expression data
sets. There is no consensus to the optimal way to develop gene
expression signatures, and the currently published hypoxia gene
expression signatures are at different stages in respect to clinical
usability and validation (123).

The Toustrup 15-gene-classifier was developed from a panel of
genes, identified in an in vitro study in a panel of Head and Neck
Squamous Cell Carcinoma (HNSCC) cell lines as upregulated by
low oxygen concentration, independent of pH. It was developed
in a training cohort of 58 HNSCC patients with the oxygenation
status measured using an oxygen electrode. The classifier was
validated in the DAHANCA 5 cohort, which is a Danish study
where patients were randomized to receive either the previous
mentioned hypoxic cell radiosensitizer nimorazole, or placebo,
with radiotherapy. The classifier was in this cohort demonstrated
to be both prognostic and have predictive impact for hypoxic
modification (124). The 26-gene classifier by Eustace et al. (121),
is another hypoxia signature in HNSCC. This signature is based
on a metagene signature developed for patients with breast, lung
and head and neck cancers. In the Dutch ARCON trial, which
compared treatment with radiotherapy combined with carbogen
and nicotinamide, two hypoxia modifying agents, compared to
radiotherapy alone in patients with laryngeal cancer, the patients
classified as “more hypoxic” according to the 26-gene classifier
showed a significantly improved locoregional control in when
treated with the modifying agents (123, 125).

Several studies have aimed at comparing the published
gene signatures (126-129), but with the constraint that
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common analyzing methods have been used, such as the
two-class k-means clustering, and not the validated analysis
method, which for some of the gene signatures include
cutoft values.

To utilize the biological knowledge, studies have been
focused on combining gene signatures for hypoxia with
other factors known to affect cellular factors influencing the
response to radiotherapy, such as markers for cancer stem
cells (129), and for proliferation and DNA repair (119).
Currently, for all signatures there is a need for a continued
validation, both at the technical and clinical level (130,
131), especially to be able to advance from retrospective to
prospective classification of the hypoxic status of patients and
subsequently the assignment to hypoxia-modifying therapies in
the clinic.

Tumor hypoxia mediates intercellular signaling through
the regulation of many cytokines and angiogenic factors
(CAF), and serum or plasma levels of hypoxia associated
proteins have also been suggested as markers for hypoxia
(132-134). One of the proteins which have been intensively
studied is osteopontin (OPN). OPN has both in vitro and
in vivo shown to be upregulated by hypoxia (108, 135),
and clinical studies have found a high level of OPN to
be associated with a poor prognosis, both in HNSCC (136,
137) and small cell lung cancer (138). The findings of a
correlation of OPN levels and hypoxia is not consistent
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Division of Cancer Epigenomics, German Cancer Research Center (DKFZ), Heidelberg, Germany

Radiotherapy is an efficient tool in cancer treatment, but it brings along the risk
of side effects such as fibrosis in the irradiated healthy tissue thus limiting tumor
control and impairing quality of life of cancer survivors. Knowledge on radiation-related
fibrosis risk and therapeutic options is still limited and requires further research. Recent
studies demonstrated that epigenetic regulation of diacylglycerol kinase alpha (DGKA) is
associated with radiation-induced fibrosis. However, the specific mechanisms are still
unknown. In this review, we scrutinized the role of DGKA in the radiation response
and in further cellular functions to show the potential of DGKA as a predictive marker
or a novel target in fibrosis treatment. DGKA was reported to participate in immune
response, lipid signaling, exosome production, and migration as well as cell proliferation,
all processes which are suggested to be critical steps in fibrogenesis. Most of these
functions are based on the conversion of diacylglycerol (DAG) to phosphatidic acid (PA) at
plasma membranes, but DGKA might have also other, yet not well-known functions in the
nucleus. Current evidence summarized here underlines that DGKA activation may play a
central role in fibrosis formation post-irradiation and shows a potential of direct DGKA
inhibitors or epigenetic modulators to attenuate pro-fibrotic reactions, thus providing
novel therapeutic choices.

Keywords: radiotherapy, late adverse effects, fibrosis, lipid signaling, diacylglycerol, phosphatidic acid

INTRODUCTION

Radiotherapy is a valuable part of cancer treatment; more than 50% of all cancer patients receive
radiation therapy at some point during their treatment for curative or palliative purposes (1, 2).
Tonizing radiation (IR) is given to kill tumor cells but radiation also targets the surrounding normal
tissue resulting in tissue damage (radiation injury) and development of adverse side effects (3).
Within hours to weeks after radiation, an acute tissue response occurs but late adverse effects
may appear even after months or years post-therapy. Early radiation effects include DNA damage,
cell cycle arrest and cell death which will lead to cell loss, endothelial and tissue damage and
inflammation. During this stage of tissue destruction, chemokines, and cytokines are emitted to
activate a wound healing response. Fibroblast to myofibroblast trans-differentiation, extracellular
matrix (ECM) production and angiogenesis occur, resulting in cell proliferation and tissue
regeneration. Once tissue repair is completed, the inflammatory response is resolved, activated
myofibroblasts are deactivated by cellular senescence or cell death and the damaged area should
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turn back to a normal tissue phenotype (4). However, in a
considerable number of irradiated patients, the wound healing
response after radiation is maintained for longer leading to scars,
tissue indurations and contractions, fibrosis, and in some cases,
organ failure. Thus, side effects might strongly affect quality of
life of cancer survivors and can even be a deadly threat. Some
examples revealing the clinical relevance of radiation-induced
fibrosis should shortly be mentioned here.

Regarding the lung, radiotherapy of the thorax is strongly
limited by radiation-induced early side effects in the organ like
acute radiation pneumonitis which even may cause interruption
or premature termination of therapy (5-8). Over a period of
1-2 years post-treatment, radiation-induced alterations in the
lung may lead to destruction of lung architecture or deletion of
specific lung cells like alveolar cells involved in oxygen exchange.
Together with the accumulation of fibrotic tissue forming a “scar,”
these alterations may cause dyspnea, oxygen starvation, and even
organ failure and dead (9). Such severe late side effects occur
in about 5-20% of patients, and despite considerable technical
efforts in targeting specifically the tumor, they are limiting the
applicable dose in lung or esophageal cancer even at the cost of
tumor control.

Also in head and neck cancer patients, radiation-induced
fibrosis can occur. In a Belgian study, 68% of cancer patients
treated with radiotherapy showed mild-to-severe neck fibrosis
with an increasing risk for this side effect with every year after
therapy (10). In these patients, again, fibrotic side effects can be
rather harmful according to the affected site, for example they
strongly affect oral mucosae and swallowing and thus adequate
food intake.

Chronic fibrosis is also frequently identified in breast cancer
patients. About 21% of breast cancer patients developed fibrosis
8 years after they obtained an intra-operative boost radiotherapy
(11). In these patients, fibrosis can result in cosmetic changes of
the breast but also severe and harmful endurations and limited
mobility. Overall, these examples show that tissue fibrosis is
a severe side effect of radiotherapy strongly affecting therapy
success but also quality of life in cancer survivors.

In general, the molecular mechanisms leading to radiation-
induced fibrosis are expected to be similar to those of other
fibrotic diseases in the liver, kidney, lung, or heart. Radiation
causes the initial tissue injury by directly damaging DNA
and by generating reactive oxygen or nitrogen species (ROS
or RNS) which will react with DNA but also with other
cellular components like membranes and lipids (12). Besides
escaping to senescence, the damaged cells can undergo cell
death and represent a severe tissue damage which triggers
the wound healing response. They may cause inflammation
and release of inflammatory chemokines and cytokines which
activate neutrophils, lymphocytes, and monocytes as well as
endothelial cells and resident macrophages, stromal fibroblasts,
and further mesenchymal cells (13, 14). As in other fibrotic
processes, the secretion of tumor growth factor beta (TGF-
B) or platelet-derived growth factor (PDGF) promotes the
development of myofibroblasts expressing alpha-smooth muscle
actin (a-SMA) and producing excess ECM proteins like collagens
with an increased stability of ECM. Enrichment of ECM

and myofibroblasts results in manifestation of indurations and
limited tissue functions.

Although many of the released cytokines like TGF-, IL-
6 and IL-10 are well-known pro-fibrotic triggers leading
to myofibroblast activation (15), the steps resulting in the
elongation or even perpetuation of wound healing processes are
mostly unknown.

Further cellular components, the phospholipids, are
reported to be involved in radiation-induced fibrogenesis.
In primary human dermal fibroblasts, phospholipids such as
phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
are increased after gamma-irradiation (16). A further bioactive
phospholipid, lysophosphatidic acid (LPA) is synthesized from
PC and is suggested to be a pro-fibrotic factor in radiation-
induced fibrosis (17, 18). Another LPA precursor is phosphatidic
acid (PA) which is converted from diacylglycerol (DAG)
by diacylglycerokinases (DGKs). Increased PA levels trigger
the generation of LPA which is involved in many chronic
inflammatory diseases including idiopathic pulmonary fibrosis
and liver fibrosis (19, 20). In irradiated mice as well as in
cell cultures, supplementation with LPA reduced irradiation-
induced apoptosis (21). LPA functions include stimulation
of cell proliferation, activation of pro-fibrotic responses
and anti-apoptotic mechanisms by LPA receptor-mediated
extracellular signal-regulated kinase (ERK) activation (18).
Thus, targeting LPA with antibodies or antagonists against
its receptor LPAR could make it a valuable target for novel
therapeutic anti-fibrotic approaches. Hence, a LPA type 2
receptor antagonist, octadecenyl thiophosphate (OTP), could
attenuate irradiation-induced apoptosis and activate anti-
apoptotic ERK signaling which both are leading to increased cell
survival (21).

During fibroblast transactivation, epigenetic mechanisms
are involved in activating the appropriate transcriptional
reprogramming in the affected cells (22). Epigenetic variation
might predispose patients for developing a prolonged tissue
response. Changes in post-translational histone marks and
miRNAs have been described (23, 24). Epigenetic changes
during such reprogramming processes can be reverted not only
by intrinsic mechanisms but also by epigenetic drugs. Thus,
this might offer possibilities to attenuate fibrotic processes
and alleviate reconstitution of normal tissue characteristics.
Epigenetic therapies might be helpful substitutions to current
treatment options for radiation-induced fibrosis. These include
small molecules and even stem cells and target the different
specific steps of fibrogenesis, however only some of them are in
clinical use (9, 25, 26). Examples are antioxidants and radical
scavengers which are applied to protect the irradiated normal
tissue from damage through radiolysis of water and other
cellular components (25). Especially drugs already approved for
clinical application for other purposes like hesperidin, rutin,
or melatonin could easily be included in therapeutic schedules
[for a recent summary, see (25)]. Currently, amifostine acting
as a radical scavenger is the only FDA-approved cytoprotective
drug used in head and neck cancer patients. Its use for lung
protection shows ambiguous results (5). Further treatments
include anti-inflammatory drugs like glucocorticosteroids to
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repress the immune response activated in the damaged tissue
(27). Molecular therapies targeting pro-fibrotic players like the
fibrosis driver TGF- or the connective tissue growth factor
(CTGF) are promising but still in preclinical testing (26, 28, 29).
Further approaches are using mesenchymal stem cells (MSCs)
for tissue regeneration (9). In preclinical models, MSCs not
only replace damaged lung epithelial cells but also promote
tissue repair through the secretion of anti-inflammatory and
anti-fibrotic factors. They can even be genetically modified, e.g.,
by over-expression of the radical scavenging enzyme superoxide
dismutase, to improve their radioprotective potential. First
clinical trials in patients with idiopathic pulmonary fibrosis
are encouraging. There are however strong concerns about the
safety of such a therapy. Therefore, further investigations
to identify novel molecular targets for radioprotective
and antifibrotic treatments are urgently needed to improve
personalized radiotherapy.

DIACYLGLYCEROL KINASE ALPHA (DGKA)
AS A POTENTIAL CANDIDATE IN
RADIATION-INDUCED FIBROSIS

A cohort of breast cancer patients undergoing intraoperative
radiotherapy were observed for occurrence of adverse side effects
with a median follow-up time of 4.9 years (range 2.0-5.5)
(30). For each patient, skin fibroblasts were cultivated. DNA
methylation patterns were determined from patients who did
or did not develop radiation-induced fibrosis using Illumina
450K arrays (31). A number of differentially methylated sites
was identified, among them an intragenic enhancer in the DGKA
gene. Low methylation at this site was associated with moderate
to severe fibrosis (LENT-SOMA grade 2-3) and high methylation
with mild to no reaction (31, 32). A more detailed analysis
revealed that the radiation-inducible transcription factor EGR1
was able to bind to the differentially methylated region thereby
inducing DGKA expression in fibroblasts which then expressed
enhanced levels of the pro-fibrotic ECM proteins collagen and
fibronectin. DGKA is involved in lipid signaling, cell migration
and cell growth (33). It is expressed in normal T cells, spleen
and skin as well as in cancer cells but it was not yet described
in the context of fibrosis. Several inhibitors are known for this
protein making it an attractive target in the fight against fibrosis.
To further boost studies of DGKA and fibrosis development,
the known characteristics of DGKA are summarized in
the following.

DIACYLGLYCEROL KINASES, FUNCTION,
AND STRUCTURE

DGKA is part of a family of mammalian diacylglycerol kinases
(DGKs) which includes 10 isoforms grouped into five subtypes.
DGKs convert diacylglycerol (DAG) to phosphatidic acid (PA),
which both are lipids with important and far-reaching signaling
properties [Figure 1; (33-37)]. Thus, DGKs terminate DAG-
regulated signals and activate PA-regulated ones. These two
lipids are generated at the membrane and act as hot spots to

localize and activate numerous signaling cascades (38, 39). In
mammals, on the one hand, DGKSs act as negative modulators of
classical protein kinase C (cPKC; PKCa, f, and y) and novel PKC
isoforms (nPKC; PKC3, ¢, 1), and 0), protein kinase D (PKD), and
guanyl nucleotide-releasing protein for Ras (RasGRP) (40, 41).
On the other hand, DGKs-induced PA promotes the activation of
mammalian target of rapamycin (mTOR), atypical PKC (aPKC,
PKCt, and PKCi/k), and phosphatidylinositol-4-phosphate 5-
kinase (PIP5K) (42).

All DGKs contain at least two cysteine-rich C1 like domains
and a highly conserved catalytic domain (43). The C1 domains
in DGKs originally contribute to DAG-dependent binding to
the membrane. The catalytic domain is a common domain
in all DGKs with a highly conserved motif “pdpdpGGDGT” (¢
indicates any hydrophobic residue) that involves ATP binding
(44). Each DGK subtype contains accessory regulatory motifs in
its primary sequence that might divert their function, regulation
and localization. There are numerous reviews on DGKs (34, 43,
45-48) but here we are focusing on DGKA which belongs to type
I DGKs that specifically contain a Ca?*-dependent regulatory
domain at its N-terminus including a recoverin-like domain
(RVH) and two EF-hand motifs.

CELLULAR MECHANISMS TO MODULATE
DGKA RNA EXPRESSION

DGKA levels differ considerably in various tissues. Transcripts
are enriched in lymphoid tissues especially lymph nodes,
tonsils and spleen, as well as in skin, esophagus, duodenum
and small intestine (Figure 2A). Expression is low in primary
melanocytes, hepatocytes, and neurons (49-51) and in the
corresponding tissues like liver, brain, kidney, heart and skeletal
muscle, suggesting tissue-specific functions of the protein. This
is confirmed by the evaluation of immunohistochemistry images
of DGKA protein in human tissue sections (Figure 2B). They
show heterogeneous amounts of DGKA in the different cell types
constituting the various tissues. In contrast, DGKA expression is
strongly increased in tumors like melanoma, hepatocarcinoma,
and glioblastoma as detected by RNA quantification or
immunohistochemistry (49-51). In tumors, high DGKA
expression was reported to be associated with cell growth
and activation of Ras, mTOR, or HIFIl-a signaling pathways
and poor survival (50, 51). In gastric cancer, however, DGKA
expression was found to be modulated by lipid metabolism and
high DGKA levels were related with good survival (52). These
observations show that DGKA levels can affect many cellular
functions depending on tissue or cell type. Comprehensive
expression patterns in tumor cells reveal that the interplay with
tumor-type specific activated signaling pathways might control
DGKA function. Therefore, DGKA was postulated to be a critical
signaling node in malignant transformation (51).

At the molecular level, several mechanisms of DGKA
regulation have been observed, although which mechanism is
active in which cell type is not completely understood. DGKA is
located on chromosome 12 encoding several isoforms (Figure 3).
Transcription is controlled by at least two functional units,
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FIGURE 1 | Scheme of DGKA functions contributing to radiation-induced fibrosis. Induction of DGKA by ionizing irradiation or other extracellular stimuli activates
several functions in cells like DAG to PA conversion, lipid signaling, exosome secretion, and production of extracellular matrix proteins. According to cell type, these
functions might regulate trans-differentiation to myofibroblasts, activation of immune cells, or pro-fibrotic processes. Interaction of these activated cell types is required
for tissue regeneration after irradiation, however, persistence of activated cell states and increased extracellular matrix production will contribute to fibrosis.

a promoter region 5-upstream of the transcription start site
and an intragenic enhancer located in intron 1 which can
interact with the promoter as shown by chromatin conformation
capture experiments (31). Moreover, differential methylation of
the enhancer site modulated induction of DGKA expression after
irradiation of fibroblasts. Low DGKA methylation resulted in
increased DGKA expression after irradiation and was associated
with the development of radiation-induced fibrosis (31). In the
patient fibroblasts used in this study, the differential methylation
which modulates DGKA expression after irradiation was already
present before treatment of cells. A methylation change
after irradiation or upregulation of DNA methyltransferase
1 (DNMT1) was not observed (31). Therefore, differential
DGKA methylation seems to indicate a stable predisposition of
patients for radiation-induced fibrosis. Nevertheless, radiation
by itself could change DNA methylation patterns. Although
reports on overall changes causing hyper- or hypomethylation
are rather contradictory, specific DNA methylation changes
have repeatedly been found (55, 56) suggesting an epigenetic

reprogramming after irradiation which might affect cell fate
and therapy outcome.

DGKA expression was up-regulated by exposure to DNA
damaging treatments like y-irradiation (31, 57), UV-exposure or
treatment with cytostatic drugs and under hypoxic conditions
[summarized in (58)]. Up-regulation was attenuated by silencing
or mutating p53 in the investigated cell models suggesting that
DGKA-related functions might be part of the comprehensive
p53-mediated cellular damage response, as for example after
radiotherapy (59). Furthermore, DGKA expression was strongly
regulated in different tissues and cell types by activating signaling
cascades like those of Src, HIF1-o, mTOR, and Ras/ERK (see
below) and by binding of pathway-specific transcription factors
(TFs). An example in the mouse is the forkhead box O (FoxO)
TF in T cells linking the T cell receptor (TCR) activity to DGKA
abundance via PI3K activity (60) or the TF Egr2 regulating T
cell anergy (61). Regarding the function of the enhancer region,
DGKA expression was stimulated by binding of the radiation-
inducible transcription factor EGRI (31).
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FIGURE 2 | DGKA expression in normal human tissues. (A) The 10 tissues with the highest DGKA RNA expression are shown. Data are derived from a consensus
dataset in the Human Protein Atlas (HPA) which combines data from three comprehensive databases (HPA, GTEx, and FANTOMS). (B) DGKA protein expression
measured by immunohistochemistry in cell types present in the tissue with the highest RNA expression shown in (A). Protein data for thymus and T cells were not
included in the HPA protein database. For details of protein expression, normalization and quantification, see website (https://www.proteinatlas.org/
ENSG00000065357-DGKA/tissue).
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FIGURE 3 | Regulation of DGKA expression by DNA methylation. Location of DGKA on chromosome 12 and transcriptional regulation as shown in the UCSC
Browser, hg19 assembly [http://genome.ucsc.edu/; (53)]. Regulatory elements are indicated by CpG islands and chromatin states (Encode ChromHMM)
characterizing transcription start site (TssA, TssAFInk, TXFInk) and enhancer (Enh) in human skin fibroblasts (54). CpG probes (lllumina 450K BeadChipArray) located in
the DGKA promotor area are indicated.

Small RNAs were also involved in the control of DGKA Importantly, DGKA controls TF abundance and signaling
transcripts. Overexpression of miRNA-297 was shown to be  pathways by itself through the conversion of DAG to PA and
cytotoxic to glioblastoma cells but not to normal astrocytes  regulation of the downstream signaling (33) thus inducing an
(62). DGKA was the most prominent target of this miRNA.  auto-regulatory loop for a well-balanced equilibrium between
Further evidence comes from the observation that DGKA, when  these pathways. These findings underpin the importance of
upregulated by hypoxia and its mediator, the heterogeneous  maintaining an adequate DGKA level in cells for their proper
nuclear ribonucleoprotein L (HNRNPL), was able to buffer the = functioning as it was shown when describing the role of DGKA
cytotoxic effects of increased miRNA-297 expression. during T cell differentiation. Similar to the growth stimulation
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in tumor cells, it is conceivable that differences in DGKA levels
affect the cellular amounts of DAG and PA and might contribute
to fibroblast activation and migration during wound healing
and to the perpetuation of myofibroblast activation in a pro-
fibrotic situation.

DGKA-MEDIATED SIGNALING AND LIPID
METABOLISM

The DGK family is involved in lipid metabolism specifically in
the conversion of DAG to PA. Both are important intermediates
involved in phospholipid metabolism, and they serve as
second messengers at the plasma membrane. The DAG/PA
ratio is important to maintain cellular homeostasis, and the
dysregulation of cellular phospholipids has been implicated
in several disorders. For example, radiation-induced free lipid
accumulation impairs the normal cellular metabolism via
induction of lipoprotein lipase and fatty acid binding protein
4 (FABP4). At the same time, triacylglycerol is also increased
resulting in steatosis, progression to inflammation, and fibrosis
(19, 63).

Overexpressed or activated DGKA results in the generation
of PA and activates PA-mediated signaling (Figure4). This
includes mTOR, atypical PKC (aPKC)-RhoGDI, Rabll family
interacting protein 1 (Rab11-FIP1), and phosphatidylinositol-4-
phosphate 5-kinase (PIP5K) signaling which can lead to fibrosis
formation or tumor cell invasion and migration (42, 64-67). In
contrast, downregulation or inhibition of DGKA results in the
accumulation of DAG, which functions as a second messenger
by binding to C1 domain containing proteins. This binding
triggers multiple signaling pathways including RasGRP, classical
and novel PKC and PKD, which contribute to T cell anergy and
an insulin secretory defect (33, 35, 68).

Biochemical inhibition or silencing of DGKA was reported
to reduce HIF-la and mTOR signaling by limiting PA in
glioblastoma cells (51). In addition, the cyclic adenosine
monophosphate (cAMP) level was observed to be significantly
increased in these cells which resulted in downregulation
of MTOR transcription. Downregulation of DGKA and its
downstream targets HIF-1a and mTOR resulted in suppression
of tumor cell migration and survival. Rescue experiments
with mTOR or HIF-1la restored cell viability. Remarkably,
the cytotoxic activity of DGKA attenuation was observed in
tumor cells but not in normal cells (51, 69). The authors
suggested a unique DGKA-PA-posphodiesterase-cAMP-mTOR
transcription pathway which would be active besides the lipid
signaling DGKA function. Similarly, Chen et al. found a
stimulation of the PTEN pathway and the oncogenic Akt/NF-
kB activity via cAMP in esophageal squamous cell carcinoma
cells (70) suggesting that, in this way, DGKA might promote
cell growth and cancer progression. Both observations were
found to be specifically active in malignant cells and make
DGKA an exciting target in cancer therapy. These studies further
support a unique role of DGKA in cell growth as this activity
was independent of the kinase activity. Other DGKs were not
reported to be able to substitute the DGKA function in this

process (51, 70). In L6 myotubes overexpressing the human
insulin receptor, DGK inhibition resulted in DAG accumulation,
PKCoa activation at the plasma membrane, and reduced glucose-
induced insulin receptor activation (71). Interestingly, DGKA
knockdown or inhibition induces a stronger cytotoxicity in
cancer cells than in normal cells (69), underlining again that
the amount of DGKA might determine its cellular effects.
In addition, this observation supports DGKA as a potential
therapeutic target for cancer and fibrosis treatment.

DAG and PA are not only acting as second messengers but
are also involved in phospholipid metabolism. For example,
downregulation of DGKs results in the accumulation of DAG
which can cause metabolic disorders because DAG is a precursor
for triglycerides and phospholipids such as phosphatidylcholine
(PC) and phosphatidylethanolamine (PE) (20). Increased PA
levels, in contrast, trigger the generation of lysophosphatidic
acid, a lipid involved in many chronic inflammatory diseases
including idiopathic pulmonary fibrosis and liver fibrosis (19).
Conversion of DAG to PA by DGKs is a demanding task as
shown by more than 50 structurally different DAG and PA species
in mammals (34). DAG consists of a glycerol backbone which
is linked to a saturated and an unsaturated fatty acid which
vary in chain length and composition according to the cellular
turnover of various phosphatidylinositol (PI) species. Specific
DGKs are reported to convert different DAGs (72). For DGKA,
this process might be cell type specific as the spectrum of DAG
species converted in AKI melanoma cells is not identical to
the one observed in normal human dermal fibroblasts (31, 34).
However, different methods were used for quantification in both
cell types.

Finally, it is likely that ionizing radiation which is inducing
highly reactive ROS in cells may alter the composition of
the DAG spectrum mainly by reacting with the unsaturated
part of DAG and PA. This substrate change will cause
at least an intermediate imbalance in the DAG to PA
ratio with all the possible changes in cellular functions as
already described.

RADIATION-INDUCED IMMUNE
RESPONSE AND DGKA-MEDIATED T CELL
ACTIVATION

Radiotherapy has been used for decades to eliminate local tumor
growth, while different radiation dosage and fractionation also
lead to various degrees of injury in surrounding normal tissue
because of the induced immune responses (73). Thus, DGKA, as
regulated by IR, may be involved in IR-induced immune response
through mediating T cell activation.

During the initial phase of radiation exposure, DNA damage,
ROS induction and cell death trigger the release of pro-
inflammatory cytokines (e.g., IL-1, IL-6, IL-10, TGF-B, TNE-
o, and IFN-y) and activate immune response (6, 74, 75). The
induction time of pro-inflammatory cytokine secretion can vary
from minutes to hours (initial phase) up to days and weeks (early
acute inflammatory phase) depending on the radiation dosage
and fractionation (15). Lymphocytes and macrophages infiltrate
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into the injured tissue and induce inflammasome formation.
Type I T helper cells (Thl), Th17, and macrophages (M1) are
activated and contribute to inflammation around the damaged
area. In the late acute inflammatory phase, anti-inflammatory
cells including Th2 and regulatory T cells (Treg) are induced
to suppress pro-inflammatory responses. Th2 releases cytokines
including IL-3, IL-4, and IL-10 around the injured tissue and
triggers fibroblast-to-myofibroblast differentiation along with the
accumulation of M2 macrophages (76). During this stage, TGF-
p stimulates the generation of Tregs which further produce
TGEF-p and IL-10 thus contributing to tissue repair and a pro-
fibrotic action (77). These alterations continue even throughout
the chronic phase of radiation-induced fibrosis. Moreover,
radiation-induced accumulation of lipid products such as free
fatty acids, triglycerides and DAGs activate the infiltration of
macrophages into the damaged tissue and further induce chronic
inflammation (7).

Several reviews indicate that DGKs, especially DGKA and
DGKZ, play an important role in T cell activation via termination
of DAG signaling (42, 78-80), but here we focus on the
role of DGKA. In general, T cell activation requires two
signals: the first consists of the interaction of the T cell

receptor (TCR) with foreign antigens bound to the major
histocompatibility complex (MHC) on the surface of antigen-
presenting cells (APC). This initial signal is responsible for
the generation of two phospholipase PLC-y-mediated cleavage
products, inositol triphosphate (IP3) and DAG. The two second
messengers promote the signaling cascades of both the Ca?*
mediated nuclear factor of activated T cells (NFAT) and the
Ras/ERK pathway (81). DGKA participates in this step as
follows. During initial TCR signaling, Ca®* generated by PLC-
y promotes a conformational change of DGKA leading to the
activation of its membrane-binding domain, and subsequently
to its rapid translocation and binding to the plasma membrane.
Membrane-bound DGKA (activated DGKA) metabolizes DAG
to PA. However, a further signal is necessary to complete T
cell activation. Co-stimulatory molecules such as CD28, which
interact with CD80 on the surface of APC, are essential to fully
activate T cells. During this step, PKC6 is involved in activating
NF-kB-mediated IL-2 synthesis (6). The co-stimulatory signals
balance the catalytic DGKA activity which is still located
at the plasma membrane to avoid that DAG levels become
insufficient to activate downstream signaling such as IL-2
secretion. Therefore, over-activated DGKA would result in T cell
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anergy. Co-stimulatory signals and IL-2 also trigger PI3K/AKT
activation to further suppress FoxO-dependent DGKA mRNA
expression finally creating a feed-back loop limiting DGKA
levels and signal intensity (33, 78). Thus, DGKA acts as an
immunological checkpoint to control the activities of T and NK
cells (82, 83). A recent study further showed that a lack of DGKA
reduced inflammation markers like IL-18 expression in white
adipose tissue in mice which were fed with a short-term high-fat
diet (84). This suggests that DGKA may be involved in the early
immune response also in other tissues.

As a part of the immune response after irradiation, T and
NK cells were shown to be activated and to gain the ability to
kill tumor cells after radiotherapy; however, tumors seem to be
protected from this cytotoxic activity (85). In renal clear cell
carcinoma, for example, the activity of tumor-infiltrating NK cells
was inhibited by strong expression of DGKA and insufficient
ERK pathway activity. Inhibition of DGKA or reactivation of
the ERK pathway reconstituted the anti-tumor activity of T and
NK cells (86). This was also observed in other tumors where
inhibition of DGKA and other DGKs restored pro-apoptotic
signaling in normal T and NK cells against tumor (83, 87-90).
This suggests that DGKA inhibition might be an interesting
strategy for tumor therapy. If however, DGKA inhibition results
in a similar T and NK cell activation by irradiation in the normal
tissue, an increase in tissue damage might be observed which
would increase therapeutic side effects. Remarkably, cell toxicity
of DGKA inhibitors was found to be lower in normal cells (51, 69)
making this possibility less probable. In the irradiated healthy
tissue, it is therefore assumed that immune cells are infiltrating
the damaged tissue, and together with fibroblasts and endothelial
cells, induce tissue regeneration. DGKA has been shown to be
activated in irradiated fibroblasts of patients with high fibrosis
risk (31). This response has not yet been investigated in T cells or
in irradiated tissues but it would be interesting to analyze DGKA
under both conditions. This would show how the different
cell types are interacting during wound healing and whether
induced DGKA levels sustainably disturb the DAG balance
and induce a prolonged wound healing response which might
be pro-fibrotic.

DGKA REGULATES EXOSOME
PRODUCTION WHICH CAN ACTIVATE
PRO-FIBROTIC FUNCTIONS

Regeneration of normal tissue after irradiation requires
cooperation of multiple cell types like immune cells, fibroblasts
or mesenchymal stem cells which are attracted to the injured
tissue site and activated for their specific function in the wound.
When the wound is closed, attracted cells and induced processes
have to be shut down to avoid accumulation of excessive ECM,
scars, and on a long-term basis, fibrosis. It is evident that such a
process needs multiple intercellular communications. One way
could be mediated by membrane trafficking related processes
like the release of multivesicular bodies or secretion of exosomes
(47, 91). Exosomes can transport signaling peptides, proteins
or miRNAs depending on cell type and regulated function.
They are excreted or internalized by various cell types like stem

cells, fibroblasts or lymphocytes (92). These exosome-mediated
processes are by far not completely understood but there are
some examples that underline the importance of exosomes in
fibrogenesis. Exosomes derived from mesenchymal stem cells
were reported to activate fibroblast migration and proliferation
and to regulate collagen synthesis during wound healing (92, 93).

DAGs were suggested to belong to the lipids that contribute
to exosome production in T lymphocytes (94-96). In T
cells, exosomes mainly transport Fas ligand which mediates
cytotoxicity and Fas-induced cell death in the targeted area.
Membrane-bound DKGA is an essential regulator of the
membrane-related process of exosome production as it controls
the formation and polarization of mature multivesicular bodies
as precursors of exosomes (94). DGKA might drive similar
exosome-mediated effects in other cell types. An example is
shown in H1299 tumor cells expressing a gain of function p53
mutant (mutp53; R270H; p53R172H). ECM production and
the orthogonal branching of collagen, one of the hallmarks of
fibrosis, could be substantially impeded by pharmaceutically
inhibiting DGKA in these cells (97). In fact, this process was
strongly controlled by DGKA-mediated exosome production. A
further analysis in mice with mutp53-driven pancreatic cancer
revealed this orthogonal ECM characteristic even in the lungs of
the animals where it preceded metastasis indicating a potential
role of DGKA in ECM production via exosomes (97).

Migration of different cell types to the wound and their
perpetuated activation is required for fibrosis to occur. In
tumor cells harboring gain-of-function p53 mutations, DGKA
increases cell migration and invasion capability. In this process,
membrane-bound DGKA generates increased PA levels, thus
recruiting B1 integrin trafficking and MMP9 secretion to
promote cytoskeleton reorganization for protrusion elongation,
lamellipodia formation, membrane ruffling, migration, and
spreading through the atypical aPKC/Rab-coupling protein
(RCP) mediated signaling in epithelial cells (65-67). In mouse
embryonic fibroblasts (MEFs), PA-Racl-mediated cytoskeleton
reorganization was mainly promoted by DGKZ or DGKG not by
DGKA (98, 99). However, DGKA expression in MEFs is relatively
low compared to human fibroblasts, so further investigations on
DGKA and cell migration in human fibroblasts is needed.

DGKA inhibition or silencing reduce the migration-related
membrane processes and finally attenuate migration. Although
detection of these processes depends mainly on expression of the
mutated p53 protein, data reveal that membrane-bound DGKA
is involved in this process, and in a similar way, might participate
in wound healing and pro-fibrotic events.

In this context, it should be mentioned that increased
collagen production was measured as a pro-fibrotic endpoint in
fibroblasts. This was depending on DGKA protein abundance
and activity in fibroblasts after y-irradiation (31). Whether this in
vitro process was accomplished by membrane processes resulting
in vesicles or exosomes formation as summarized by Stephens
(100) was not analyzed, however increased collagen synthesis and
secretion was associated with an increase of mRNA transcription
and protein synthesis. This observation underpins the multiple
functions DGKA might have depending on the intracellular
location of the protein and the abundance in different
cell types.
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NUCLEAR LOCALIZATION OF DGKA AND
CELL CYCLE REGULATION

There is evidence that several DGK family members are not only
present in the cytosol and cellular membranes but also in the
cell nucleus [Table 1; (112, 113)]. This led to the assumption that
there might be a role for DGKs in cell cycle regulation. DGKA
nuclear localization was observed in specific cell types such as the
human natural killer cell line YT, the mouse lymphocyte cell line
CTLL-2 (102) or in rat thymocytes and T-cell-enriched peripheral
lymphocytes (103). Furthermore, DGKA was observed to shuttle
between the nucleus and the cytoplasm, e.g., Baldanzi et al.
showed that upon stimulation of human T lymphocytes, DGKA
can exit from the nucleus which is associated with a rapid
negative regulation of its enzymatic activity (104). In contrast,
serum starvation in the mouse embryo fibroblast cell line
NIH/3T3 led to the transport of DGKA from the cytoplasm

into the nucleus, a process which could be reversed by serum
restoration (105).

DGKA is distinctly expressed in different tumor cell types
while their normal tissue counterparts are often devoid of
its expression; this suggests that it is able to enhance tumor
cell proliferation. DGKA is highly expressed in various human
hepatocellular carcinoma cell lines (50). Here, the authors
observed a significantly enhanced cell proliferation upon
overexpression of DGKA. Furthermore, immunohistochemical
analyses in tissue samples from patients with hepatocellular
carcinoma revealed an association of high DGKA expression
and high expression of the cellular proliferation marker Ki-67.
DGKA was also strongly expressed in the nuclei of human K562
leukemia cells and was shown to be involved in both changes
of the RB phosphorylation status and in the progression of the
cell cycle through the G1/S checkpoint (101). These authors used
synchronized cells to demonstrate cell cycle phase-dependent

TABLE 1 | DGKA function according to cellular localization.

Cellular Compartment Function Species Cell line References
(cell type)
Nucleus Cell cycle regulation Human K562 (myelogenous leukemia) (101)
Proliferation Human YT (natural killer cell) (102)
Mouse CTLL-2 (T lymphocytes) (102)
Lymphocyte activation Rat Primary thymocytes (103)
nré Human Jurkat (T cell leukemia) (104)
Mouse NIH/3T3 (embryonic fibroblasts) (105)
Cytosol T cell activation Human Jurkat (T cell leukemia) (104-107)
Rat Primary thymocytes (103)
Lipid metabolism, Swine Primary vascular smooth muscle cells (68, 106, 107)
signaling
Human Jurkat (T cell leukemia) (68, 108)
Rat L6 (skeletal myoblasts) (71, 108)
nrd Mouse NIH/3T3 (embryonic fibroblasts) (105)
Rat Primary thymocytes (103)
Membrane T cell activation Human Jurkat (T cell leukemia) (104, 106-110)
Mouse Primary T cells (111)
Lipid metabolism, Swine Primary vascular smooth muscle cells (68)
signaling
Mouse CTLL-2 (T lymphocytes) (72)
Mouse BaF/3 (pro-B cells) (72)
Dog MDCK (kidney epithelial cells) (67)
Rat L6 (skeletal myoblasts) (71)
Exosome maturation Human Jurkat (T cell leukemia) (94)
Migration Human H1299 (lung carcinoma) (65)
Matrix invasion Human MDA-MB-231 (breast cancer cells) (66)
Multivesicular body Human Jurkat (T cell leukemia) (95)
secretion
Human Raiji B (B lymphocytes)
Total cell Cell proliferation, signaling Human HuH7, PLC/PRF/5, HLE, and Hep3B (50)

(hepatocellular carcinoma)

anr, not reported.
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DGKA expression, and they applied DGK inhibitors resulting
in down-regulation of cell growth and accumulation of cells
into GO/G1 phase. Yanagisawa et al. observed DGKA expression
in several human melanoma cell lines while normal epidermal
melanocytes did not express this protein (49). In addition,
they revealed DGKA as a negative regulator of TNF-a-induced
apoptosis in these tumor cells. Further evidence for an anti-
apoptotic and proliferation-enhancing activity of DGKA in
cancer cells derived from different cancer entities is reported
using selective inhibitors of DGKA (51, 69, 114).

All in all, the above-mentioned studies demonstrate that
DGKA (i) is present in the nucleus of different cell types,
(ii) is involved in cell cycle regulation, and (iii) has cell-type
specificity functions based on its expression levels. Although
there is a lack of data on DGKA and cell cycle regulation
in fibrosis, it is conceivable that DGKA might play a role
in transactivation of resident fibroblasts to replicating active
myofibroblasts, the activity of which has to be maintained in
fibrotic tissues.

TARGETING OF DGKA BY SMALL
COMPOUNDS

To interfere with the manifold cellular functions of DGKs,
compounds were designed to suppress DGK activity. So far, the
compounds R59022 and R59949 are described to show a higher
selectivity toward type I DGKs including DGKA by binding
to the catalytic domain (115). Ritanserin, a serotonin receptor
antagonist, and a chemical fragment of it, RF001, were identified
to attenuate DGKA function e.g., by increasing the DGKA affinity
toward ATP in vitro (116, 117). Especially RF001 shows strong
effects because it targets both the catalytic domain and the C1
domains of DGKA (117). Most recently, a novel compound,
AMB639752, has been identified based on its structural analogy
to Ritanserin, R59022 and R59949 (118). The drug shows high
specificity for DGKA but does not have the associated activity
against the serotonin receptor like the parental drugs. A further
compound, CU-3, functions as a competitive ATP inhibitor, but
it is unclear why CU-3 has high selectivity for type I DGKs (114).
In contrast, a recent study showed that DGKA can be activated
when treated with KU-8 (119). Several authors describe that
the growth of glioblastoma and other cancers can be impeded
with DGKA inhibitors in cell cultures and in xenografts (51,
114, 120). Also AMB639752 is impeding cell migration of MCF7
tumor cells (121). DGKA inhibitors, therefore, offer not only
a promising way to manipulate DGKA activity for therapeutic
purposes in tumor cells but they might also be helpful to confine
a perpetuated wound healing response leading to fibrosis. The
current drugs, however, show poor pharmacokinetic data in
mice and have considerable off-target effects like targeting the
serotonin receptor (116). Still, novel drug screening strategies as
those described by Velnati et al. (121) give promise that these
limitations can be overcome.

Additional attractive candidates to modulate DGKA levels
are epigenetic drugs as they can alter or even reverse aberrant
gene expression. Gene expression is organized on different

layers by epigenetic mechanisms, especially by DNA methylation
and histone modifications (22). As most epigenetic marks in
differentiated cells are highly stable and serve as an epigenomic
memory (122), a protective epigenomic layout, once established
by an epigenetic treatment, could be maintained throughout
numerous rounds of cellular replication in fibroblasts (123). As
a proof-of-concept for epigenetic therapy, Zeybel et al. (124)
halted CCly-induced liver fibrosis progression in mice with
the histone methyltransferase inhibitor 3-deazaneplanocin A
(DZNep). DZNep also inhibited myofibroblast transactivation
in vitro (124). In a fibroblast model for radiation-induced
fibrosis (31), BET-bromodomain inhibitors (JQ1 and PFI-1)
suppressed induction of DGKA in bleomycin-treated fibroblasts,
reduced histone H3 lysine 27 acetylation (H3K27ac) at
the DGKA enhancer and repressed collagen marker gene
expression (125). Here, BET-bromodomain inhibitors altered the
epigenetic landscape of fibroblasts, counteracting pro-fibrotic
transcriptional events. Of course, the use of epigenetic drugs to
alter pro-fibrotic signaling requires further experimental proof,
but there is sufficient evidence (126) that altering the chromatin
state at the DGKA locus could be a valuable therapeutic approach
in fibrosis prevention and might lead to long-lasting, stable
protection against radiation-induced fibrogenesis.

A further promising therapeutic approach could be a co-
treatment of both disturbed DGKA levels and downstream
signaling. In a tentative approach, co-treatment with the DGK
inhibitor R59949 and the protein kinase C alpha inhibitor
G066976 attenuated cell growth and COLIAI transcription
in primary human fibroblasts, indicating great potential to
synergistically treat fibrosis development (31). It should however
be mentioned here that all anti-fibrotic treatments targeting
DGKA either directly or by changing its expression might be
demanding, as in case of drug-induced DAG/PA imbalance, other
DGK isoforms expressed in cells or further signaling pathways
might step in to take over the function of DGKA.

CONCLUSIONS

Radiotherapy is a highly eflicient tool for cancer treatment
but the risk of side effects especially radiation-induced fibrosis
may considerably restrain therapy outcome by either reducing
tumor control or the overall quality of life post-therapy.
Therefore, how to prevent fibrosis still requires more detailed
studies. Recently, growing evidence indicates that DGKA is
a central node regulating numerous cellular functions like
immune response, lipid signaling, exosome production and
migration as well as cell proliferation by maintaining an
adequate DAG to PA balance at cell membranes but also by
potential, yet unknown functions in the nucleus. In addition,
DGKA expression is inducible by irradiation. Even though the
mechanisms of how DGKA contributes, after irradiation of cells,
to the pro-fibrotic processes of myofibroblast transactivation
and production of ECM are still not fully elucidated, there is
strong evidence that DGKA is activated after irradiation and
that it has many competences to play a central function in
fibrosis development when disturbed by irradiation. Inhibitors
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that target DGKA function and protein levels either by direct
interaction with the protein, by addressing its epigenetic
control or by modulating DAG-dependent signaling might
therefore offer novel therapeutic avenues to prevent or attenuate
radiotherapy-induced fibrosis.
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PD-L1 Inhibitor Regulates the
miR-33a-5p/PTEN Signaling Pathway
and Can Be Targeted to Sensitize
Glioblastomas to Radiation

Wenzheng Xia', Jin Zhu'?, Yinda Tang'*, Xueyi Wang', Xiangyu Wei', Xuan Zheng,
Meng Hou?* and Shiting Li™

" Department of Neurosurgery, Xinhua Hospital Affiliated to Shanghai Jiaotong University School of Medicine, Shanghai,
China, 2 Department of Radliation Oncology, First Affiliated Hospital, Wenzhou Medical University, Wenzhou, China

Glioblastoma (GBM) is the most common and lethal brain tumor in adults. lonizing
radiation (IR) is a standard treatment for GBM patients and results in DNA damage.
However, the clinical efficacy of IR is limited due to therapeutic resistance. The
programmed death ligand 1 (PD-L1) blockade has a shown the potential to increase
the efficacy of radiotherapy by inhibiting DNA damage and repair responses. The
miR-33a-5p is an essential microRNA that promotes GBM growth and self-renewal. In
this study, we investigated whether a PD-L1 inhibitor (a small molecule inhibitor) exerted
radio-sensitive effects to impart an anti-tumor function in GBM cells by modulating
miR-33a-5p. U87 MG cells and U251 cells were pretreated with PD-L1 inhibitor. The
PD-L1 inhibitor-induced radio-sensitivity in these cells was assessed by assaying cellular
apoptosis, clonogenic survival assays, and migration. TargetScan and luciferase assay
showed that miR-33a-5p targeted the phosphatase and tensin homolog (PTEN) 3’
untranslated region. The expression level of PTEN was measured by western blotting,
and was also silenced using small interfering RNAs. The levels of DNA damage following
radiation was measured by the presence of y-HoAX foci, cell cycle, and the mRNA
of the DNA damage-related genes, BRCA1, NBS1, RAD50, and MRE11. Our results
demonstrated that the PD-L1 inhibitor significantly decreased the expression of the
target gene, miR-33a-5p. In addition, pretreatment of U87 MG and U251 cells with the
PD-L1 inhibitor increased radio-sensitivity, as indicated by increased apoptosis, while
decreased survival and migration of GBM cells. Mir-33a-5p overexpression or silencing
PTEN in U887 MG and U251 cells significantly attenuated PD-L1 radiosensitive effect.
Additionally, PD-L1 inhibitor treatment suppressed the expression of the DNA damage
response-related genes, BRCA1, NBS1, RAD50, and MRE11. Our results demonstrated
a novel role for the PD-L1 inhibitor in inducing radio- sensitivity in GBM cells, where
inhibiting miR-33a-5p, leading to PTEN activated, and inducing DNA damage was crucial
for antitumor immunotherapies to treat GBM.

Keywords: glioblastoma, programmed death ligand 1 (PD-L1) blockade, radio-sensitization, miR-33a-5p/PTEN
signaling pathway, DNA damage response
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Xia et al.

PD-L1 Inhibitor Sensitizes Glioblastomas to Radiation

INTRODUCTION

Glioblastomas (GBM) are one of the most treatment-resistant
tumors, often recurring after chemotherapy and radiation
treatment (1). Amount of effort has been taken to identify
therapeutics that radio-sensitize GBMs because most patients
will receive radiation treatment (2). However, it’s difficult to
identify such radiosensitive chemotherapeutic agents because
GBMs exhibit redundant pro-growth and pro-survival pathways,
leading to chemotherapy resistance (3). To overcome such
resistance, it's needed to devise therapeutic strategies targeting
such redundant treatment-resistant pathways to increase the
radiosensitivity of GBMs.

Programmed death ligand 1 (PD-L1)regulates the immune
system by binding the programmed cell death protein 1 (PD-1)
receptor as an immune checkpoint protein (4, 5). By combining
with PD-1 on immune cells, PD-L1 helps tumor cells escape
from the immune system and survive (6). Therefore, abrogation
of the PD-1 and PD-L1 interaction has acted as an effective
therapeutic strategy to enhance antitumor immunity across
multiple malignancies. The immune checkpoint blockade has
shown a therapeutic effect in immunosuppressive GBMs (7).
With respect to radiosensitization in colorectal carcinoma and
breast cancer cell lines, knockdown of PD-L1 sensitizes cells to
radiotherapy (8). Although the impact of the PD-L1 blockade on
radiosensitization has been suggested in GBM, its role has yet to
be fully elucidated.

MicroRNAs (miRNAs) are a series of small, noncoding RNA
molecules, typically about 18-22 nucleotides in length in the
mature form (9). miRNAs negatively regulate gene expression
at the post-transcriptional level by inhibiting mRNA translation
and/or promoting mRNA degradation (10). In recent years,
abundant miRNAs have been found to be deregulated in many
types of cancer: some function as tumor suppressors and
others as tumor promoters (11). The miR-33a-5p is located on
chromosome 22, and its high expression is related with the
poor prognosis of GBM patients (12). miR-33a-5p influences the
radiation resistance-associated pathway protein, STAT3, leading
to radiation resistance in GBM cells. Importantly, miR-33a-
5p is also an essential component of the PTEN regulatory
network (13).

PTEN is a critical inhibitor of cell proliferation, viability,
and migration in GBMs (14, 15). Following the treatment of
cells with PD-1 inhibitors (e.g., pembrolizumab), genomic and
transcriptomic analyses revealed a significant accumulation of
PTEN mutations, leading to an immunotherapeutic response
in GBMs (16). Thus, in the present study, we sought to reveal
whether the PD-L1 inhibitor could influence the radiosensitivity
of GBM cells by modulating the miR-33a-5p/PTEN pathway.

Genetic alterations involved in GBM progression or
recurrence have close relationships with DNA damage
response (DDR) (17). DDR contributes to malignancy by
regulating diverse cellular functions, including cell metabolism,
proliferation and programmed cell death (18). Importantly, the
DDR induces chemo- or radio-resistance in GBM (19). Thus,
targeting the DDR could promote the growth-suppressive effects
of radiation (20). Immune checkpoint blockade using a PD-L1

antagonist targeted the DDR and induced radiosensitization in
tumor cells (8). Thus, direct pharmacological targeting of PD-L1
is an attractive approach for sensitizing GBM:s to radiation.

Here, we suggested that immune checkpoint blockade
using the PD-L1 inhibitor was a potent therapy for GBM
radio-sensitization. Furthermore, we showed that the PD-L1
inhibitor induced radiosensitization by modulating the miR-
33a-5p/PTEN pathway. Thus, we propose that the immune
checkpoint blockade is a promising treatment strategy for
GBM radiosensitization.

MATERIALS AND METHODS

Cell Culture and Treatment
The U87MG human glioblastoma cell line and U251 cells
were obtained from the American Type Culture Collection
(ATCC). They were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
and 1% antibiotic-antimycotic solution at 37°C with 5%
CO,. Experiments were performed with cells grown to
70% confluency.

For the PD-L1 blockade, cells were fed media containing 4
mg/mL PD-L1 inhibitor (Abcam, ab230369) and incubated at
37°C, as previously described (21).

lonizing Radiation

Cells were placed in a cesium-137 source irradiator. Cells
were irradiated using a single dose of 10Gy, as previously
reported (22).

TABLE 1 | Primer sequences.

Genes Sequences
miR-33a-5p F: 5 - GATCCTCAGTGCATTGTAGTTGC-3'

R: 8 - CTCTGTCTCTCGTCTTGTTGGTAT-3
ue F: 8- GCTTCGGCAGCACATATACTAAAAT -3’

R: 8- CGCTTCACGAATTTGCGTGTCA-3
PTEN F: 5" - GCAGAAAGACTTGAAGGCGTA-3

R: 5" - AGCTGTGGTGGGTTATGGTC—3
BRCAI1 F: 5 - GGCTATCCTCTCAGAGTGACATTT—3

R: 5" - GCTTTATCAGGTTATGTTGCATGGT—3'
NBS1 F: 5 - TTGGTTGCATGCTCTTCTTG—3'

R: 5" - GGCTGCTTCTTGGACTCAAC-3'
RAD50 F: 5/-CTTGGATATGCGAGGACGA-3

R: 5" - CCAGAAGCTGGAAGTTACGC—3
MRE11 F: 5’- GCCTTCCCGAAATGTCACTA-3

R: 8’ - TTCAAAATCAACCCCTTTCG—3
GAPDH F: 5'- AGGAGCGAGACCCCACTAAC-3

R: 5'- GATGACCCTTTTGGCTCCA-3
SiRNA-PTEN 5'-AAAGAGATCGTTAGCAGAA—3'
SIRNA-NT 5'-ACACGTCCGAACATACTAC—-3'

GUGCAUUGUAGUUGCAUUGCA
TTCTCCGAACGTGTCACGT

miR-33a-5p mimic
miR-NC mimic
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FIGURE 1 | The immune checkpoint inhibitor sensitizes GBM to radiotherapy. (A,B) Representative images of western blots of PD-L1 and B-actin in radiated or
untreated U87 MG cells and U251 cells. Fold changes were normalized to -actin. Each column represents the mean + SD from three independent experiments;
(Continued)
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FIGURE 1 | *P < 0.05, vs. Control. U87 MG cells and U251 cells were subjected to radiation, with or without PD-L1-inhibitor treatment. Untreated U87 MG cells and
U251 cells were used as the control separately. (C) Representative distributions of Pl and Annexin V staining from FACScan flow cytometric analyses of apoptotic
cells. (D,E) Percentage of apoptotic cells in above conditions. (F,G) Colony formation was presented as a bar graph in the U87 MG cells and U251 cells. (H)
Fluorescence microscope images of the migrated U887 MG cells and U251 cells. (l,J) Data are presented as the number of migrated cells. Each column represents the
mean £ SD from three independent experiments; *P < 0.05, vs. Control; 4P < 0.05, vs. Radiation.

Western Blot Analysis

Cells were harvested using RIPA buffer (Sigma-Aldrich). Proteins
were separated on 10% SDS-PAGE gels and transferred to
polyvinylidene difluoride membranes. The membranes were
incubated overnight with the following primary antibodies:
anti-PD-L1 (ab205921,1:500), anti-PTEN (ab32199, 1:750), anti-
gamma H;AX (ab2893, 1:500), and anti-B-actin (ab8227, 1:1000).
Following incubation, membranes were washed, incubated
for 1h with appropriate secondary antibodies conjugated to
horseradish peroxidase, and developed using chemiluminescent
substrates. The stained protein bands were visualized using a Bio-
Rad ChemiDoc XRS instrument, and quantified and analyzed
using the Quantity One software.

Flow Cytometric Analysis of Apoptosis

The extent of apoptotic cell death was assayed using the Annexin
V-FITC Apoptosis Detection Kit, according to the manufacturer’s
instructions. Briefly, cells were harvested and washed in ice-
cold phosphate-buffered saline (PBS), resuspended in 300 pwL
of binding buffer and incubated with 5 pL of Annexin V-FITC
solution for 30 min at 4°C in the dark. This was followed by
incubation with 5 pL of propidium iodide (PI) for 5min. The
samples were immediately analyzed by bivariate flow cytometry
on the BD FACSCanto II instrument, equipped with Cell Quest
software (BD). Approximately 1-5 x 10° cells were analyzed in
each sample (23).

Colony Formation Assay

A colony formation (clonogenic) assay was used in order to
determine cell survival. Briefly, remaining U87 MG cells and
U251 cells after indicated treatments were trypsinized and plated
into 6-well plates. The density of per well is 1,500 cells. Colonies
were allowed to grow (~9-10 days). Fixed cells were then stained
with a 0.5% (v/v) crystal violet (Sigma-Aldrich) solution. Only
colonies consisting of >50 cells were counted as previously

described (24).

Transwell Migration Assay

DAPI labeled U87 MG cells and U251 cells were plated in
the upper compartment of 0.8 um Transwell chambers. After
6-8h migration to the underside of the top chamber, a
fluorescence microscope was applied to evaluate the migration
of the fluorescently-labeled U87 MG cells and U251 cells. Each
experiment was performed in triplicate.

Microarray

Cells were immediately lysed in 500 pl TRIzol reagent
(ThermoFisher Scientific) and stored at —80°C before
purification using a standard phenol-chloroform extraction
protocol with the RNAqueous Micro Kit (ThermoFisher

Scientific). The transcriptome was analyzed using an Affymetrix
human microarray (ThermoFisher Scientific) and normalized
based on quantiles.

Quantitative Reverse-Transcription
Polymerase Chain Reaction (QRT-PCR)

Total RNA from clonal cells was isolated using RNeasy spin
columns (Qiagen), per the manufacturer’s protocol. For reverse-
transcription reactions, first-strand ¢cDNA was synthesized
using Superscript reverse transcriptase (Invitrogen), per the
manufacturer’s protocol. TagMan probes (Applied Biosystems)
were used to estimate the level of gene expression of miR-
33a-5p, PTEN, BRCA1, NBSI, RAD50, and MRE11l. GAPDH
and U6 were used as housekeeping genes (25). The primer sets
(Invitrogen) used are listed in Table 1.

Luciferase Reporter Assay

The 3’-UTR of PTEN was synthesized, annealed, and inserted
into the Sacl and HindIII sites of the pMIR-reporter luciferase
vector (Ambion), downstream of the luciferase stop codon.
To induce mutagenesis, the sequences complementary
to the binding sites of miR-33a-5p in the 3/-UTR of
PTEN (gguuuUGCUACUCUAAUGCAu) were replaced by
gguuuUGCUACUCUUUACGUu. The constructs were validated
by sequencing. U87 MG cells and U251 cells were seeded into
a 24-well plate to perform the luciferase assay. After overnight
culture, cells were co-transfected with the wild-type or mutated
plasmid, and equal amounts of the miR-33a-5p mimic or the
miR- negative control mimic (miR-NC mimic). Luciferase assays
were performed using the Dual Luciferase Reporter Assay System
(Promega) 24 h after transfection.

The miR-33a-5p Overexpression

Before transfection with the miR-33a-5p mimic and negative
control (NC) mimic, U87 MG cells and U251 cells were seeded
into 6-well plates at a density of 1 x 10° cells per well,
and incubated for 12h. For the overexpression of miR-33a-
5p, cells were transfected with the miR-33a-5p mimic or the
NC mimic (Invitrogen, Carlsbad, CA, USA) using the X-
treme transfection reagent (Roche Applied Science, Penzberg,
Germany), according to the manufacturer’s protocol. Forty-eight
hours after transfection, cells were harvested for further analysis.
The transfection efficiency was analyzed by qRT-PCR.

Small Interfering (si) RNA Transfection

The siRNAs were applied to knock down PTEN expression
in U87 MG cells and U251 cells. A non-targeting siRNA was
used as a negative control (Invitrogen). The target sequences
were as follows: PTEN: 5'-AAAGAGATCGTTAGCAGAA-3';
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FIGURE 2 | U251 cells treated with radiation, with or without PD-L1 inhibitor pre-treatment. Untreated U87 MG cells and U251 cells were used as the control
separately. *P < 0.05, vs. Control; 4P < 0.05, vs. Radiation. U87 MG cells and U251 cells were transfected with a mimic control or the miR-33a-5p mimic, treated
with the PD-L1 inhibitor, and subjected to radiation. In parallel, U87 MG cells and U251 cells, treated or untreated with the PD-L1 inhibitor were radiated. Un-treated
U87 MG cells and U251 cells were used as the control separately. (C) The transfection efficiency was analyzed by gRT-PCR; “P < 0.05, vs. the miR-33a-5p mimic. (D)
Representative distributions of Pl and Annexin V staining from FACScan flow cytometric analyses of apoptotic cells. (E,F) Apoptotic cells in the above conditions.
(G,H) Colony formation was presented as a bar graph in the U87 MG cells and U251 cells. (I) Fluorescence microscope images of the migrated U87 MG cells and
U251 cells. (J,K) Data are presented as the number of migrated cells. Each column represents the mean + SD from three independent experiments; “P < 0.05, vs.
Control; 4P < 0.05, vs. Radiation; °P < 0.05, vs. Radiation + PD-L1 inhibitor + miR-33a-5p mimic.
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FIGURE 3 | PTEN is a direct target of miR-33a-5p. (A) The predicted binding sites between miR-33a-5p and the PTEN 3'-UTR. (B,C) A dual luciferase assay was
performed in U87 MG cells and U251 cells after co-transfection with PTEN 3'-UTR wild type (WT) or mutant (MUT) plasmids, miR-33a-5p mimics, and miR-NC mimic.
*P < 0.05, vs. the miR-33a-5p mimic in the WT group; (D-F) western blot analysis of PTEN and B-actin protein levels in follow cells; U87 MG cells and U251 cells
were transfected with a mimic control or the miR-33a-5p mimic, treated with the PD-L1 inhibitor, and subjected to radiation. In parallel, U87 MG cells and U251 cells,
treated or untreated with the PD-L1 inhibitor were radiated. Untreated U87 MG cells and U251 cells were used as the control separately. *P < 0.05, vs. Control; 4P <
0.05, vs. Radiation; °P < 0.05, vs. Radiation + PD-L1 inhibitor + miR-33a-5p mimic. (G-1) U87 MG cells were transfected with sSiRNA-PTEN, or with siRNA-NT as a
control. sSRNA-mediated transfection efficiency was determined by gRT-PCR (G) and western blotting (H,l). Each column represents the mean + SD from three
independent experiments; *P < 0.05, vs. siRNA-PTEN.

and Control: 5-ACACGTCCGAACATACTAC-3'. Transfection ~ were then blocked by 5% goat serum, followed by

efficiency was detected by qRT-PCR and western blotting. incubation with primary antibodies. Cells were then
incubated with fluorescent secondary antibodies and
Immunofluorescence DAPI to stain the targeted proteins and the nucleus,

Briefly, cells were fixed by 3% paraformaldehyde and  respectively (8). The «cells were then analyzed by
then permeabilized with 0.5% Triton X-100. Cells fluorescence microscopy.
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FIGURE 4 | with the PD-L1 inhibitor in the presence of radiation. U87 MG and U251 cells under normal culture conditions were used as the control separately. (A)
Representative distributions of Pl and Annexin V staining from FACScan flow cytometric analyses of apoptotic cells. (B,C) Apoptotic cells in the above conditions.
(D,E) Colony formation was presented as a bar graph in the U87 MG cells and U251 cells. (F) Fluorescence microscope images of the migrated U87 MG cells and
U251 cells. (G,H) Data are presented as the number of migrated cells. Each column represents the mean + SD from three independent experiments; “P < 0.05, vs.
Control; 4P < 0.05, vs. Radiation; °P < 0.05, vs. Radiation 4+ PD-L1 inhibitor + siRNA-PTEN.

Cell Cycle Assay

Further, 70% cold anhydrous ethanol was applied to fix the
cells. Then, the cells were treated with propidium iodide (PI)
(Sigma, St. Louise, MO, USA) and RNase A. A flow cytometer
equipped with Cell Quest software was used to detect the cell
cycle distribution.

Statistical Analysis

Data were expressed as the mean + standard deviation (SD).
Differences among groups were tested by one-way analysis of
variance, and comparisons between two groups were evaluated
by the Student’s t-test, using the SPSS package v19.0 (SPSS
Inc., Chicago, IL, USA). A P-value of <0.05 was considered
statistically significant.

RESULTS

The Immune Checkpoint Inhibitor

Sensitizes Gliomas to Radiotherapy

To determine whether the PD-L1 inhibitor would radiosensitize
U87 MG cells and U251 cells, we first examined the expression of
PD-L1 in the U87 MG cells and U251 cells under radiotherapy
conditions. The results suggested that radiation induced PD-
L1 expression (Figures 1A,B). We then administered the PD-
L1 inhibitor two hours before radiation treatment and found
that U87 MG cells and U251 cells were sensitized, as indicated
by increased apoptosis (Figures 1C-E) and decreased cellular
survival (Figures 1IEG). Cellular migration of the U87 MG
cells and U251 cells was also inhibited by PD-L1 inhibitor
(Figures 1H-J).

Effect of the PD-L1 Inhibitor on miRNA

Expression of Glioma Cells

To examine the effect of miRNAs in the PD-L1 inhibitor-
induced sensitization to radiotherapy, miRNA microarray probes
were used. We found that the expression of specific miRNAs
in-PD-L1 inhibitor treated before radiated U87 MG cells was
significantly altered when compared with that in only radiated
cells. Among them, miR-33a-5p was significantly downregulated
in the PD-L1 inhibitor group, and therefore, we selected the
down-regulated miR-33a-5p and verified the expression level
using real-time PCR. The results showed that radiation induced
increasing expression of miR-33a-5p, compared to the untreated
cells. While, PD-L1 inhibitor decreased the expression of the
miR-33a-5p (Figures 2A,B).

To determine the role of miR-33a-5p in PD-L1 inhibitor-
induced radio-sensitization, U87 MG cells and U251 cells were
transfected with the miR-33a-5p mimic (Figure 2C), and the
negative control before treatment with the PD-LI inhibitor.
Compared to the radiation only group, treatment with the

PD-L1 inhibitor induced more cellular apoptosis, while the
overexpression of miR-33a-5p significantly inhibited apoptosis
(Figures 2D-F). PD-L1 inhibitor treatment reduced the U87 MG
cells and U251 cells surviving fraction compared to the
radiation-only group; however, the overexpression of miR-
33a-5p promoted the survival of U87MG cells and U251
cells (Figures 2G,H). Transfection with the miR-33a-5p mimic
dramatically promoted cell migration as well (Figures 2I-K). No
apparent changes in the control miR-mimic were detected.

PTEN Is a Direct Target of miR-33a-5p

To further explore the molecular action of miR-33a-5p in
GBM tissues, we searched for potential miR-33a-5p targets
using TargetScan. Bioinformatics databases were used to check
the potential targets. PTEN is considered to be a putative
target of miR-33a-5p (Figure 3A). Thus, GBM cells were co-
transfected with a wild-type PTEN-luciferase reporter vector,
together with the miR-33a-5p mimic or the miR-NC mimic, and
tested luciferase activity. miR-33a-5p-transfected cells showed
a remarkable reduction of luciferase activities from the PTEN
reporter in U87 MG cells and U251 cells (Figures 3B,C). At
meanwhile, compared with the mutated 3’-UTR, the luciferase
activities of the cells transfected with the wild-type 3’-UTR
showed significant reductions (Figures 3B,C). Next, western blot
analyses were performed to evaluate PTEN protein expression.
We found that the expression of PTEN was downregulated in the
radiation group, while it was increased following treatment with
the PD-L1 inhibitor. Overexpression of miR-33a-5p reversed the
inducement of PD-L1 inhibitor (Figures 3D-F).

The PD-L1 Inhibitor Confers

Radiosensitization by Targeting PTEN

A previous study demonstrated that PTEN mediated the DNA
damage response to radiosensitize high-grade gliomas (26). To
assess whether the downregulation of PTEN reversed the PD-L1
inhibitor-mediated radio-sensitization, we used siRNA-PTEN to
down regulate PTEN expression (Figures 3G-I). To test whether
the PD-L1 inhibitor and PTEN have a role in cell apoptosis
following radiation, we performed FACS analysis to determine
the rates of cell apoptosis. The combined treatment of the PD-
L1 inhibitor + radiation significantly increased cell apoptosis,
compared to that observed following radiation only. As expected,
the silencing of PTEN partially abolished the effect caused
by PD-L1 inhibitor + radiation treatment (Figures4A-C).
Similarly, we also found that silencing PTEN partially reversed
the inhibition of survival that was induced by the PD-L1 inhibitor
+ radiation treatment (Figures 4D,E). Our results also showed
that PTEN silencing reversed the inhibition of U87 MG cells and
U251 cells migration that was induced by the PD-LI inhibitor
(Figures 4F-H).
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PD-L1 inhibitor 4+ siRNA-PTEN.

FIGURE 5 | inhibitor in the presence of radiation. In parallel experiments, U87 MG were treated with radiation, or the PD-L1 inhibitor in the presence of radiation.
U87 MG cells under normal culture conditions were used as the control. (A) The formation and resolution of y-HaAX foci were assessed using immunofluorescence.
(B,C) Cell cycle distribution was analyzed. (D,E) Western blot analysis of y-H>AX and B-actin protein levels. (F-1) gRT-PCR analysis of BRCA1 (F); NBS1 (G); RAD50
(H); and MRE11 (I). *P < 0.05, vs. Control; 4P < 0.05, vs. Radiation; °P < 0.05, vs. Radiation + PD-L1 inhibitor + miR-33a-5p mimic. Up < 0.05, vs. Radiation +

The PD-L1 Inhibitor Induced DNA Damage
and Reduced the DNA Damage Response

to Take Radio-Sensitization Effect
We evaluated whether DNA repair could be impaired in cells
treated with the PD-LI inhibitor. Immunofluorescence was
used to examine the kinetics of radiation-induced y-H,AX foci
following PD-L1 inhibitor treatment, which are indication of
DNA double-strand breaks (Figure 5A). After PD-L1 inhibitor
treatment, cells had higher basal levels of y-H,AX, trapping
in S-phase (Figures 5B,C), which was likely the result of the
decreased repair of spontaneous DNA damage. PD-L1 inhibitor
~+radiation also increased the expression of y-H;AX, compared
with radiation alone (Figures 5D,E). However, either miR-33a-
5p overexpression or silencing PTEN, could abolished the
inducement of DNA damage by PD-L1 inhibitor (Figures 5A-E).
Then we searched to explore mechanistic insight into how the
PD-L1 inhibitor affected the DDR. Thus, we assessed whether
the important DDR pathway genes was affected by the PD-
L1 inhibitor in U87 MG cells. We found that the expression of
the DDR-related genes, BRCA1 (Figure 5F), NBS1 (Figure 5G),
RAD50 (Figure 5H), and MRE11 (Figure 5I) were decreased
following treatment with the PD-L1 inhibitor + radiation,
compared to the levels of expression observed following radiation
only. Additionally, there was a particularly reversed effect of DDR
in the miR-33a-5p-overexpression or PTEN-silencing groups
(Figures 5F-TI).

DISCUSSION

GBM is the most common malignant primary central nervous
system (CNS) tumor in adults, and is resistant to current
therapies (27). Current evidence points toward the existence
of a small fraction of tumor cells in the bulk tumor that
also exhibit radio-resistant properties (28). Glioblastoma has
been extensively studied as a paradigm for cancer-associated
immunosuppression (29). Mount of immunosuppressive factors
were existed on the glioma cell surface (30, 31). Importantly,
PD-L1 was upregulated in the GBM microenvironment; thus,
protecting GBM from T-cell killing (29). Our results revealed
that GBM cells expressed PD-L1, and that radiation induced
PD-L1 expression beyond that observed without radiation. HIA
is a PD-L1 antibody that destabilizes PD-L1 by disrupting its
binding with the PD-L1 stabilizer. Such destabilization results in
greater PD-L1 degradation through the lysosome and sensitivity
to radiotherapy is increased (8). Our results suggested that the
inhibition of PD-L1, using a small molecular inhibitor, increased
radio-sensitivity, which was indicated by increased apoptosis,
decreased survive, and impaired migration in U87 MG cells and
U251 cells.

In this study, our group is the first to report that the PD-L1
inhibitor repressed miR-33a-5p activity. We also demonstrated
that the PD-L1 inhibitor was able to induce the expression
of the PTEN by inhibiting miR-33a-5p, and further confer
radiosensitization in GBM cells. To maintain the primary
biological features of those cells, including stemness, self-
renewal, and tumor initiation in vivo, the higher level of miR-
33a-5p expression in GBM is required (32). Extensive research
has been performed to demonstrate the important roles of miR-
33a-5p in GBM initiation, progression, and recurrence associated
with resistance to radiotherapy (14). Our results showed that
radiation induced miR-33a-5p expression, which led to radiation
resistance, while reversed by PD-L1 inhibitor. After delivering
the PD-L1 inhibitor, we observed an upregulation of the miR-
33a-5p target, PTEN. It has been reported that the loss of PTEN
promotes gliomagenesis (33) and GBM radiation resistance
(34). Similarly, PTEN silencing abolished the PD-L1 inhibitor-
induced radiosensitization.

The inhibition of DNA repair was required to overcome
radio-resistance (35). Thus, we found that the PD-L1 inhibitor
was effective at radiosensitizing U87 MG cells by inhibiting
the DDR. Other reports have confirmed the radiosensitizing
potential associated with inhibiting the DDR at the pre-clinical
level (36, 37). As report, the DDR recently has been confirmed
to promote the radiation-induced upregulation of PD-L1 in
tumor cells, increased exhaustion of CD8+ T cell induced by
radiation, to achieve a greater pro-tumor response (38). Given
the well-characterized GBM related immunosuppressive tumor
microenvironment, treatment with PD-L1 inhibitors may present
important weapons against this disease, such as targeting the
DDR in GBM cells following radiation therapy (39, 40). The
increasing number of y-H2AX foci in the S-phase fraction
commonly occurred in the DNA damage process (41). Similarly,
our results showed that radiation induced the DDR in the
U87 MG cells, while the PD-L1 inhibitor impaired the DDR,
accompanied with increasing y-H2AX foci and GBM cells
trapping the S-phase; thus, leading to radiation sensitization.

In conclusion, the present study showed that the PD-L1
inhibitor induced radiation sensitization in U87 MG cells and
U251 cells by directly targeting miR-33a-5p, activating the
PTEN signaling pathway, and inhibiting the DDR process.
These findings provide new insights into the understanding of
the molecular mechanisms by which PD-L1 inhibitors mediate
radiation sensitization in GBM.
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Radiotherapy has been used in the clinic for more than one century and it is recognized
as one of the main methods in the treatment of malignant tumors. Signal Transducers
and Activators of Transcription 3 (STAT3) is reported to be upregulated in many
tumor types, and it is believed to be involved in the tumorigenesis, development and
malignant behaviors of tumors. Previous studies also found that STAT3 contributes to
chemo-resistance of various tumor types. Recently, many studies reported that STAT3
is involved in the response of tumor cells to radiotherapy. But until now, the role of the
STATS3 in radioresistance has not been systematically demonstrated. In this study, we will
review the radioresistance induced by STAT3 and relative solutions will be discussed.

Keywords: STAT3, apoptosis, aggressive behaviors, cancer cell stemness, reactive oxygen species

INTRODUCTION

With the development of technology and our understanding of tumors, there are multiple
methods for the treatment of tumors, such as surgical resection, chemotherapy, radiotherapy
and immunotherapy. Among all these approaches to treatment, radiotherapy is one of the most
cost-effective methods for the treatment of various cancers. Since its introduction into the clinic,
radiotherapy has existed for more than one century, which shows that its efficiency is well-approved
(1). But for some tumor types, radiotherapy doesn’t work so well. Until now, we have recognized
that after irradiation treatment, tumor cells develop complicated mechanisms, like DNA repair,
cell cycle arrest, and autophagy, to protect themselves so as to survive (2-4). As a result, most
tumor cells will develop radioresistance, which leads to the failure of radiotherapy. Although
many methods have been used to overcome radioresistance, their efficiency is not as what we
have expected (5, 6). Thus, more research is needed to help us have a better understanding
of radioresistance.

Signal Transducers and Activators of Transcription 3 (STAT3), one of the most important
intracellular transcription factors, is reported to be constitutively activated in most tumor types
(7, 8). Many cytokines, hormones and growth factors are involved in the activation of STAT3,
among which canonical Janus kinase (JAK) is the most studied (9). STAT3 plays an important role
in cell proliferation, and is also involved in anti-apoptosis process (9). Besides, STAT3 also promotes
angiogenesis, invasiveness and immunosuppression in cancer (10-12). All these functions are
related to STAT3’s role in controlling gene transcription. Previously, STAT3 was recognized as a
direct transcription factor. For example, STAT3 regulates pro-survival gene expression to increase
apoptotic resistance in cancer. But more and more recent studies discover that STAT3 also regulates
gene expression through DNA methylation and chromatin modulation (9).
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Previously, STAT3 is reported to be involved in chemo-
resistance and this is well-reviewed by Tan et al. (13). Recently,
more and more studies showed that STAT3 contributed to
radioresistance. Huang et al. showed that sorafenib and its
derivative could increase the anti-tumor effect of radiotherapy
by inhibiting STAT3 (14, 15). Lau et al. found that blocking
STAT3 could inhibit radiation-induced malignant progression,
such as increased migration and invasion (16). These studies
have shown that STAT3 is not only involved in tumorigenesis
and tumor development, but also leads to chemo- and radio-
resistance. Here, we mainly review the role of STAT3 in mediating
radioresistance from points of apoptosis, aggressive behaviors,
DNA damage repair, cancer stem cells. And novel modalities to
reverse the failure of radiotherapy will be discussed.

INHIBITING STAT3 INCREASED
RADIATION-INDUCED APOPTOSIS

Apoptosis is essential for the maintenance of normal
physiological functions in normal cells. But anti-apoptosis
process could be induced in tumor cells after chemo- or
radio-therapy, so as to help them survive (17).

The B cell lymphoma-2 (BCL-2) family of proteins are
important among all the factors that are involved in regulating
programmed cell death or apoptosis (18). BCL-2 family of
proteins are mainly mitochondria localized and involved in the
release of cytochrome C, an essential mediator of apoptosis
(19, 20). They possess BH 1-4 domains and have the function
of maintaining mitochondrial integrity. STAT3 is involved
in tumorigenesis by activating anti-apoptotic proteins, like
surviving (17, 21). Conversely, inhibiting STAT3 increases
apoptosis (22, 23). Besides, a study found that heat shock protein
70 (Hsp70) has anti-apoptosis effect by preventing JNK-induced
phosphorylation and inhibiting BCL-2 and BCL-XL, so as to
maintain the stability of mitochondria (24). STAT3 can affect
the Hsp70 promoter and increases its expression in cancer cells,
mediating the upregulation of antiapoptotic proteins (25). As
a result, we assume that inhibiting STAT3 could decrease the
expression of antiapoptotic proteins, leading to apoptosis.

Until now, there are a large number of studies showing that
inhibiting STAT3 increases radiosensitivity in numerous tumor
types (14, 15, 26-31), which are summarized in Table 1.

Studies showed that STAT3 is one of the most important
regulators of survivin (33, 34). Survivin, a member of the
inhibitor of apoptosis protein (IAP) family and one of the most
important anti-apoptotic proteins, is found highly expressed
in various cancer types, making it a potential anticancer
target (35, 36).

Several studies found that inhibiting survivin could enhance
radiosensitivity in various tumor types. Grdina et al. found that
the expression of survivin upregulated after irradiation treatment
and increased survivin promoted cell survival, while knocking
down survivin with siRNA abrogated this adaptive response
(37). Iwasa et al. showed that YM155, an inhibitor of survivin,
enhanced radiosensitivity in non-small cell lung cancer cell lines
(38). Qin et al. showed that YM155 increases radiosensitivity in

TABLE 1 | A summary of pre-clinical studies in which STAT3-targeted
compounds are used to enhance the radiosensitivity of malignant tumors by
inducing apoptosis.

Compounds/ Cancer type Mechanisms References
Genes
Sorafenib Hepatocellular Inhibiting STAT3 (14)
carcinoma
SC-59 Hepatocellular Inhibiting SHP-1/STAT3 (15)
carcinoma pathway
Dovitinib Hepatocellular Inhibiting SHP-1/STAT3 (26)
Carcinoma pathway
GRIM-19 Gastric cancer cells Suppressing 27)
accumulation of STAT3
Stattic Head and neck Inhibiting STAT3 (28)
squamous cell
carcinoma
Casticin Human renal clear cell  Inhibiting IL-6/STAT3 (29)
carcinoma, neck pathway
squamous cell
carcinoma
Zoledronic Human pancreatic Inhibiting (30)
acid cancer cells STAT3/NF-kappa B
pathway
YM1565 Glioma Inhibiting STAT3/survivin (32)
pathway

GRIM-19, genes associated retinoid-IFN induced mortality-19. SHP-1, Src-homology
phosphatase type-1.

esophageal squamous cell carcinoma by the inhibiting cell cycle
checkpoint and homologous recombination repair (32).

But these studies didn’t demonstrate whether the
radiosensitive effect of YMI155 is STAT3-dependent. Our
recent study found that YM155 decreased the activity of STAT3
and increased the radiosensitivity of glioblastoma, one of the
most radioresistant tumor types. This might provide some clues
for the role of STAT3/survivin pathway in the radioresistance
of various neoplasms (31). Further studies are warranted to
clarify the direct interaction between STAT3 and survivin after
irradiation treatment.

INHIBITING STAT3 DECREASED
RADIATION-INDUCED AGGRESSIVE
BEHAVIORS

Although irradiation kills cancers, we have to recognize that
it can also induce carcinogenesis. The carcinogenic potential
of ionizing radiations could be traced back to 1902 and more
radiation-induced (RI) neoplasia have been observed (39, 40).
Over the last 45 years, 296 cases of radiation-induced brain
tumors have been reported.

Except for RT tumors, more and more studies discovered that
radiation might enhance malignant progression, like aggressive
migration and invasion in cancer cells (16, 41-45). This will
induce more extensive spread of tumor cells, which is a
contributing factor to tumor relapse and recurrence (46, 47).

Frontiers in Oncology | www.frontiersin.org

July 2020 | Volume 10 | Article 1120


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Wang et al.

STAT3 and Radiotherapy in Cancer

TABLE 2 | A summary of genes involved in irradiation-induced invasion of
various cancers.

Genes Cancer type Mechanisms References
MMP2  Glioma; Esophageal Degrading extracellular (42, 54, 55)
squamous cell carcinoma  matrix components
SDF-1  Murine astrocytoma tumor  Through macrophage (56)
mobilization and tumor
revascularization
MRCK  Glioma; Squamous cell By targeting MLC and (57-60)

carcinoma; Skin cancer MYPT1; By disturbing a

network of communicating

glioma cell protrusions

Degrading extracellular 61)

matrix components

MMP9  Glioma

MLC, myosin light chain proteins. MRCK, myotonic dystrophy kinase-related CDC42-
binding kinase. MMP: matrix metalloproteinase. MYPTI, myosin phosphatase targeting
subunit 1. SDF-1: stromal cell-derived factor-1.

Among all the mechanisms that explaining radiation-induced
migration and invasion, epithelial-mesenchymal transition
(EMT) accounting for the most. In the process of EMT,
epithelial characteristics will be downregulated and mesenchymal
characteristics will be gained in epithelial cells. This phenomena
were reported by Elizabeth Hay in the early 1980s (48). Cancer
cells underwent EMT will acquire elevated capabilities to invade
and disseminate to distant sites, which increases its malignance.

Previous studies showed that among all signaling pathways
that are involved in EMT, STAT3 is one of the most important
(49-51). Many studies found that irradiation actually promoted
EMT process (43, 52, 53). Lau et al. found that blocking STAT3
decreased radiation-induced malignant behaviors in glioma (16).
Our previous study showed that YM155 not only decreased DNA
damage repair, but also decreased radiation-induced invasion
and reversed EMT by inhibiting STAT3, which was a promising
radiosensitizer in the treatment of cancer (31). But whether it has
the same effect in other tumor types is still unknown.

Except for EMT process, there are other mechanisms to
explain for the increased invasive ability induced by irradiation
(42, 54-61), which are summarized in Table 2. But whether they
have relationships with STATS3 is still unknown.

Yu et al. showed that irradiated breast cancer cells could
promote the invasion of non-irradiated tumor cells and
angiogenesis through IL-6/STAT3 signaling (62). This might
explain that STAT3 plays a role in radiation-induced bystander
effect (RIBE) (63). RIBE happens when irradiated cells affect
non-irradiated cells through gap junctional intercellular
communication (GJIC) or the release of soluble factors (64).
Results induced by RIBE are still unclear. Some studies found
decreased survival in unirradiated cells, whereas others observed
that RIBE helped irradiated cells survive (65).

Duan et al. showed that irradiation of normal brain before
tumor cell implantation contributed to aggressive tumor growth,
which suggested a brain tumor microenvironment-induced,
tumor-extrinsic effect (66). Tumor microenvironment (TM) is
mainly composed of epithelial cells, stromal cells, extracellular
matrix (ECM) components or immune cells (67). The concept
of TM can be traced back to 1889, when Paget put forward the
concept, “seed and soil” (68). The role of TM in tumorigenesis

and development is attracting more and more attention. Studies
also found that TM contributed to chemo- or radio-resistance
(67, 69, 70).

Recent studies also verified the important role of STAT3 in
tumor microenvironment. A study by Chang et al. concluded
that IL-6/JAK/STAT3 pathways played a key role in regulating
the tumor microenvironment that promoted growth, invasion,
and metastasis (71). Deng et al. reported that sphingosine-
1-phosphate receptor type 1 (S1PR1)-STAT3 signaling was
activated in pre-metastatic sites, contributing to the formation of
pre-metastatic niche (72). Bohrer et al. found that upregulation
of the fibroblast growth factor receptor (FGFR)-STAT?3 signaling
in breast cancer cells led to a hyaluronan-rich microenvironment,
which helped tumor progression (73).

STAT3  also  established an  immunosuppressive
microenvironment to promote the growth and metastasis
breast cancer (74). All these studies showed that STAT3
played an important role in tumor microenvironment-induced
aggressive behaviors, which made STAT3a promising target
in the radiorensitization of cancers. A study by Gao et al.
showed that myeloid cell-specific inhibition of Toll-like receptor
9 (TLR9)/STAT3 signaling enhanced the antitumor effect of
irradiation (75). More studies are warranted in the future
to verify whether targeting STAT3 is efficient in inhibiting
irradiation-induced malignant behaviors of cancers.

STAT3 IS INVOLVED IN DNA
DAMAGE REPAIR

Ionizing radiation damages DNA mainly in two ways, by
direct and indirect action. Direct action occurs by ionization
in the DNA molecule itself. On the other hand, ionization
of water produces reactive oxygen species (ROS) and reactive
nitrogen species (RNS), and these free radical species (in
particular the OH radical) damage DNA by indirect action (31).
The efficacy of radiotherapy is mainly determined by DNA
damage. However, radioresistance can be induced after repeat
radiotherapy treatment. Among all the cellular processes that are
involved in the development of radioresistance, DNA damage
repair is one of the most important factors (76).

When DNA damage occurs, a series of sequential reactions
are induced to maintain the consistency and integrity of genetic
material. These reactions are called DNA damage repair (77).
Among all the pathways that are involved in DNA damage
repair, ataxia-telangiectasia mutated (ATM)- check-point kinase
2 (Chk2) and ATM and Rad3-related (ATR)- check-point kinase
1 (Chk1) signaling pathways are the best studied. ATM and ATR
are recognized as the central components of the DNA damage
response (78, 79). When DNA double strand breaks (DSBs)
occur, ATM is upregulated and activates the phosphorylation of
important proteins like check-point kinase 2 (Chk2), p53, and
BRCALI (80, 81). ATR initiates the late phosphorylation of p53
and check-point kinase 1 (Chk1) (82, 83). Details can be seen in
the review by Zhang et al. (84).

There are various types of DNA damage, like base damage,
deletion, insertion, exon skipping, single strand breaks and
double strand breaks (DSBs). Among them, DSBs are the
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most lethal. There are mainly two mechanism in repairing
DSBs, non-homologous end joining (NHE]) and homologous
recombination (HR). In the process of NHE], ligation occurs
regardless of whether the ends come from the same chromosome.
As a result, mistakes might occur. On the other hand, HR uses
the information that is usually from the sister chromatid to
repair damaged DNA. So, HR has a higher accuracy in repairing
DNA (76).

Recently, more and more studies showed that STAT3 was
involved in DNA damage repair. STAT3 was reported to be
involved in the regulation of breast cancer susceptibility gene 1
(BRCAL), an important factor in DNA damage repair, especially
HR (85, 86). Barry et al. showed that knocking down STAT3
impaired the efficiency of damage repair by downregulating
the ATM-Chk2 and ATR-Chk1 pathways (87). Essential meiotic
endonuclease 1 homolog 1 (Emel), a key endonuclease involved
in DNA repair, was reported to be the downstream of STAT3
(88-90).Chen et al. showed that silencing Jumonji domain-
containing protein 2B (JMJD2B) activated DNA damage by the
suppression of STAT3 signaling (91). All these studies suggested
that STAT3 was part of DNA damage repair mechanisms. But it is
still insufficient to conclude that STAT?3 is directly participating in
DNA damage repair. What's more, these studies are not enough
to show that it is ubiquitous for STAT3 to be involved in DNA
damage repair. Studies like knocking down STAT3 to test the
efficiency of HR or NHE] are needed in the future.

STAT3 CONTRIBUTES TO ROS DEPLETION
IN CANCER STEM CELLS

Cancer stem cells (CSCs) are a group of cells with characteristics
of self-renewing, multipotent, and tumor-initiating. Recently
more and more studies showed that most malignant cancer cells
were derived from CSCs (92, 93). CSCs have high expression of
anti-apoptotic proteins and ATP-binding cassette (ABC) pump,
and all these contribute to its chemo- or radio-resistant feature
(94-96). Many studies showed that STAT3 was one of the
most important factors in maintaining the phenotype of CSCs
(97-99). Besides, STAT3 also suppressed differentiation-related
genes (100). In the aspect of radiotherapy, recent studies found
that STAT3 and CCS were closely connected in contributing to
radioresistance. Lee et al. found that STAT3 was involved in
enhancing cancer stemness and radioresistant properties (101).
Shi et al. showed that ibrutinib, a Bruton’s tyrosine kinase (BTK)
inhibitor, could impair radioresistance by inactivating STAT3
in glioma stem cells (102). A study by Park et al. showed that
JAK2/STAT3/ cyclin D2 (CCND?2) pathway promoted colorectal
cancer stem cell persistence and radioresistance (103). Gao
et al. found that lemonin, a triterpenoid compound, enhanced
radiosensitivity by attenuating Stat3-induced cell stemness (104).
Many studies have been done to find out the underlying
mechanisms of CSCs in radioresistance. A review by Skvortsova
et al. showed that the ability of DNA damage repair was enhanced
in CSCs, so as to help them defend against ROS (105). Arnold
found that radiation expanded cancer stem cell populations and
can induce stemness in nonstem cells in a STAT3-dependent
manner (106). Since ionizing radiation causes cell death by

DNA damage, here we mainly focus on how CSCs respond to
DNA damage. Until now, little is known about the DNA repair
mechanisms in CSCs. But more and more attention has been paid
to the role of ROS in CSC survival and radiation resistance (107).

High ROS levels affect many aspects of tumor biology and one
of the most important roles is that it induces DNA damage and
genomic instability (108). Normally, single strand breaks (SSBs)
are the main DNA damage type after ROS treatment and can be
repaired through nucleotide or base excision repair (NER/BER)
(109). But the accumulation of SSBs can lead to stalling of the
replication fork or error in replication, which ultimately induces
more lethal DNA damage type, DSBs. A study showed that CSCs
possess lower concentrations of ROS than do non-stem cancer
cells (96). Studies also found that inhibiting ROS scavenging
machinery could enhance radiosensitivity in CSCs (110, 111). Lu
et al. found that niclosamide, an inhibitor of STAT3, increased the
radiosensitivity in triple negative breast cancer (TNBC) cells via
triggering the production of ROS (112). Their study showed that
inhibiting STAT3 and increasing ROS led to radiosensitivity. But
they didn’t illustrate enough evidence to prove the relationship
between STAT3 and ROS in DNA damage repair.

Intracellular ROS is mainly produced by the mitochondria,
and another source is NADPH oxidases (NOXs) (113).
Initially, mitochondria ROS production is unwanted by cells.
Recently, more and more studies found that STAT3 was actively
involved in regulating the activity of mitochondria. Lapp et al.
found that activating STAT3 decreased mitochondrial ROS
production by upregulating the expression of uncoupling protein
2 (UCP2) (114). Meier et al. showed that phosphorylation
of Ser’?” in STAT3 recruited mitochondrially localized
STAT3 (115). But phospho-Stat3Y’% is not responsible for
the STAT3 mitochondrial translocation (115-117). What's
more, a recent study by Cheng et al. found that selectively
inhibiting mitochondrial STAT3 could provide a promising
target for chemotherapy (118). As a result, we assume that
mitochondrial STAT3 may be a potential target in enhancing
the radioresensitizing effect of cancer cells. More studies are
warranted in the future.

CONCLUSION

Persistent activation of STAT3 in various tumor types makes
STAT3 a specific and promising target in anticancer treatment.
Inhibiting STAT3 by STAT3 dominant negative molecules, decoy
oligonucleotides, and peptidomimetics is proven efficient in
numerous preclinical studies.

STAT3 is well-known for its roles in tumor initiation and
development. Besides, STAT3 also leads to chemo- or radio-
resistance. In this review, we mainly focused on the role
of STAT3 in response to radiotherapy, and the underlying
mechanisms including but not limited to apoptosis, aggressive
behaviors, DNA damage repair, cancer stem cells were discussed
(Supplementary Figure 1). Except for the mechanisms we have
discussed above, there are still other explanations for STAT3’s
role in radioresistance. Hypoxia is also a well-known factor that
contributes to radioresistance in many tumor types. Hypoxia
induces the production of ROS by mitochondrial electron
transport chain. It also activates Hypoxia inducible factors
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(HIFs), important factors which will induce malignant behaviors
and proliferation of tumor cells under hypoxia. Mitochondrial
ROS stabilizes HIF1 and HIF2 by inhibiting prolyl hydroxylases
(PHDs) (119, 120). Studies showed that NSC74859 and stattic,
two inhibitors of STAT3, enhanced radiosensitivity by inhibiting
hypoxia- and radiation-induced STAT?3 activation in esophageal
cancer (121, 122).

On the other hand, we have to realize that STAT3 has many
other functions except for disease formation and progression, like
cardioprotection, liver protection, and obesity (123-126). As a
result, targeting STAT3 may have many side effects. For example,
strong inhibitors of STAT3 could cause fatigue, diarrhea,
infection, and periphery nervous system toxicities (127).

Although the inhibitors of STAT3 have been studied and
proven to be efficient in preclinic for 20 years, they showed
poor anti-tumor effect in clinical trials (17). Recently, drug
repurposing, a method based on the theory that established
drugs may have many other mechanisms except for their well-
known indications, has gained increased attention (128). Drug
repurposing has advantages such as highly approved safety,
avoiding laborious and expensive drug development processes.
As a result, testing FDA-approved drugs may help us find
potential inhibitors of STAT3 and promote its quick translation
into clinic to treat human cancers. In conclusion, the role of
STAT3 in the radio-response of cancer has been paid more and
more attention to. STAT3 is becoming a promising target in the
radiosensitization of cancer.
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Supplementary Figure 1 | Radioresistance caused by signaling pathways
related to STAT3. Radiation induced anti-apoptosis is mediated by
STAT3-HSP70-BCL2 family members pathways. After radiation treatment, STAT3
promoted aggressive behaviors in tumor cells through epithelial-mesenchymal
transition (EMT), radiation-induced bystander effect (RIBE) and tumor
microenvironment (TM). STAT3 contributes to DNA damage repair through
ATM-Chk2 and ATR-Chk1 pathways. Cancer stemness and reactive oxygen
species (ROS) depletion are also involved in STAT3-induced radioresistance.
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RIG-1-Like Receptor Activation
Synergizes With Intratumoral Alpha
Radiation to Induce Pancreatic
Tumor Rejection, Triple-Negative
Breast Metastases Clearance, and
Antitumor Immune Memory in Mice
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Diffusing alpha-emitting radiation therapy (DaRT) employs intratumoral Ra-224-coated
seeds that efficiently destroy solid tumors by slowly releasing alpha-emitting atoms
inside the tumor. In immunogenic tumor models, DaRT was shown to activate
systemic antitumor immunity. Agonists of the membrane-bound toll-like receptors (TLRS)
enhanced these effects and led to tumor rejection. Here, we examined the combination
of DaRT with agents that activate a different type of pattern recognition receptors, the
cytoplasmatic RIG1-like receptors (RLRs). In response to cytoplasmatic viral dsRNA,
RLRs activate an antiviral immune response that includes the elevation of antigen
presentation. Thus, it was postulated that in low-immunogenic tumor models, RLR
activation in tumor cells prior to the induction of their death by DaRT will be superior
compared to TLR activation. Intratumoral cytoplasmatic delivery of the dsRNA mimic
polylC by polyethylenimine (PEl), was used to activate RLR, while polylC without
PEI was used to activate TLR. PolylC(PEl) prior to DaRT synergistically retarded 4T1
triple-negative breast tumors and metastasis development more efficiently than polylC
and rejected panc02 pancreatic tumors in some of the treated mice. Splenocytes
from treated mice, adoptively transferred to naive mice in combination with 4T1
tumor cells, delayed tumor development compared to naive splenocytes. Low-dose
cyclophosphamide, known to reduce T regulatory cell number, enhanced the effect
of DaRT and polylC(PEIl) and led to high long-term survival rates under neoadjuvant
settings, which confirmed metastasis clearance. The epigenetic drug decitabine, known
to activate RLR in low doses, was given intraperitoneally prior to DaRT and caused tumor
growth retardation, similar to local polylC(PEI). The systemic and/or local administration
of RLR activators was also tested in the squamous cell carcinoma (SCC) tumor model
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RLR Activation Synergizes With Alpha-Radiation

SQ2, in which a delay in tumor re-challenge development was demonstrated. We
conclude that RIG-I-like activation prior to intratumoral alpha radiation may serve as a
potent combination technique to reduce both tumor growth and the spread of distant
metastases in low-immunogenic and metastatic tumor models.

Keywords: PolylC, polyethylenimine, decitabine, radiotherapy, immunotherapy, alpha radiation, triple-negative,

breast carcinoma

INTRODUCTION

The destruction of the live tumor inside the host (namely,
tumor ablation) releases tumor antigens to the tumor
microenvironment and stimulates the activation of systemic
and specific antitumor immune responses. Accordingly, tumor
ablation can be considered as a form of “in situ vaccination”
against tumor cells (1-4). Consequently, tumor ablation
treatments may achieve two important goals simultaneously:
[1] the destruction of the primary tumor and [2] the activation
of antitumor immune responses against residual and distant
tumor cells. This contrasts with surgical tumor resection, which
achieves the first goal yet may suppress the second (5-7).

A unique radiotherapeutic tumor ablation technique utilizing
the diffusion of alpha emitting atoms inside the tumor
(diffusing alpha-emitters radiation therapy, referred to as DaRT
henceforth) was shown to efficiently destroy a wide range
of solid tumors, while sparing the adjacent tissues. This
technique utilizes Radium (*>*Ra)-loaded stainless-steel wires
or tubes (DaRT seeds) that release daughter atoms inside the
tumor to a range of several millimeters (8-14). DaRT was
shown to activate systemic immune memory when used as a
monotherapy (15, 16). When combined with immunoadjuvants
and inhibitors of immune suppressive cells, DaRT led to long-
term rejection of immunogenic tumors in mice, whereas the
same immunomodulatory treatment with a non-radioactive seed
mostly led to tumor recurrence (17, 18). Long-term rejection of
tumors was correlated with a specific immune memory against
tumor antigens (18), suggesting that cell death by alpha radiation
activates tumor antigen recognition at the ablation site. This
agrees with reports showing that the cell response to radiation
includes the elevation of damage-associated molecular patterns
(DAMPs) (19), MHC class I expression (20), and interferon
responses (21) that may contribute to antigen presentation, cross
presentation, APC activation, and recruitment of effector T
lymphocytes (22).

Another type of in situ vaccination employs the activation of
cytoplasmatic viral sensors such as RIG-I-like receptors (RLRs).
RLRs (e.g., RIG-T and MDAS5) sense cytoplasmatic viral dsRNA
as part of a conserved defense mechanism of the innate immune
system (22-24). Upon activation, these sensors promote antigen
presentation, a type-1 interferon response, pyroptosis, DAMPs
secretion, and immunogenic cell death (25). Recently, RLR
activation was found to boost the efficiency of anticancer vaccines
and to be critical for responsiveness to immune checkpoint
blockade (26, 27).

One way to activate RLRs is to deliver a dsRNA viral mimic,
such as polylIC, directly into the cytoplasm of the cell, while
bypassing endosomal recognition via toll-like receptors, such

as TLR3 (28). This is done using a delivery agent, such as the
cationic polymer polyethylenimine (PEI), which masks the viral
dsRNA until it reaches the cytoplasm, where it is released and
recognized (29, 30). PolyIC cytoplasmic delivery was previously
tested as a targeted therapy (26, 31), a systemic therapy (32, 33),
and a local therapy (34). However, the effects of this treatment on
distant metastases or in combination with radiotherapy have not
been well-investigated. Interestingly, hallmarks of immunogenic
cell death were observed in tumor cells following treatment with
polyIC complexed with PEI, including the elevation of MHC
class I expression. However, identical concentrations of polyIC
(a TLR3 agonist) without PEI failed to elevate MHC class I
expression (3), suggesting that the RLR pathway is superior to
the TLR pathway with regard to antigen presentation on tumor
cells following activation.

Another way to stimulate RLRs is by using DNA
methyltransferase (DNMT) inhibitors such as decitabine
(35). DNMT inhibitors can stimulate endogenous retroviruses
that are sensed by RLRs (36-38) or inhibit the methylation of
RLR genes promoters (35). RLR activation by both cytoplasmatic
delivery of dsRNA (34) and DNMT inhibitors (39-41) was
shown to upregulate MHC class I and to potentiate interferon
and cytotoxic T lymphocyte responses.

Both alpha radiation-based ablation (16) and RLR activation
(34) were shown to induce local tumor cell killing and a
systemic antitumor response. It was shown that radiation-
mediated antitumor immunity requires a cytosolic DNA-sensing
pathway, such as the stimulator of interferon genes (STING)
pathway (42). The fact that DNA-sensing and RNA-sensing
function via different pathways may increase the potential to
achieve a synergy between DaRT and RLR activation.

The current study investigated a novel approach to combine
alpha radiation-based ablation and RLR activation in low-
immunogenic and metastatic tumor models, such as the triple
negative breast cancer (TNBC) mouse model 4T1, the pancreatic
carcinoma tumor model Panc02, and the squamous cell
carcinoma (SCC) tumor model, SQ2. Aggressive tumors such as
TNBC and pancreatic cancer demonstrate low immunogenicity,
which correlates with low responsiveness to immunotherapy
and is mainly determined by tumor antigenicity and antigen
presentation efficiency (43). MHC class I molecules on the
surface of tumor cells were identified as critical for the
enhancement of immunotherapy effectiveness (44). In support
of this, it was recently demonstrated that antigens presented
in the context of MHC class I, pulled down from tumor cell
lysate, can serve as an artificial antigen presenting cell and induce
potent and specific effector CD8+ T cell responses against tumor
cells (45). In the current study, RLR activation was used long
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enough prior to the induction of cell death by alpha radiation
to allow the potential enhancement of antigen presentation on
tumor cells, which may be crucial for achieving antigen-specific
antitumor immunity in low-immunogenic tumors. The effect
of the treatment on tumor development and on metastatic
load was investigated by probing lung metastases at a late
timepoint. In addition, long-term survival after local treatment
and tumor resection was used to confirm clearance of metastases.
Immune memory was investigated by employing the Winn
and challenge assays. Finally, the treatment was combined with
systemic immunomodulation.

MATERIALS AND METHODS

Animals

All animal experiments were carried out in accordance with the
government and institution guidelines and regulations (Ethics
approval IDs 01-18-030, 01-19-039, 01-19-081) and with the
National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications No. 8023, revised 1978).
BALB/c and C57BL/6 female mice (~20g, 10 weeks old) were
obtained from Envigo (Jerusalem, Israel) and were kept in
the animal facility of Tel Aviv University. All surgical and
invasive procedures were performed under anesthesia using
ketamine (100 mg/kg, Bremer Pharma, Germany) and xylazine
hydrochloride (10 mg/kg, Eurovet Animal Health B.V., Bladel,
Netherlands) solution in PBS. Intraperitoneal inoculation was
given 10 min before starting the treatment.

Tumor Cell Lines

All cell lines were incubated in a humid incubator at a
temperature of 37°C and 5% CO,. M-cherry-labeled 4T1
mammary adenocarcinoma tumor cells (kindly provided by Prof.
Satchi-Fainaro, Faculty of Medicine, Tel Aviv University, Tel
Aviv, Israel) were grown in RPMI-1640 containing L-glutamine,
supplemented with 10% fetal calf serum, penicillin (100
U/ml), streptomycin (100 pg/ml), nystatin (12.5 U/ml), sodium
pyruvate (1 mM), and HEPES buffer 1 M (Biological Industries,
Kibbutz Beit Haemek, Israel). Panc02 murine pancreatic
carcinoma (kindly provided by Dr. Hollingsworth, Eppley
Institute, Nebraska University Medical Center, USA) were grown
in Dulbecco’s modified eagle medium (DMEM) supplemented
with 10% fetal calf serum, penicillin (100 U/ml), streptomycin
(100 pg/ml), nystatin (12.5 U/ml), sodium pyruvate (1 mM),
and MEM Non-Essential Amino Acids (Biological Industries,
Kibbutz Beit Haemek, Israel). SQ2 murine squamous cell
carcinoma (kindly provided by Dr. Gad Lavie from the Sheba
Medical Center, Tel HaShomer, Israel) were grown in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10% fetal
calf serum, penicillin (100 U/ml), streptomycin (100 pg/ml),
and nystatin (12.5 U/ml) (Biological Industries, Kibbutz Beit
Haemek, Israel).

Tumor Cell Inoculation

4TIMCherty 62, and panc02 tumor cells were inoculated in
doses of 2.5 x 10°, 5 x 10° and 6 x 10°, respectively.
Mice were inoculated intracutaneously into the right (unless

stated otherwise) low lateral side of the back in 0.05 mL Hanks’
balanced salt solution (HBSS, Biological Industries, Kibbutz Beit
Haemek, Israel).

Drug Preparations

According to previous studies, high-molecular-weight (HMW)
polyIC induced stronger immune activation than low-molecular-
weight (LMW) polyIC (46) and was therefore chosen to be
delivered into tumor cells in the current study. PolyIC HMW
VacciGrade™ (InvivoGen, USA) was prepared in aliquots
according to manufacturer instructions and kept at —20°C. At
the day of treatment, polyIC was mixed with in vivo-jetPEI®
(Polyplus, France) according to manufacturer instructions.
Briefly, polyIC and PEI were diluted in 5% glucose solution and
incubated at a ratio of N:P = 6 for 15 min at room temperature.
PolyIC was intratumorally injected to the tumor 72 and 24h
prior to DaRT insertion. 5% glucose served as vehicle unless
mentioned otherwise. Cyclophosphamide (Sigma C0768, Israel)
was prepared at the indicated concentrations in saline solution.
CP was administrated i.p. in the dose of 100 mg/kg 24 h prior to
polyIC. Decitabine (Tocris, UK) was prepared in PBS. Decitabine
was administrated ip. in the dose of 1 mg/kg daily for 4
consecutive days prior to DaRT insertion.

224Ra-Loaded Seed Preparation and

Insertion

Stainless steel (316 LVM) 0.7-mm-diameter tubes in the length
of 6.5 mm (unless mentioned otherwise) were loaded with 224Ra
atoms, following an electrostatic collection process similar to
that described in (12). To prevent radium detachment from
the surface, the seeds were coated, in this study, with a 250-
nm (nanometer) polymeric layer (Nusil, med2-4213 model). The
220Rn desorption probability (the probability that a 22°Rn atom is
emitted from the seed following a decay of *4Ra) was 45% (unless
mentioned otherwise). The 22Ra activity in kBq is indicated for
each experiment in the Results section. Seeds, either loaded with
224Ra or inert, were placed near the tip of a 19-gauge needle,
which is attached to an insertion applicator. The radioactive and
inert seeds were inserted into the tumor under anesthesia.

In vivo Tumor Measurements

Local tumor growth was determined by measuring 3 mutually
orthogonal tumor dimensions 2-3 times per week, according to
the following formula: Tumor volume = /6 x Diameter 1 x
Diameter 2x Height. Daily survival monitoring was performed
and recorded.

Tumor and Metastasis Imaging and

Analysis

CRI Maestro™ (Cambridge Research and Instrumentation,
USA) was used to measure M-Cherry signal. Multispectral
image cubes were acquired through a 550-800-nm spectral
range in 10-nm steps using an excitation (595 nm longpass) and
emission (645nm longpass) filter set, under exposure time of
2,000 ms. Autofluorescence signals were eliminated by spectral
analysis and linear unmixing algorithm of the CRI-Maestro
software. Computed tomography (CT) scan was performed
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using the TomoScope Synergy microCT scanner (CT imaging,
Erlangen, Germany) under anesthesia. Data was acquired using
360° individual projection collected every 1° to complete one
rotation around the animal, with X-ray tube voltage of 40
kV. Cross-sectional images (DICOM format) were generated
using TomoScope image reconstruction software (CT imaging,
Germany) and were analyzed using “RadiAnt” software.

Histology

For histological H&E staining, lungs were washed in PBS and
fixed in a 4% formaldehyde solution (Bio-Lab, Jerusalem, Israel)
for at least 24 h. The preserved specimens were processed in
ethanol and xylene and then embedded in paraffin. Six-pm
sections were then stained with hematoxylin (Sigma, Rehovot,
Israel) and eosin (Surgipath, Richmond, VA, USA).

Winn Assay

Spleens were harvested, immersed in PBS, ground with the flat
end of a syringe, and passed through a cell strainer. Cells were
washed in RPMI/HBSS and centrifuged at 394 x g for 7 min.
The supernatant was removed, and cells were resuspended and
pooled. Red blood cells were lysed, and cells were washed in
HBSS. Cells were then mixed with tumor cells in the indicated
ratio and immediately injected in a volume of 0.15 ml.

Statistical Analysis

The difference between the mean values of two groups was
determined by two-sided Student’s T-test on the last day of the
experiment, unless mentioned otherwise. The difference in the
proportion of an event between two groups was determined by
x? test. Differences in the survival period between two groups
were determined by log-rank test. p < 0.05 was considered as
significant difference between groups.

RESULTS

Intratumoral polylCPE! and DaRT
Synergistically Inhibit the Development of

4T1 Solid Tumors and Metastases

A previous study done in the immunogenic tumor model CT26
has shown that combining DaRT with TLR agonists led to long-
term tumor rejection, which was not observed when DaRT
was used alone (18). Here, it was investigated whether in the
low-immunogenic tumor model 4T1 using RLR activation in
combination with DaRT is superior to TLR activation, and
whether this combination is synergistic in terms of long-term
local and systemic retardation of tumor development. To answer
these questions, intratumoral administration of the dsRNA viral
mimic, polyIC, was used in two forms, as follows. Either
complexed with the delivery polymer PEI (polyIC"®!) to enable
the cytoplasmatic delivery of polyIC and the activation of the
RIG-1 receptor MDAS5 (47) or “Naked” polyIC (polyICraked),
which agonizes the toll-like receptor TLR3 (48).

Mice bearing 4T1 tumors were treated by an intratumoral
injection of 20 pg/40 pl polyICPEL, polylCraked or PBS
followed by the insertion of a single DaRT seed (length
= 8mm, activity =70 kBq) or a non-radioactive (inert)

seed. Twenty-nine days after treatment started, lungs were
scanned by computed tomography (CT). The experiment
was terminated 37-38 days following tumor cell inoculation,
and lungs were imaged for M-Cherry fluorescent signal
(Figures 1A,B).

The results indicated that DaRT combined with polyICPE!
significantly retarded tumor growth (pi_test < 0.05) compared
to all other groups (Figures 1C-E). The percent reduction
in tumor volume compared to inert+vehicle control was
calculated for each treatment (according to the following
formula: [(mean tumor volume at day 29 in the treatment
group)/(mean tumor volume at day 29 of control group)—1]
x 100). The cytoplasmatic delivery of polylC treatment
on its own reduced tumor size by 26% compared to
inert+vehicle (control). Alpha radiation treatment on its
own reduced tumor size by up to about 34% compared
to control. The combination of alpha radiotherapy and
cytoplasmatic delivery of the viral mimic polyIC reduced
the tumor size by 82%, demonstrating a synergistic effect
between the treatments. Treatment with DaRT4polylChaked
significantly retarded tumor growth compared to DaRT alone or
inert+vehicle control (Figures 1C,E). However, the treatment
was significantly less effective compared to DaRT combined
with polyICPEL

Analysis of lung metastases by CT scan or M-Cherry
fluorescence imaging (see Methods, Figure 2A) revealed that 37
days after tumor inoculation, the percent of animals bearing
lung metastases was significantly smaller in the polyIC* !+ DaRT
group (23%) compared to DaRT alone (77%) or inert+vehicle
control (75%), p (x 2 test) < 0.05 (Figure 2B). DaRT—l—polyICnaked
also reduced metastatic burden, as demonstrated by total M-
Cherry signal in the lungs (Figure2C). However, a higher
number of mice treated with DaRT+4polylC"#¢d were positive
for metastases than those treated with DaRT+polyICPE! (55%
compared with 23%). Histology sections of lungs correlated with
the findings obtained by M-Cherry and CT (Figure 2D).

Treatment With Intratumoral polylCPE! Prior
to DaRT Caused Rejection of Panc02 Solid

Tumors

The robustness of this treatment was tested by applying it to
another aggressive and metastatic tumor model, the pancreatic
tumor cell line Panc02. Mice bearing Panc02 tumors were treated
with polyICPE! (25 j1g/50 1), followed by the insertion of a DaRT
seed (75 kBq). On the seed insertion day, average tumor volume
was ~35 mm®.

DaRT+polyICPE!l  significantly retarded tumor growth
compared with DaRT (12-fold change on day 24 post-DaRT)
(Figure 3A). Moreover, the treatment caused tumor rejection
in 42.9% (3 out of 7) of the animals for up to 38 days following
DaRT upper panel (Figure 3B). At this timepoint, one tumor
recurred and 2 out of 7 mice remained tumor-free and survived
from this timepoint on, with no signs of illness. Tumors that
were not rejected developed more slowly in the DaRT+polyICPE!
group relative to the DaRT group (Figures 3C,D).
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FIGURE 1 | Primary tumor growth following treatment with DaRT+polylC”®. 4T1-bearing mice (40 mm?3) were treated intratumorally with polylC™®' (20 11.g/40 ) or
polylCraked (20 11,g/40 W) or vehicle, 72 and 24 h prior to the insertion of a single DaRT seed (length = 8 mm, activity = 70 kBq) or an inert seed (for 29 days).

(A) Schematic representation of the treatment protocol. (B) CT image of a DaRT seed inside the tumor. (C) Representative primary tumors 29 days after tumor cell
inoculation. (D) Mean tumor volumes & SEM on the day of treatment start (0) and on the day of experiment termination (29). p_test < 0.005 for DaRT+ polylCPE vs.
control; pi_test < 0.0005 for DaRT+ polylC™F' vs. DaRT alone; pi_test < 0.0005 for DaRT+ polylCPE' vs. polylCTE alone; py_test < 0.05 for DaRT+ polylCPH vs.
DaRT-+polylCraed, (E) Individual tumor growth curves for each treatment, up to 29 days from treatment start. Each line represents an individual mouse. The results

are based on cumulative data from two different experiments.

Splenocytes From Mice Pretreated With
Intratumoral polylCPE! and DaRT Inhibit
4T1 Tumor Development When Adoptively

Transferred to Naive Mice

The results above showed that even though polyIC’*!4+DaRT
therapy was administrated locally, at the primary tumor site
only, it led to both long-term tumor growth retardation
and clearance of distant metastases. The Winn assay was
employed to investigate whether the treatment activated a
long-term systemic immune memory against tumor antigens.
In this in vivo cytotoxic test, splenocytes from treated mice

or from naive mice are adoptively transferred to naive mice
in combination with tumor cells, and tumor development
is monitored.

Mice (n = 16) bearing 4T1 tumors (30 mm?) were treated
with polyICP*I4+-DaRT (as depicted in Figure 1A). Residual
tumors were resected 24 days following tumor cell inoculation
(at a time in which metastases were already present in the
lungs), and animals were observed for long-term survival
(namely, metastases-related death). Mice surviving for 9 months
after tumor inoculation were considered as cured, and their
splenocytes were used for an adoptive cell transfer assay
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FIGURE 2 | Lung metastases following treatment with DaRT+polylCPE. 4T1MChem _hearing mice were treated intratumorally with polylGPH', polylCaked, or vehicle,
prior the insertion of a single DaRT seed or an inert seed (see Figure 1A). Lungs were imaged by CT and fluorescence imaging using Maestro, 37 days following
tumor cell inoculation. (A) lllustrative pictures of metastases as imaged by CT scan or M-Cherry fluorescence imaging. (B) Percent of mice that were positive for lung
metastases according to CT scan and M-Cherry fluorescence imaging. (C) Box plot of M-cherry total signal in the lungs. Red cross denotes an outlier (the graph does
not include a DaRT outlier with the value of 362 counts/s). (D) Representative histology sections of a normal lung, a lung of a 4T1-bearing mouse treated with
DaRT+polylCP®, and a lung of a 4T1-bearing mouse treated with inert+vehicle. The results are based on cumulative data from two different experiments.

(Winn assay). Autopsy of non-surviving mice confirmed lung
metastases in all animals (except one animal which had
an inflamed lung without visible metastases). Lymphocytes
from the spleens of cured mice (n 4) were harvested,
pooled, mixed with 2.5 x 10° 4T1 tumor cells in a ratio
of 100:1 (splenocytes: tumor cells), and inoculated into naive
mice. Splenocytes of naive mice (n 4) served as control
(Figure 4A).

Splenocytes of treated mice significantly retarded tumor
development compared to splenocytes of naive mice (Figure 4B).
A significant reduction in tumor size lasted for 19 days after co-
inoculation with tumor cells (52% reduction was evident 14 days
after co-inoculation, py_rex = 0.002: 42 + 8 and 87 + 8§ mm?®
for immune vs. naive splenocytes, respectively), demonstrating

that the treatment induced a long-term antitumor immune
memory that is efficient even 9 months following the initial tumor
cell inoculation.

Systemic Low-Dose Cyclophosphamide
Combined With Intratumoral polylCPH!
Synergizes With DaRT in Preventing Lung
Metastases-Related Death

Next, it was investigated whether systemic immunomodulation
could further augment tumor growth retardation caused by
polyICPEI4+ DaRT treatment or prolong mouse survival by
preventing metastasis-related death. To reduce the number of T
regulatory cells (Tregs), a previously proven treatment regimen
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of low-dose CP was employed (49). 4T1-bearing mice were
treated with CP 1 day before the first polyIC’®! injection
(30 pg/60 wl), which is 4 days prior to DaRT insertion
(activity = 65 kBq), at a time in which tumor size was ~24
mm?. DaRT+polyIC*E!+vehicle served as a control. Tumor
development was followed for 14 days after DaRT insertion,
and the tumors were resected thereafter (Figure 5A). In order
to examine the effect of the treatments on lung metastases in
the above treated animals, monitoring was done for metastases-
related death for ~6 months post DaRT, and animal death and
the presence of lung metastases were recorded.

Adding CP to DaRT+polyICPEl treatment significantly
reduced tumor volume on the day of tumor resection (47 =+
5,29 + 3 mm?, Pt—test < 0.05). The manual measurements
of tumor dimensions by a caliper were corroborated with
M-cherry fluorescence imaging of the resected tumors. This
analysis confirmed that total M-cherry signal and the tumor
area (according to M-Cherry fluorescence) where smaller in the
polyICPEL4- DaRT+CP group compared to the polyIC’!+DaRT
group (83 =% 23 vs. 693 £ 280 scaled counts/s, pt_test = 0.051; 65
+ 14 vs. 163 £ 20 mmz,pt_test < 0.005, respectively).

Adding CP to polyIC’EI4+DaRT treatment extended the
survival period relative to treatment with polylC’E!4DaRT

without CP. During the 143 days post DaRT insertion, 100%
of the animals treated with polyICP*I4+DaRT+CP were still
alive, at the same timepoint only 71% of the mice treated with
polyICPEl+ DaRT survived. Nonetheless, the difference between
the groups according to log-rank test was not significant and at
the end of the experiment identical survival rates (71.4%) were
observed in both groups.

Next, an additional experiment was conducted to explore the
contribution of DaRT alone (85 kBq) or immunotherapy
alone by CP+polyIC*®l (30 ng/60 pl it) relative to
the combined treatment. PolyICP®!4-CP+inert seed or
DaRT+vehicle significantly retarded tumor development
compared to inert+vehicle control (pi—test <0.05, on the day
of resection) (Figures5B,C). The combined treatment using
DaRT+polyIC*PI4-CP was significantly more effective than
all other treatments (Figure5C). Ten days post DaRT, for
example, tumor volume in the control (inert+vehicle) group
was 2.5-fold higher than DaRT only group (DaRT+vehicle),
and 3.1-fold higher than that in the immunotherapy-only
group (polyICPEI4+CP+inert). On that same day, the control
group was 6.2-fold higher than the combination treatment
(DaRT+polyIC*EI+CP), which is more than the expected
additive effect (5.6-fold).
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SEM. Pi_test < 0.05 for DaRT+polylC™E'++CP compared all other treatments. (D) Kaplan-Meier survival curves of tumor-resected mice following treatment. Plog—ranktest
< 0.01; <0.05, for DaRT+ polylCPE'+-CP vs. inert+vehicle control or polylCPE'+-CP, respectively.

At the end of the follow-up period, 75% (6/8) of the  (12%, 1/8) treatments (Figure5D). Autopsies of non-

mice treated with DaRT+polyICPPI4+-CP survived, whereas
lower survival rates were obtained by DaRT+vehicle (33%,

3/9), inert+polyICPEI+CP (25%, 2/8), or inert+vehicle

surviving animals confirmed metastasis-related death. The
effecct of DaRT+polyIC*EI4+-CP was significant compared
to inert+vehicle (piog_ranktest < 0.01) and compared to
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FIGURE 6 | Effect of DaRT combined with decitabine and/or polylCP® on 4T1
tumor development. Mice bearing 4T1 tumors (40 mm?3) were treated with a
DaRT seed (75 kBq) in combination with decitabine (1 mg/kg i.p. for 4
consecutive days prior to DaRT) and/or polylCPH (30 11g/60 wl, 72 h prior to
DaRT and 50 g/100 pl polylCPE', 24 h prior DaRT). (A) Schematic
representation of the treatment by decitabine. (B) Presented are the tumor
volumes + SEM.

inert—i—polyICPEI—i—CP (Plog—rank test <0.05), but not compared to
DaRT alone (plog—rank test =0.081).

Systemic Low-Dose Decitabine Combined
With DaRT Retarded the Growth of 4T1

Tumors

It was then investigated whether systemic low-dose
administration of the epigenetic drug decitabine (37), which is
known to activate RLR, will strengthen tumor growth retardation
induced by DaRT, similar to locally administered polyICPEL, This
question is of special therapeutic importance, because decitabine
can be administrated systematically to patients.

Mice bearing 4T1 tumors (40 mm?>) were treated with
polyICPEl (30 11g/60 wl 72h prior to DaRT and 50 j1g/100
24h prior to DaRT) and/or decitabine (1 mg/kg i.p. daily for 4
consecutive days) prior to the insertion of a DaRT seed (activity
= 75 kBq) (Figure 6A).

DaRT combined with decitabine significantly reduced tumor
size by 64% compared to DaRT alone, similar to the 50%
reduction achieved by DaRT+polyIC*E! (Figure 6B). DaRT
combined with both decitabine and polyICPE! achieved the
strongest effect (75% reduction compared with DaRT alone,
Pt—test = 0.001), yet it was only marginally better than DaRT
with each stimulator alone. In addition, it was demonstrated

that DaRT-decitabine+polyIC*E! was significantly stronger
(2.5-fold) compared to the same treatment with a non-
radioactive seed (Figure 6B). These results were confirmed in
an additional experiment in which mice were bearing larger
tumors (85 mm? at the day of treatment start). Tumor volume
determined at the same timepoint for inert or DaRT, combined
with polyICPE! and decitabine, was 194 4 25 vs. 115 + 16 mm?,
respectively, p;—rest < 0.05).

DaRT Combined With Systemic Low-Dose
Decitabine or Intratumoral polylCPE!
Inhibited the Growth of SQ2 Solid Tumors
and Induced Antitumor Immune Response

Against Tumor Cell Re-challenge

To further test the robustness of these treatment regimens,
including their ability to induce an antitumor systemic immune
memory, a tumor model of squamous cell carcinoma (SCC),
SQ2, was investigated. SCC was the first type of tumor for which
DaRT was tested in human patients (50). SQ2-bearing mice were
treated with DaRT (85 kBq) combined with polyICPE! (25 g /50
ul), decitabine, or both. Residual tumors were resected 24 days
after DaRT, and mice were subjected to tumor re-challenge of
the same number of cells (5 x 10° tumor cells), 22 days after
tumor resection.

DaRT combined with polyICPEl, decitabine, or both
significantly retarded tumor development compared to
DaRT alone. DaRT+decitabine significantly retarded tumor
development similar to DaRT+polyICPFl, leading to a ~65%
reduction in tumor size compared to DaRT+vehicle treatment,
for up to 27 days from treatment initiation. In this tumor
model, the combination of DaRT+polylCP!4decitabine
provided the best results with 92% reduction (20-fold change)
compared to DaRT alone and was significantly superior to
both DaRT-+decitabine or DaRT+polyIC"®! (Figure 7A). DaRT
combined with polyIC"®!, decitabine, or both preserved the
ability to induce long-term immune memory, as demonstrated by
a significant reduction (~80%) in tumor size after re-challenge,
compared to naive mice inoculated with the same number of
tumor cells (Figure 7B).

DISCUSSION

In the present study, we examined the possible synergy
between the activation of cytoplasmatic dsRNA sensors and
tumor ablation by intratumoral diffusion of alpha emitting
atoms, both at the local and systemic levels. Treatment with
DaRT in combination with cytoplasmatic delivery of polyIlC
synergistically retarded the development of mouse TNBC
tumors and demonstrated rejection of mouse pancreatic tumors.
Although the treatment was administrated locally, it also reduced
the metastatic load in the lungs and induced a long-term systemic
antitumor immune response. Low-dose CP, which was previously
shown to reduce the number of Tregs (49), enhanced the tumor
control achieved by the local treatment and led to high long-term
survival rates that confirmed the reduction in metastatic load.
DaRT-related antitumor immunity (16) was previously
attributed to the in situ dispersion of tumor antigens, processed
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FIGURE 7 | Tumor control and long-term immune memory following treatment with DaRT, decitabine, polylC"®, or both, in SQ2 tumor model. (A) SQ2-bearing mice
(30 mm? on first decitabine dose day) were treated with decitabine (1 mg/kg i.p. daily for 4 consecutive days prior to the DaRT) and/or an intratumoral injection of
polylCPE (25 11g/50 pl 72 and 24 h prior to DaRT). A DaRT (activity=85 kBq) seed was inserted into the tumor 24 h later. Presented are the tumor volumes + SEM.
Pi_test < 0.05 for all treatments vs. DaRT and for DaRT+decitabine-+polylCPE vs. DaRT+decitabine. (B) Residual tumors were resected 24 days after DaRT and mice
were subjected to tumor re-challenge of 5x10° tumor cells 21 days after tumor resection. Presented are the tumor volumes + SEM of the re-challenged tumors.
Significant difference was observed for all groups vs. naive mice (Pi_est < 0.05, on day 17). *On day 17 one mouse from the DaRT+decitabine-+polylC™F' group died

from unknown reason and was not included in the mean tumor volume calculation from this time point on.

by APCs (4). Addition of TLR agonists (16-18) that activate
APCs enhanced DaRT’s effect. In the current study, combining
DaRT with polyIC, complexed with the delivery reagent PEI
(PolyICPEl), led to more robust solid tumor control and greater
clearance of metastases relative to the same treatment with
polyIC only (a TLR3 agonist by itself). This finding suggests that
polyICPEl may exhibit a dual effect, both augmenting antigen
presentation by tumor cells (via RLR) and antigen presentation
by dendritic cells (via TLR).

The use of DaRT after polyIC*®! may consequently lead
to the release of DAPMs after DNA damage, pathogen-
associated molecular patterns (PAMPs) from radiation killed cells
containing dsRNA, and a massive amount of tumor antigens
in the context of MHC class I. This may support important
processes such as cross-presentation and cross-dressing (51). In
addition, the potential elevation of MHC class I on tumor cells
by PolyICPE! (34) prior to cell death by DaRT may increase the
probability to present yet non-presented tumor antigens in the
context of MHC class I. Thus, it can be speculated that PolyICPFL-
treated, and alpha-radiation-killed, tumor cells may release such
MHC class I-antigen complexes, which can be picked up by DCs
that in turn present them to CD8+ T cells and help to expand the
number of clones recognizing tumor antigens.

In this study, it was shown that DaRT combined with different
types of agents known to activate RLR achieved robust antitumor
effects in three tumor models. Low-dose decitabine resulted
in tumor retardation, similar to polyIC’®L. In the SCC tumor
model, adding decitabine, polyICt!, or both reduces tumor
size compared to DaRT, yet in the challenge assay, the addition
of RLR activation did not affect the power of the long-term
immune response relative to DaRT alone (Figure 7B). This may
be due to the relatively high number of tumor cells used in

the assay. Another possibility is that cells inoculated in the
challenge assay were not subjected to a treatment that elevates
antigen presentation before inoculation. Namely, antigens that
were potentially unmasked by RLR activation in situ were not
presented by the tumor cells inoculated in the challenge assay,
since they were not exposed to the RLR activator and no elevation
of MHC class I was induced. Further study is needed to clarify
these mechanisms.

The synergy between DaRT and RLR activation can
be attributed to additional non-immune-related potential
mechanisms. For example, the cellular response to a viral
attack may promote transcription related to programmed cell
death (52), and thus when DNA damage is induced by alpha
radiation, the cellular stress response is already biased to favor
cellular death over DNA repair. Indeed, RLR activation by
cytoplasmatic delivery of polyIC was found to sensitize tumor
cells to ionizing radiation also in vitro (53). In the case of
decitabine, sensitization to alpha radiation may also be due to
chromatin de-condensation (54).

In its first-in-human clinical trial, DaRT was used to treat
SCC patients. All patients responded to DaRT, with almost
80% showing complete responses with minor adverse effects
(50). In one case, evidence suggests the possible induction
of an abscopal effect (55). The treatment regimens presented
here efficiently affected both the tumor and distant metastases
and extended long-term survival. Low-dose cyclophosphamide,
previously found to reduce the number of Tregs, demonstrated
the potential of immunomodulating therapies used in clinical
practice (56) to further enhance these effects. Taken together,
the results presented here may suggest future directions for
improved therapeutic protocols for treating patients with
metastatic cancer.
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Cancer: NQO1-Bioactivatable Drugs
Improve Tumor Selectivity and
Reduce Treatment Toxicity Through
Radiosensitization of Human Cancer

Colton L. Starcher’, S. Louise Pay?, Naveen Singh', I-Ju Yeh', Snehal B. Bhandare’,
Xiaolin Su’, Xiumei Huang?, Erik A. Bey', Edward A. Motea’ and David A. Boothman't

" Department of Biochemistry and Molecular Biology, IU Simon Cancer Center, Indiana University School of Medicine,
Indianapolis, IN, United States, ? Department of Radiation Oncology, IU Simon Cancer Center, Indiana University School
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lonizing radiation (IR) creates lethal DNA damage that can effectively kill tumor
cells. However, the high dose required for a therapeutic outcome also damages
healthy tissue. Thus, a therapeutic strategy with predictive biomarkers to enhance
the beneficial effects of IR allowing a dose reduction without losing efficacy is
highly desirable. NAD(P)H:quinone oxidoreductase 1 (NQO1) is overexpressed in
the majority of recalcitrant solid tumors in comparison with normal tissue. Studies
have shown that NQO1 can bioactivate certain quinone molecules (e.g., ortho-
naphthoquinone and B-lapachone) to induce a futile redox cycle leading to the formation
of oxidative DNA damage, hyperactivation of poly(ADP-ribose) polymerase 1 (PARP1),
and catastrophic depletion of NADT and ATP, which culminates in cellular lethality via
NADT-Keresis. However, NQO1-bioactivatable drugs induce methemoglobinemia and
hemolytic anemia at high doses. To circumvent this, NQO1-bioactivatable agents have
been shown to synergize with PARP1 inhibitors, pyrimidine radiosensitizers, and IR.
This therapeutic strategy allows for a reduction in the dose of the combined agents to
decrease unwanted side effects by increasing tumor selectivity. In this review, we discuss
the mechanisms of radiosensitization between NQO1-bioactivatable drugs and IR with
a focus on the involvement of base excision repair (BER). This combination therapeutic
strategy presents a unique tumor-selective and minimally toxic approach for targeting
solid tumors that overexpress NQO1.

Keywords: NQO1, PARP1 hyperactivation, ionizing radiation, base excision repair, double-strand break repair,
synergy, B-lapachone, abasic sites

Abbreviations: 53BP1, tumor suppressor p53 binding protein 1; 8-0xoG, 8-Oxoguanine; AP site, apurinic/apyrimidinic site;
APEL, apurinic/apyrimidinic endonuclease 1; APE2, apurinic/apyrimidinic endonuclease 2; ATP, adenosine triphosphate;
BAPTA-AM, (1,2-bis(o-aminophenoxy)ethane-N,N,N’N’-tetraacetic acid); BER, base excision repair; CtIP Complex,
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complex involved with MRN and BRCA as a scaffold; DIC, dicoumarol; DNA pol B, DNA polymerase beta; DNA-PKcs,
DNA dependent protein kinase, catalytic subunit; DSB, double-strand break; ER, endoplasmic reticulum; gH2AX, H2A
histone family member X (phosphorylated Serine 139); Gy, gray of ionizing radiation; HAN, head and neck cancer; IR,
ionizing radiation; Ku70/Ku80, XRCC5/XRCC6; MeOX, methoxyamine; MRN, complex of Mrel1, Rad50, and Nbs1 involved
in end processing; NAD™", nicotinamide adenine dinucleotide; NAMPT, nicotinamide phosphoribosyltransferase; NER,
nucleotide excision repair; NHE], non-homologous end-joining; NQO1, NAD(P)H:quinone oxidoreductase 1; NSCLC, non-
small cell lung cancer; OGG1, 8-Oxoguanine DNA glycosylase 1; PARylation, poly-ADP-ribosylation; PDAC, pancreatic
ductal adenocarcinoma; ROS, reactive oxygen species; RPA, replication protein A; SSB, single-strand break; ssDNA, single-
strand DNA; TNBGC, triple-negative breast cancer; XRCC1, X-ray repair cross-complementing protein 1; XRCC4, X-ray repair
cross-complementing protein 4.
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INTRODUCTION

Ionizing radiation induces high levels of single-strand DNA
breaks (SSBs), double-strand DNA breaks (DSBs), and oxidized
bases via ROS production and DNA-protein cross-links that
activate almost all DNA repair pathways (1, 2). Although
effective, the toxicity of IR to healthy tissue at a therapeutic
dose presents a significant limitation in the clinic (3-5). IR
activates the BER pathway, in which DNA glycosylases (e.g.,
OGG1) create abasic sites and SSBs for base excision and
replacement (6). If these SSBs persist, are replicated through, or
are within three base pairs of each other, they are converted to
DSBs. The presence of one unrepaired DSB has been reported
to be lethal (7, 8). Thus, combining IR with an agent that
also promotes a significant increase in DNA damage through
modified bases and deleterious DSBs preferentially in tumors
may effectively reduce the necessary dose of IR in a clinical
setting to lessen toxicity to healthy tissues and improve patient
outcomes. The use of a tumor-selective drug for this purpose is
an attractive possibility.

NAD(P)H:quinone oxidoreductase 1 (NQO1, also called DT-
diaphorase) is a phase II two-electron redox enzyme that is highly
overexpressed in most solid tumor types compared with most
healthy tissues, as shown through studies by Siegel and Ross
(9, 10). Ortho-napthoquinones are a unique class of quinone
molecules that, unlike other quinones that are conjugated
to glutathione and excreted from the cell, are bioactivated
specifically by NQO1 to undergo a two-step back-reaction
with oxygen (11). In this futile cycle, NQO1 continuously
metabolizes the drugs and then reverts them to the parent
compound (12). This process causes rapid accumulation of ROS
such as superoxide radical and hydrogen peroxide (H,0O;) that
permeate the cell and nuclear membrane to cause significant
numbers of oxidized bases and SSBs, which consequently lead
to the formation of lethal DSBs. Poly(ADP-ribose) polymerase-
1 (PARP1) is hyperactivated by this DNA damage, which
rapidly depletes NAD™ and ATP, causing metabolic catastrophe
and cell death via programmed necrosis (termed NADT-
Keresis) (13).

Base excision repair is the main repair pathway involved
in activating PARP1 during the repair of SSBs and oxidized
bases (14). Depleting BER enzymes, such as XRCCI,
and modification of apurinic/apyridinic (AP) sites with
methoxyamine (MeOX) synergizes with NQO1-bioactivatable
drugs, promoting increased DSBs and rapid cell death (15).
NQOI-bioactivatable drugs have long been known to synergize
with halogenated pyrimidine radiosensitizers (16). More
recently, synergy between PARP inhibitors (17) and IR (18,
19) has been shown. The use of NQO1-bioactivatable drugs,
therefore, may be a clinically viable approach to reduce the
toxicity of IR associated with high doses and also to improve
the tumor selectivity of treatment. In this review, we discuss
the mechanisms of radiosensitization between low doses of
NQO1-bioactivatable drugs and IR—with a focus on the BER
repair pathway and PARP1 hyperactivation—and present a case
for combination treatment with NQO1-bioactivatable drugs and
IR in the clinic.

NQO1-BIOACTIVATABLE DRUGS
INDUCE A SPECIFIC FORM OF
PROGRAMMED NECROSIS
(NAD+-KERESIS)

B-Lapachone (B-lap/ARQ761 in clinical form) is an NQO1-
bioactivatable drug derived from lapachone (20), with known
antimicrobial (21) and anticancer activity as a single agent (22).
The futile redox cycling of p-lap by NQOI1 (11) produces ROS-
induced DNA damage (Figure 1A), which ultimately leads to
cell death via metabolic and bioenergetic catastrophe caused
by NAD™ and ATP depletion following PARP1 hyperactivation
(23). Boothman and colleagues have shown that within 5 min
of B-lap treatment, there is a significant calcium flux from the
ER to the cytosol (24). Calcium flux from the ER is necessary to
activate calpain protease (24) and hyperactivate PARP1; however,
the mechanistic role of calcium in PARP1 hyperactivation has
yet to be firmly established (25). Within 30 min, the NAD™
molecules that are produced during the futile redox cycling
of B-lap by NQOL1 are rapidly exhausted by hyperactivated
PARP1 during the repair of ROS-induced DNA damage and
SSBs (17). Depletion of NAD™ consequently depletes ATP and
induces a specific type of programmed necrosis, termed NAD™-
Keresis (26). Expression of catalase can spare cellular lethality by
neutralizing the effects of hydrogen peroxide (H,0,) produced
by B-lap (an NQOI1-bioactivatable agent), confirming the role
of ROS formation in toxicity (27). Inhibition of NQO1 activity
with a small-molecule inhibitor (e.g., Dicoumarol) or genetically
knocking out NQOI eliminates P-lap lethality, showing the
selectivity of P-lap-induced cell death to NQOI-expressing
cells (17, 23). Calcium release from the ER can be blocked
with the calcium chelator, BAPTA-AM, which prevents PARP1
hyperactivation and spares cancer cells from lethality, further
highlighting the role of PARP1 in B-lap-induced cell death (25).
When NAD™ production is inhibited genetically by depleting
NAMPT or pharmacologically with NAMPT inhibitors (e.g.,
FK866) (26) prior to B-lap treatment in NQO1-overexpressing
cancer cells, a synergistic cell death due to compromised
NAD™ production following PARP hyperactivation highlights
the critical role of catastrophic NAD' depletion in NAD™-
Keresis (Figure 1A) (26).

TRAPPING PARP1 ON DNA SYNERGIZES
WITH NQO1-BIOACTIVATABLE DRUGS

There are 17 known PARP proteins (28) that share a common
catalytic domain but exhibit differential roles in DNA repair,
chromatin structure and modification, transcription, and cell
death. PARP proteins catalyze the transfer of one or more ADP-
ribose units to substrate proteins through a process known as
mono- or poly(ADP) ribosylation, respectively (29). Of particular
importance to the NQO1-bioactivatable drug field is PARPI,
which is required for both BER and NER to recruit and activate
SSB repair proteins (30). In BER, PARP1 forms a critical complex
with DNA ligase III, XRCC1, and DNA pol § (30).
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FIGURE 1 | PARP inhibitors switch cell death to apoptosis from programmed necrosis. (A) NOQ1 bioactivatable drug p-lap mediates a futile redox cycle with NQO1
detoxifying enzyme, creating a large pool of NAD* and hydrogen peroxide. Hydrogen peroxide formation leads to the formation of oxidized bases and SSBs that
induces PARP1 hyperactivation. PARP1 utilizes NAD* for activity, which depletes NAD* and ATP, resulting in NAD* -Keresis. (B) Addition of PARP inhibitor prevents
PARP1 hyperactivation and spares ATP and NAD*. Cellular processes can then recycle NAD* back to NAD(P)H, which power more turns of the futile cycle creating
even more oxidized bases and SSBs. PARP1 inhibition results in SSB-to-DSB conversion and death by apoptosis.

In BRCA1/2-deficient breast and ovarian cancers—which
are deficient in homologous recombination (HR) to repair
DSBs—PARP1 inhibitors are an effective therapeutic strategy
targeting repair of SSBs and BER (31). PARP trapping agents
(e.g., talazoparib, rucaparib, and olaparib) are the most effective
PARPI-targeting drugs, which trap PARP1/2 on the DNA by
binding at the active site, preventing its interaction with NAD™
and therefore preventing dissociation via the auto-PARylation
domain (32). PARP trapping prevents the recruitment of proteins
needed to complete BER, leaving unrepaired SSBs that are then
converted to lethal DSBs upon collision with the replication and
transcription machineries (31, 32).

Recently, we reported that PARP-trapping agents Rucaparib
and Talazoparib synergize with f-lap in NQO1+ lung, pancreatic,
and TNBC cell lines and in vivo models of NSCLC (17). Sublethal
p-lap doses showed significant synergy with non-toxic doses of
PARP inhibitor Rucaparib in multiple cancer types, and up to
60 different NSCLC cell lines (17). Synergy occurred regardless
of oncogenic and tumor-repressor mutations and was entirely
NQOI1-dependent in all cell types (17), according to the gold
standard combinatorial index obtained using the Chou and
Talalay method (Figure 1B) (33).

Mechanistically, the addition of non-toxic doses of PARP
inhibitor (e.g., Rucaparib) to sublethal B-lap doses prevents
the loss of NAD" and ATP (17). No PARylation of PARPI
occurred in this instance; however, DSBs significantly increased,
indicating a B-lap-mediated SSB-to-DSB conversion (17). NAD™
and ATP sparing allows for more oxygen consumption
during the futile redox cycling of NQO1-bioactivatable agents,
increasing the formation of oxidized bases and unrepaired
SSBs (17). This process overwhelms the DNA damage response

and repair (17). ATP is then used to initiate caspase-
dependent apoptosis, which is in contrast with the NAD™-
Keresis observed with B-lap monotherapy (17). PARP inhibitors,
therefore, enhance DNA damage caused by NQO1-bioactivatable
drugs and switch cell death from programmed necrosis to
apoptosis (17). This is significant as necrosis may cause
inflammation and lead to complications, whereas apoptosis
does not. Combining p-lap with PARP1 inhibitors, therefore,
reduces the toxicity of the drug in addition to enhancing
its mechanism of action, making it more attractive for
clinical application.

BER IS THE MAJOR DNA REPAIR
PATHWAY INVOLVED IN THE
NQO1-BIOACTIVATABLE DRUG
MECHANISM OF ACTION

Base excision repair resolves non-distorting DNA lesions
resulting from alkylation, oxidation, depurine/pyrimidination,
and deamination, which can be drug-induced or occur from
exposure to environmental toxins. There are two types of
BER: short patch that repairs a single damaged base and
long patch that repairs up to three damaged bases (34).
The typical mammalian BER pathway occurs as follows:
DNA glycosylases detect damaged bases and cleave the
glycosidic bond holding the damaged base to the DNA
backbone, creating an apurinic/apyridinic site (AP site). AP
sites are cleaved by AP endonucleases (APE1/APE2), allowing
DNA pol B to fill the site with the appropriate base
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(35, 36). Mechanistically, APE1 provides a significant portion
of the endonuclease activity, while APE2 provides some
endonuclease activity and a large portion of exonuclease
activity (34). Both APE1 and APE2 provide proofreading
capabilities for pol p to reduce error rates (37). DNA ligase
then seals up this stretch of DNA to finalize the DNA
repair (35).

Hydrogen peroxide induced by B-lap permeates the nucleus
and oxidizes nucleotides, particularly guanine bases (e.g., 8-oxo-
guanine or 8-0xoG) (15). Oxidized guanine (8-0xoG) formed
during treatment with B-lap recruits DNA glycosylase OGG1,
which, combined with APE1/2, produces a SSB that activates
PARP1 during BER (15). OGGL1 recognizes the oxidized lesion,
cleaves at the 3’ end, and removes the lesion, in a reaction
that is catalyzed by ATP (38). It has been shown that silencing
OGGI1 prevents 8-0xoG recognition and increases the overall
amount of 8-0x0G incorporated into DNA (32). This prevents
PARPI1 hyperactivation, thus abrogating NADT/ATP loss and
p-lap-mediated lethality (15). This is an important finding
and a potential route of resistance in the clinic to NQO1-
bioactivatable drugs.

Silencing the key BER protein, XRCC1, synergizes with
NQO1-bioactivatable drugs in PDAC cell lines, further indicating
that BER inactivation plays a critical role in p-lap toxicity (15).
XRCC1 is a scaffolding protein required for clearing oxidized
bases (39). PARylated-PARP1 bound to SSBs recruits XRCC1
through the BRCT 1 domain and forms a complex consisting
of XRCC1 (40), DNA pol p (41), DNA Ligase IIla (42), and
APEI1 (43). Without XRCC1, DNA base lesions and SSBs cannot
be repaired. In addition to mediating synthetic lethality, XRCC1
knockdown also depletes NAD™ levels at a higher rate than
with B-lap alone (15). XRCC1 knockdown is currently known
to be embryonic lethal and essential for mouse development
(44). NQO1-bioactivatable drug synergy with BER deficiencies in
PDAC cells indicates a potential for these drugs to be beneficial in
targeting pancreatic cancer.

Silencing OGG1 spared p-lap-mediated lethality in PDAC,
compared with XRCCI1 knockdown (15). It is thought that
knockdown of OGG1 glycosylase protects PDAC cells from death
because BER is not activated if the scanning glycosylase is non-
functional. This suggests an important role for different proteins
in BER with regard to solid tumors. Alteration of expression or
mutation of different proteins in the BER pathway can either
sensitize or protect cancer cells from NQO1-bioactivatable drug-
mediated lethality.

Methoxyamine is an AP site modifier (Figure 2) used
to sensitize temozolomide-resistant glioblastoma (45) and
ovarian cancer (46). MeOX modification of AP sites prevents
their degradation, thus mitigating sodium hydroxide-mediated
hydrolysis of the DNA backbone, preventing AP site cleavage,
blocking AP endonuclease action, and preventing BER, resulting
in cell death (47). MeOX synergizes with B-lap, increasing the
number and persistence of AP sites, PARylation, and DSBs in
PDAC. This is specific to B-lap, as co-treatment with NQO1-
inhibitor dicoumarol abrogates AP site formation. B-lap and
MeOX were also shown to synergize and ultimately reduce tumor
volume in 33% of PDAC murine xenografts (15).

- ]
Methoxyamine (MeOX)
8oxo-dG o
APE1) \ W CHs
AP Site AP Site
Short/Long Patch BER
with PARP1 assistance Replication -

mmmmm \

DNA Repair and Cell Survival Apoptosis

Induced DSBs

FIGURE 2 | Methoxyamine permanently modifies AP sites and prevents their
repair by BER. Reactive oxygen species (ROS) modify guanine bases in DNA,
which are recognized and cut by type I DNA glycosylase, OGG1, creating an
AP site. Due to OGG1 activity as a type Il glycosylase, OGG1 is capable of
cleaving the AP site directly. However, under normal circumstances,
APE1/APE2 come in and cut, cleaving the AP site, which is repaired either
through short patch or long patch BER via PARP1 and XRCC1 scaffold
protein that recruit appropriate proteins (i.e., Pol B) necessary for repair.
APE1/APE2 both provide proofreading for pol-g to prevent errors in repair
(87). APE1 provides most of the endonuclease activity compared with APE2,
which provides some endonuclease activity and a large amount of
exonuclease activity (36). Methoxyamine permanently modifies the AP site
preventing PARP1 and other necessary proteins from accessing and fixing

SSBs. These SSBs are converted to DSBs and result in cell death.

DOUBLE-STRAND BREAK AND BER
PLAY A CRITICAL ROLE IN TUMOR
RESPONSE TO IR

Ionizing radiation is one of the most common and effective
methods for treating solid tumors in cancer patients. IR damages
DNA directly by causing ionization in DNA itself or indirectly by
ionizing the surrounding water resulting in aqueous free radicals
that can react with DNA. Inducing significant DNA damage by IR
over several treatments results in cancer cell death; however, there
are significant drawbacks to this approach, including limitations
on the number of IR dose a person can receive in a lifetime, costs,
the need for special diets, and serious side effects arising from
healthy tissue damage (48). IR produces 1000 SSBs, 40 DSBs,
700 altered thymine bases, 700 8-0x0oG base alterations, and 150
DNA-protein cross-links per gray (Gy) (49, 50). The resistance of
cancer cells is considered to be determined by the efficacy of DSB
repair (51, 52).

Ionizing radiation-induced DSBs activate DSB repair via
NHE] and HR (Figure 3A). NHE] occurs in all phases of the cell
cycle (53), which is a quick and easy way to fix massive levels of
dsDNA breaks, and is utilized for V(D)] recombination for the
human immune system (52). During this process, Ku70 and Ku80
heterodimers bind the end of the double-stranded DNA breaks
and form a complex to protect and recruit DNA-PKcs (54) to
the site of the damage. XRCC4 binds to the Ku dimers through
Ku70 mediating the attachment of other proteins necessary to fix
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FIGURE 4 | Proposed mechanism of IR and B-lap radiosensitization. NSCLC
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presence of NQO1, B-lap causes ROS-induced oxidative base DNA damage,
which eventually leads to the formation of SSBs that activate PARP1. IR
induces massive SSBs through contact with DNA and oxidized bases due to
water radiolysis that require PARP1 and BER to resolve. This combination
therapy pushes cumulative amount of DNA damage high enough that
overwhelms and hyperactivates PARP1 during DNA damage response and
repair, leading to programmed necrosis. Thus, NQO1 may be used as a
predictive biomarker for selective targeting of NQO1-overexpressing cancers
with low-dose IR in combination with NQO1-bioactivatable agents as
radiosensitizers.

the damage (e.g., PNKP, APLE, and XLF) (55). Artemis trims the
complex ends (56) of the DSBs for efficient ligation of DNA ends
by DNA Ligase IV/XRCC4 complex (Figure 3A) (57) to complete
the repair of DSB.

Homologous recombination occurs specifically in the S/G2
phase of the cell cycle and uses the sister chromatid as a template

to complete repair of DSBs. HR is known as an error-free repair
and minimizes the chances of mutations of functional genes
(58). After IR creates a DSB, the MRN complex (Mrell-Rad50-
Nbs1) will bind to the ends of the breaks and recruits the CtIP
complex exonuclease to create free ends that can be modified
(59). Single-stranded DNA-binding protein (hSSB1) and RPA
bind the free single-stranded DNA after resection to prevent the
degradation, improper hybridization, or combination of DNA
ends (60). These proteins then bind to BRCA scaffold proteins
(44) that load Rad51 proteins, which are responsible for creating
a Holliday Junction to align homologous sequences with the sister
chromatid strand (Figure 3A) (61). Rad51 is then released from
the RPA complex (62); DNA is synthesized and then ligated by
DNA Ligase I (63). Up-regulation of HR or NHE] can lead to IR
resistance and neoplastic growth.

A significant portion of DNA lesions created by IR is through
a water-mediated radiolysis reaction (64). Radiolysis of water
causes significant ROS production including extremely reactive
hydroxyl (eOH) radicals close to DNA resulting in damage that
is primarily repaired by BER (Figure 3B) (65). BER may result
in DSBs being formed by replication through lesions. If multiple
oxidized lesions are within 3 base pairs of each other and BER
enzymes cut these lesions out, this will result in the formation of
DSBs (65). In addition, mutations in bacterial BER proteins have
been known to confer resistance to IR up to 250 Gy, suggesting
that BER is necessary for sensitization of IR (65).

SUBLETHAL DOSES OF g-LAP
RADIOSENSITIZE NSCLC CELLS TO
LOW-DOSE RADIATION THERAPY

In A549 and H1650 NSCLC cell lines, a sublethal dose of B-lap
causes significant sensitization to low-dose radiation therapy,
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leading to a remarkable increase in cell death. Monotherapy with
sublethal B-lap induces minimal DSBs, and low-dose radiation
monotherapy induces characteristic increase in DSBs followed
by efficient repair (18). Combination therapy with low doses
of B-lap and radiation therapy, however, promotes rapid and
sustained 53BP1 and gamma-H2AX foci formation that is
consistent with DSB formation and compromised DSB repair
(18). In NQO1+ NSCLC luciferase murine models, p-lap and
IR combination therapy reduces tumor volume and increases
survival up to 70% in comparison with either agents alone.
Tumor tissues from mice treated with IR and B-lap demonstrated
enhanced PAR and gamma-H2AX (pS139-H2AX, surrogate
marker for DSBs) level compared with monotherapy, as well as
decreased NAD™ and ATP levels (18). Normal tissues, which
generally overexpress catalase and lack NQO1, were unaffected
by co-treatment. The BER pathway may play a crucial role in
this sensitization since B-lap treatment engages BER and PARP
hyperactivation, and IR also activates BER. Mechanistically, we
hypothesize that the combination of IR and f-lap treatment
creates cumulative clusters of oxidative DNA damage and SSBs
that result in severe PARP1 hyperactivation (inactive form of
PARP1), which compromises BER and SSB repair. SSBs that are
unrepaired are eventually converted to lethal unrepaired DSBs
due to the lack of NAD™ and ATP molecules available to activate
the efficient repair of SSBs and DSBs (Figure 4). Since most solid
tumors overexpress NQO1, combining low-dose radiation with
a sublethal concentration of p-lap may enhance tumor-selective
and targeted killing and improve patient safety by lowering
the overall doses of both agents. Using NQO1 as a predictive
biomarker, this combination treatment strategy may reduce the
impact of treatment on a patient’s lifetime exposure to IR, may cut
the costs associated with cancer treatment, and potentially reduce
the amount of time needed for therapeutic response.

OUTLOOK/FUTURE

Further work is required to fully determine the critical role of
BER in IR and B-lap combination therapy. We have previously
shown that loss of specific BER factors potentiates the lethality
of an NQO1-bioactivatable agent, B-lap, selectively in NQO1-
overexpressing solid tumors. In fact, inhibition of PARP1—a
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Host CD39 Deficiency Affects
Radiation-Induced Tumor Growth
Delay and Aggravates
Radiation-Induced Normal Tissue
Toxicity

Alina V. Meyer’, Diana Klein', Simone de Leve', Klaudia Szymonowicz’,
Martin Stuschke?, Simon C. Robson?, Verena Jendrossek' and Florian Wirsdérfer ™

" Medical School, Institute of Cell Biology (Cancer Research), University of Duisburg-Essen, Essen, Germany, ? Department of
Radiotherapy, University Hospital Essen, Essen, Germany, 3 Departments of Mediicine and Anesthesia, Beth Israel Deaconess
Mediical Center, Harvard Medical School, Harvard University, Boston, MA, United States

The ectonucleoside triphosphate diphosphohydrolase (CD39)/5" ectonuclotidase
(CD73)-dependent purinergic pathway emerges as promising cancer target. Yet,
except for own previous work revealing a pathogenic role of CD73 and adenosine in
radiation-induced lung fibrosis, the role of purinergic signaling for radiotherapy outcome
remained elusive. Here we used C57BL/6 wild-type (WT), CD39 knockout (CD39~/-),
and CD73 knockout (CD73~/~) mice and hind-leg tumors of syngeneic murine Lewis
lung carcinoma cells (LLC1) to elucidate how host purinergic signaling shapes the growth
of LLC1 tumors to a single high-dose irradiation with 10 Gy in vivo. In complementary
in vitro experiments, we examined the radiation response of LLC1 cells in combination
with exogenously added ATP or adenosine, the proinflammatory and anti-inflammatory
arms of purinergic signaling. Finally, we analyzed the impact of genetic loss of CD39 on
pathophysiologic lung changes associated with lung fibrosis induced by a single-dose
whole-thorax irradiation (WTI) with 15 Gy. Loss of CD73 in the tumor host did neither
significantly affect tumor growth nor the radiation response of the CD39/CD73-negative
LLC1 tumors. In contrast, LLC1 tumors exhibited a tendency to grow faster in CD39~/~
mice compared to WT mice. Even more important, tumors grown in the CD39-deficient
background displayed a significantly reduced tumor growth delay upon irradiation when
compared to irradiated tumors grown on WT mice. CD39 deficiency caused only subtle
differences in the immune compartment of irradiated LLC1 tumors compared to WT mice.
Instead, we could associate the tumor growth and radioresistance-promoting effects of
host CD39 deficiency to alterations in the tumor endothelial compartment. Importantly,
genetic deficiency of CD39 also augmented the expression level of fibrosis-associated
osteopontin in irradiated normal lungs and exacerbated radiation-induced lung fibrosis
at 25 weeks after irradiation. We conclude that genetic loss of host CD39 alters the
tumor microenvironment, particularly the tumor microvasculature, and thereby promotes
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growth and radioresistance of murine LLC1 tumors. In the normal tissue loss of host,
CD39 exacerbates radiation-induced adverse late effects. The suggested beneficial roles
of host CD39 on the therapeutic ratio of radiotherapy suggest that therapeutic strategies
targeting CD39 in combination with radiotherapy have to be considered with caution.

Keywords: ionizing radiation, purinergic signaling, CD73, cancer, ATP

INTRODUCTION

Radiotherapy (RT) alone or in combination with surgery and
chemotherapy is a central component of curative or palliative
treatment for many cancer patients. For example, patients
suffering from advanced non-small cell lung cancer (NSCLC)
receive standard treatment with fractionated RT to the thoracic
region or concurrent platinum-based radiochemotherapy (RCT),
yielding local control rates of 40-66% (1-3). Yet, intratumoral
heterogeneity and high intrinsic or acquired radioresistance
can lead to relapse, whereas a pronounced radiosensitivity
of coirradiated normal lung tissue causes adverse effects in
sensitive patients, thereby limiting the application of curative
RT doses and therapy intensification efforts of RT or RCT
(3, 4). Instead tolerable radiation doses are often linked to
suboptimal tumor control, despite accepting side effects that
decrease quality of life (2, 3, 5). Current efforts to improve RT
outcome therefore aim at combining highly conformal RT with
molecularly tailored treatments to increase efficacy of tumor cell
killing or reduce adverse effects to normal tissues, respectively.
Based on exciting findings about RT-induced support of local
and systemic antitumor immunity particularly in combination
with immunotherapy (6-11), further clinical trials evaluate the
use of combining RT or RCT with immune checkpoint inhibitors
(ICIs); yet despite encouraging results and durable responses
obtained, for example, in NSCLC patients, only a fraction
of patients respond to multimodal therapies with RCT and
inhibitors of the PD-1/PD-L1 immune checkpoint, or patients
develop resistance (12, 13). Because RT-induced immune effects
can also contribute to radiation-induced adverse effects (14—
16), sensitive patients may even suffer from more pronounced
radiotoxicity or fear new immune-related adverse effects upon
such multimodal combinatorial treatments (13, 17-19). A better
understanding of the mechanisms underlying resistance to
RT/ICI and of immune-associated adverse effects is required for
the design of effective combinatorial treatments that are suited
to overcome these limitations. For improving the therapeutic
gain of RT, such combinatorial treatments will ideally sensitize
the tumor cells only, or at least more substantially than the
coirradiated normal tissues or prevent or reduce acute and late
toxicities to normal tissues without protecting the tumor.
Herein, the purinergic pathway emerges as promising
immune checkpoint for improving antitumor immune responses
and the efficacy of immunotherapy in cancer patients, including
lung cancer (20-24). The canonical adenosinergic pathway
is an evolutionary conserved signaling system that converts
extracellular proinflammatory ATP, a potent danger signal, into
immunosuppressive adenosine (Ado) through the concerted

action of ectonucleoside triphosphate diphosphohydrolase
(CD39) and ecto-5"-nucleotidase (CD73), thus functioning as an
“immune checkpoint” (25). CD39 and CD73 are expressed by
immunosuppressive immune cell types, particularly regulatory
T cells (Tregs) and regulatory B cells and mesenchymal stem
cells, and are important to their immunosuppressive actions
(25-27). Furthermore, CD39 and CD73 are expressed on
other immune cells, for example, neutrophils, monocytes,
macrophages, and dendritic cells, as well as on human alveolar
and bronchial epithelial cells, fibroblasts and the vascular
endothelium, and contribute in regulating their phenotypes
(28, 29) and functions in various physiological processes with
potential pathophysiological function, e.g., angiogenesis and
vasculogenesis, barrier function, leukocyte transmigration,
wound healing, and potentially cell death (30-32). Intriguingly,
solid human tumors coopt the physiological functions of
CD39 and CD73 to support tumor growth-promoting
neovascularization, tumor metastasis, and tumor immune
escape by various mechanisms (25, 33-38). In fact, CD39 and
CD73 are expressed on various tumor cells supporting high
extracellular Ado levels in the adverse microenvironment of
solid tumors, particularly in the context of hypoxia (39). CD39
is overexpressed in lung cancer, and inhibition of CD39 on
tumor cells alleviated their immunosuppressive activity (40).
Furthermore, CD39 expression identified exhaustion of tumor-
infiltrating CD8" T cells in tumor regions of the lung (41).
CD?73 is also expressed on lung cancer cells, as well as on tumor-
promoting mesenchymal stromal cells and myeloid-derived
suppressor cells in tumor tissue from NSCLC patients, and has
been identified as a prognostic factor for poor overall survival
and recurrence-free NSCLC survival (42-44).

Thus, modulating CD39, CD73, and/or Ado in the tumor
microenvironment (TME) is considered as attractive novel
therapeutic strategy to limit tumor progression and improve
antitumor immune responses (20, 45-47). Although up-
regulation of CD39 and CD73 in circulating immune cells
of cancer patients upon RCT has been reported (48), the
role of the CD39/CD73 immune checkpoint for the tumor
response to RT has not yet been investigated in detail. We
hypothesized that activation of purinergic signaling may not only
contribute to an immunosuppressive environment in NSCLC
patients but also dampen RT-induced antitumor immune
responses. Even more important, own previous work on the
pathogenic role of CD73 in radiation-induced lung fibrosis in
mice (49, 50) suggests that pharmacologic strategies inhibiting
CD73-dependent accumulation of Ado might be suited to
improve the therapeutic ratio of RT by influencing both tumor-
promoting and fibrosis-promoting effects of CD73/Ado signaling
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in irradiated tumor and normal tissues. Yet, the role of CD39 in
radiation-induced lung fibrosis had not yet been investigated.

The previously described canonical pathway produces Ado
through the metabolism of ATP toward AMP through the action
of CD39. Among the extracellular nucleotides that can highly
increase and become catabolized under pathologic conditions
is also the extracellular nicotinamide adenine dinucleotide
(NADT) in addition to ATP (51, 52). In this non-canonical
pathway, extracellular NAD" is metabolized into ADP ribose
(ADPR) via the cyclic ADPR hydrolase (CD38). The product
is further converted to AMP via the action of ectonucleotide
pyrophosphatase/phosphodiesterase family member 1 (ENPP1
or CD203a/PC-1) (53-56). Moreover, CD203a is capable to
hydrolyze ATP, NAD™, and ADPR directly to produce AMP, but
CD203a has a (significantly) lower affinity to ATP (57, 58). Both
described adenosinergic pathways are able to produce AMP that
converges to CD73, where it is degraded to Ado. Thus, both
the canonical and non-canonical pathway can exert functions in
pathological settings.

Cancer and fibrosis are both complex multistep processes
that are tightly integrated with deregulated immune defense.
Because various cell types involved in the underlying wound
healing and tissue repair mechanisms respond to both ATP
and Ado (32), we were interested to further elucidate how host
purinergic signaling, especially the canonical pathway, shapes
radiation responses in tumor and normal lung tissues and to shed
light on potential context-dependent actions of the purinergic
signaling under malignant vs. benign conditions. Here, we used
mice with genetic deficiency of CD39 and CD73 to explore the
impact of CD39 and CD73 in the tumor host on radiation-
induced tumor growth delay in the syngeneic LLC1 murine
lung cancer model and the consequences of CD39 deficiency
for radiation-induced lung fibrosis. A better understanding of
the mechanisms underlying the beneficial and adverse effects of
purinergic signaling in tumor and normal tissue responses to
RT will allow us to define rational strategies for exploiting the
CD39/CD73 immune checkpoint to improve RT outcome.

MATERIALS AND METHODS
Cells

The murine Lewis lung carcinoma cell line LLC1 was purchased
from ATCC (Manassas, VA, USA) and was cultured in
Dulbecco modified eagle medium (DMEM) with 10% fetal calf
serum (FCS).

Mice

Eight- to twelve-week-old C57BL/6 [wild-type (WT) controls],
CD39-deficient (CD39~/—% C57BL/6 background) (59) and
CD73-deficient mice (CD737/~; C57BL/6 background; kindly
provided from Dr. Linda F. Thompson, Oklahoma Medical
Research Foundation, Oklahoma City, OK, USA) (30) were
bred and kept under specific pathogen-free conditions in the
Laboratory Animal Facilities of the University Hospital in Essen.
Mixed genders of each mice strain were used. All protocols
were approved by the universities’ animal protection boards
in conjunction with the legal authority (LANUV Diisseldorf)

according to German animal welfare regulations and by the
Committee on the Ethics of Animal Experiments of the
responsible authorities [Landesamt fiir Natur, Umwelt und
Verbraucherschutz (LANUV), Regierungsprésidium Diisseldorf
Az.84-02.04.2015.A518 and 84-02.04.2014.A351].

Thorax Irradiation

Mice were anesthetized with 2% isoflurane, placed in holders and
irradiated either with a single dose of 0 (sham control) or 15 Gy
over their whole thorax [whole-thorax irradiation (WTI)] using
a Cobalt-60 source (Phillips, Hamburg, Germany; 0.5 Gy/min) as
described previously (60). This setup for WTI with the Cobalt-60
source using a single dose of 15 Gy induces a moderate fibrosis in
C57BL/6 mice (49).

Mouse Tumor Model

Mouse syngeneic tumors were generated by subcutaneous
injection of 0.5 x 10° LLCI cells into the hindlimb of mice
(total volume 50 (L) as previously described for prostate cancer
(61, 62). As predefined single-dose irradiation for LLC1 hind-
leg tumors from the literature (63-65), a dose of 10 Gy was
confirmed for the growth retardation of LLCI hind-leg tumors
(set up experiments) and replicated to study potential additional
effects of genetic modification or drug treatment. Animals of each
experimental group received a single subcutaneous injection. For
radiation (tumor volume: ~ 100 mm?), mice were anesthetized
(2% isoflurane), and tumors were exposed to a single dose of
10 Gy % 5% in 5-mm tissue depth (~1.53 Gy/min, 300 kV, filter:
0.5mm Cu, 10mA, focus distance: 60 cm) using a collimated
beam with an XStrahl RS 320 cabinet irradiator (XStrahl Limited,
Camberly, Surrey, Great Britain).

Tissue Preparation for Paraffin Sections
Lungs and tumors were fixed in 4% Paraformaldehyde (PFA)
in phosphate-buffered saline (PBS), pH 7.2, and placed in
embedding cassettes. After dehydration in 70% ethanol,
PFA-fixed tumors were processed using automated standard
procedures and subsequent embedding in paraffin. Six-
micrometer tissue sections were obtained with a Leica microtome
and mounted on coated microscope slides.

Immunohistochemistry and Histology
Paraffin-embedded tissue sections were hydrated using a
descending alcohol series, incubated for 10 min in H,O, and for
10 min in target retrieval solution (95°C) and further incubated
for 30min with blocking solution (2% goat serum/PBS).
Permeabilized sections were incubated with primary antibodies
overnight at 4°C. Antigen was detected with a peroxidase-
conjugated secondary antibody and DAB staining (Dako,
Agilent, Santa Clara, USA). Nuclei were counterstained using
hematoxylin. Tissue sections were stained with hematoxylin and
eosin and Masson Goldner trichrome (Carl Roth, Karlsruhe,
Germany) as previously described (49, 66).

Immunofluorescence

Immunofluorescence staining of paraffin-embedded lung tissue
was performed using the Mouse on Mouse (M.O.M.™)
Immunodetection Kit BASIC (Vector Laboratories) according to
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the manufacturer’s instructions. Tissue sections were incubated
with anti-CD34 (MEC 14.7; Santa Cruz Biotechnology, Dallas,
TX, USA) antibody ON at 4°C. Anti-CD34 was detected using a
secondary anti-mouse Alexa Fluor® 488 antibody (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA). Slides were
further stained with DAPI.

Semiquantitative Analysis of Lung Tissue

Using Orbit Image Analysis

Osteopontin (OPN) and transforming growth factor B (TGF-B)
(R&D Systems, Bio-Techne GmbH, Wiesbaden-Nordenstedt,
Germany) stained lung tissue slides were photographed using a
25-fold magnification, and pictures were analyzed for positively
stained areas in the lung tissue using the Software Orbit
Image Analysis version 2.65 [Idorsia Pharmaceuticals Ltd., (67)].
Positively defined areas were calculated as percentage of the
whole tissue lung section.

Semiquantitative Analysis of the Tumor

Proliferative Activity

DAB quantification of slides stained for proliferation cell nuclear
antigen (PCNA) (GeneTex Inc., Irvine, USA) and counterstained
with hematoxylin was performed by semiquantitative analyses.
Ten random, non-overlapping fields (magnification, x200) of
tumor tissue from each specimen were photographed, and
pictures were automated single cell counted for DAB using
the “Fiji” version of Image] from http://fiji.sc (68). The
following adjustments for automatic counting were used: Color
Deconvolution DAB, threshold 150, particle size 150-6,000,
Circularity 0.14-1.00. From all fields, the mean counts were
averaged to yield the final score for each specimen.

Fibrosis Scoring

Lung sections were stained with hematoxylin and eosin (H&E) or
Masson Goldner trichrome (MT) (Carl Roth) and scored by four
individuals blinded to the genotype and treatment group. Ten
random, non-overlapping fields (magnification, x200) of lung
parenchyma from each specimen were photographed, and lung
fibrosis was scored using a 0-8-point Ashcroft scale (69). The
mean scores for each observer were averaged to yield the final
score for each specimen.

Tumor-Infiltrating Immune Cell
Phenotyping

Tumors were cut into pieces, and the tissue was sequentially
passed with DMEM medium through a 70-pm cell strainer
and subsequently centrifuged by 1,500 rpm for 7 min. Total
tumor cells were then rinsed with an erythrocyte lysis
buffer (containing 0.15M NHyCl, 10mM KHCOj;, and
0.5M EDTA), passed through a 30-pm cell strainer, and
washed with DMEM medium and 10% FCS for subsequent
phenotyping. Isolated cells were stained with fixable viability
dye eFluor780 to identify living cells and anti-mouse CD45
PacificBlue (30-F11) for total leukocytes, respectively. Within
tumor-infiltrating  leukocytes, populations were further
characterized for Ly6C, Ly6G, CDI11b, CDIllc, CD3, CD4,
and CD8. Antibodies were obtained from BD Biosciences

(Heidelberg, Germany), BioLegend (Fell, Germany), or
eBioscience (Frankfurt, Germany). Analyses were performed
on an LSRII using FACS DIVA Software version 8.0.1 (BD
Biosciences, Germany).

Irradiation of Cell Cultures

Radiation with a dose of 0, 5, and 10 Gy was performed using the
ISOVOLT-320 X-ray machine (Seifert-Pantak, East Haven, CT)
at 320 keV, 10 mA, dose rate about 3 Gy/min with a 1.65-mm
aluminum filter, and a distance of about 500 mm to the object
being irradiated (61).

Treatment of Cells

For the flow cytometry analysis of the LLCI cell line, cells
were incubated with ATP used at a final concentration of
1,000 pg/mL and Ado at a final concentration of 2,000 pg/mL
(both purchased from Sigma-Aldrich Chemie GmbH, Steinheim,
Germany). These concentrations were chosen according to
in vitro investigations for determination of the half maximal
inhibitory concentration (ICsg) using the crystal violet assay data
at 72 h after treatment (70).

Flow Cytometry Analysis of Cell Cultures
The mitochondrial membrane potential (AWm) was analyzed
using the AWm-specific dye tetra-methyl-rhodamine ethyl
ester (TMRE; Molecular Probes, Thermo Fisher Scientific,
Grand Island, NY, USA). Cells were stained for 30min
in PBS containing 25nM TMRE. For quantification of
apoptotic DNA fragmentation (sub-G1 population), cells were
incubated for 15-30 min with a staining solution containing
0.1% (wt/vol) sodium citrate, 50 pug/mL Propidium iodide
(PI), and 0.05% (vol/vol) Triton X-100 (vol/vol) (61, 62).
For quantification of expression of surface markers, cell
lines were further fluorochrome-labeled with antibodies
against CD73, CD39, P2X7R (Biolegend), AdoRA1 (Bioss
Antibodies, Woburn, USA), AdoRA2A (Santa Cruz, Heidelberg,
Germany), AdoRA2B (Bioss Antibodies), and AdoRA3
(Abcore, Ramona, USA). The specificity of all antibodies
has been tested using primary murine total lung cells. The
specificity of anti-CD73, anti-CD39, anti-AdoRA2A, and
anti-AdoRA2B had been additionally tested using cells
from the respective knockout mice (CD39, CD73, A2AR,
A2BR) as a control. Cells were subsequently analyzed by flow
cytometry using Cellquest Pro (FACS Calibur; Becton Dickinson,
Heidelberg, Germany).

Real-Time Reverse Transcription

Polymerase Chain Reaction

RNA was isolated using RNeasy Mini Kit (74,106; Qiagen,
Hilden, Germany) according to the manufacturer’s instruction.
Total RNA (1 pg) was used for reverse transcription with
Superscript™-1I reverse transcriptase (Qiagen) using oligo-
dT primers according to the manufacturers instructions;
0.5 pL of obtained cDNA was used for polymerase chain
reaction (PCR) reaction as previously described (71).
Analysis was carried out using the oligonucleotide primers
(bActin_fw  CCAGAGCAAGAGAGGTATCC,  DbActin_bw
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CTGTGGTGGTGAAGCTGTAG; VE-Cad_fw CAG CAC TTC
AGG CAA AAA CA, VE-Cad_bw ATTCGGAAGAATTG
GCCTCT; VEGFR2_fw ATGACAGCCAGACAGACAGT;
VEGFR2_bw GGTGTCTGTGTCATCTGAGT, VCAM_fwAA
GGCAGGCTGTAAAAGAATTG, VCAM_bw ATTCCAGA

ATCTTCCATCCTCA, CD38_fw ACAAGAGAAGAC
TACGCCCCAC, CD38_ bw CACACCACCTGAGATCAT
CAGC, ENPP1_fw AGAACAGGACCACAGTGGGAAG,

ENPP1_bw TAACAGGGGAAAGGGCAAGGAG) as previously
described (72, 73).

Statistics

Statistical analyses were performed using Prism 7.0e (GraphPad,
LaJolla, CA, USA). Student two-tailed unpaired ¢-tests were used
to compare differences between two groups. One-way analysis
of variance (ANOVA) followed by Tukey multiple comparison
tests were used to compare more than two groups. Two-way
ANOVA with post hoc Tukey, Bonferroni, or Newman-Keuls
multiple comparison tests were used to compare groups split
on two independent variables. Statistical significance was set
at P < 0.05.

RESULTS

Loss of Host CD39 Abrogates
Radiation-Induced Tumor Growth Delay,

Whereas Loss of CD73 Had No Effect

First, we aimed to explore the role of CD39 and CD73 in
the tumor host for tumor growth and response to therapeutic
irradiation using Lewis lung carcinoma (LLC1) cells, a syngeneic
C57BL/6 tumor model. LLCI tumor cells were subcutaneously
implanted onto the hind-leg of C57BL/6 WT mice, CD39-
deficient mice (CD39~/7), or CD73-deficient mice (CD73~/7)
(Figures 1, 2). When the tumors reached a volume of 50-
100 mm? (after 5-7 days), tumors of each mouse strain were
irradiated with 0 Gy (sham control) or 10 Gy, and tumor growth
was followed up until tumors reached a critical size of 1,000 mm?
(Figure 1A).

Characterization of purinergic signaling in the tumor cells
revealed that LLC1 cells uncovered a CD39 gene expression
that was not altered by irradiation (data not shown), but
cell surface staining revealed that the LLCI cells did neither
express CD39, CD73, nor the ATP receptor P2X7R (Figure 1B),
nor did irradiation with 5 or 10 Gy induce an expression of
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LLC1 s.c. Tumor manifestation End: (Tumor volume ~1000 mm3):
hindleg 50mm3 Tumor dissection
C57BL/6 (WT) ' Day0 Day 6-8 Day 20
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FIGURE 1 | LLC1 murine lung cancer cells are deficient for CD39, CD73, and P2X7 but express the four Ado receptors. For in vivo experiments mouse syngeneic
tumors were generated by subcutaneous injection of 0.5 x 108 LLC1 cells into the hindlimb of C57BL/6 (WT), CD73~/~, and CD39~/~ mice. On days 6-8 after tumor
manifestation, tumors were irradiated with 0 Gy (sham) or 10 Gy. Tumors were dissected at day 20 or when the tumor volume reached 1,000 mmg. (A) Schematic
depiction of the experimental setup. (B,C) LLC1 cells were stained against (B) CD39, CD73, P2X7R; FMO = fluorescence minus one) or (C) AdoR- A1, A2A, A2B,
and A3 and were further analyzed by flow cytometry (data show means + SD; *P < 0.05, **P < 0.01 by one-way ANOVA followed by post hoc Newman-Keuls test).
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FIGURE 2 | Host CD39 deficiency accelerates LLC1 tumor growth and reduces radiation-induced tumor growth delay. LLC1 tumor cells (0.5 x 108 cells each) were
subcutaneously transplanted onto the hindlimb of C57BL/6 wild-type (circles) CD73-knockout [knockout (~/~), triangles] and CD39~/~ (diamonds) mice. Hind-leg
single-dose irradiation with O or 10 Gy was conducted at the timepoint of tumor manifestation (~100 mm?®). LLC1 tumor volume in mm? in respective experimental
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these markers (data not shown). However, LLC1 cells expressed
all four AdoR, namely, AdoRA1, AdoRA2A, AdoRA2B, and
AdoRA3, and except AdoRA2B, the expression levels of
the AdoR further increased upon irradiation (Figure 1C and
Supplementary Figure 1). Thus, the LLC1 cells were an optimal
tool to investigate the role of CD39 and CD73 in the tumor-host
on tumor growth and RT response.

No differences in growth were detected between tumors
growing on the unirradiated C57BL/6 and CD737/~ mice
between the day of irradiation and the end of the experiment
(Figures 2A,B). As expected, exposure to a single dose of 10 Gy
induced a significant growth delay of the LLC1 tumors in the
irradiated C57BL/6, as well as in the irradiated CD73~/~ mice,
compared to their unirradiated controls resulting in a difference
in tumor volume of 180.2 + 47.75 mm? in WT and 210.2 & 47.63
mm? in CD73~/~ mice at day 9 after irradiation (Figures 2A,B).
Although there was a trend for a slight increase in growth
retardation of irradiated LLC1 tumors grown on CD73-deficient

background compared to WT mice, the differences in radiation-
induced tumor growth delay between the LLC1 tumors grown
in the C57BL/6 and CD73™/~ mice did not reach statistical
significance (Figures 2A,B).

In contrast, tumors tended to grow faster on the CD39-
deficient mice than on WT mice (Figure 2C). The follow-up of
the tumor growth demonstrated that without irradiation tumors
grown on CD397/~ mice reached a certain tumor volume at an
earlier time point than tumors grown on WT mice, yielding a
significant difference of ~200 mm? between WT and CD39~/~
mice at day 12 (Figure 2C). Exposure of the LLCI tumors to a
single irradiation with 10 Gy significantly delayed LLC1 tumor
growth in both backgrounds (Figures 2C,D). Herein, average
differences in tumor volumes of ~200 + 100 mm?> between
irradiated tumors and sham controls were obtained at days 8-
12 in tumors grown on WT mice and were thus comparable
to the growth delay values obtained in the experiments with
WT and CD73~/~ mice described above (Figures 2A,B). In
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contrast, irradiated tumors grown on CD39~/~ mice showed a
significantly reduced growth delay in comparison to the values
observed in irradiated tumors from WT mice (Figures 2C,D).
The time until the tumors reached a 6-fold volume upon
irradiation was significantly shorter (by 2 days) for tumors
growing on CD397/~ mice compared to irradiated tumors on
WT mice, indicating a radioresistance promoting effect of CD39
deficiency in the tumor host (Figure 2D). These differences were
not due to differences in tumor volume at the time of irradiation
(data not shown).

ATP and Ado have been described to impact the survival of
cancer cells (74-76). In complementary in vitro investigations,
we therefore aimed to explore if high ATP or Ado levels would
impact cancer cell survival. Therefore, we determined the effects
of exogenously added extracellular ATP and Ado in combination
with irradiation on short-term cell survival (Figure3). In
untreated cells, irradiation induced a dose-dependent increase in
cells with low mitochondrial potential (Figure 3A), in the sub-
G1 population (Figure 3B), and in PI-positive cells (Figure 3C)
48 h after irradiation, which is indicative for the induction of
apoptosis and total cell death, respectively. Similar results were
obtained when ATP was added to the culture medium 1h
before irradiation up to a concentration of 1 mg/mL. Despite
a trend to single-drug toxicity of exogenously added ATP on
LLC1 cells, high ATP levels in the culture medium did not
alter the toxic effects of irradiation with 5 or 10 Gy in these
cells (Figures 3A-C). In contrast, very high extracellular Ado
concentrations (2 mg/mL) were highly toxic to the LLC1 cells, as
indicated by the significant increase in the fraction of LLCI cells
with a low mitochondrial potential, in the sub-G1 population,
and of PI-positive cells (Figures 3A-C). Yet, neither a further
increase in toxicity nor a protective effect of high Ado levels in
the culture medium was observed in LLC1 cells in combination
with irradiation (Figures 3A-C).

CD39 Deficiency in the Tumor Host Did Not
Significantly Alter Radiation-Induced

Tumor Immune Responses
As ATP and Ado are well-known potent immunomodulators,
we next investigated a potential contribution of differences in

infiltrating immune cells within LLC1 tumors to the observed
effects by quantification and phenotypic characterization of
immune cell subsets using flow cytometry. To study an initial
irradiation-induced immune infiltration, tumors were harvested
3 days after irradiation with 0Gy (sham controls) or 10 Gy
and subjected to immune cell analysis (Figure 4). Irradiation of
LLC1 tumors grown on WT mice induced a significant increase
in the percentage of CD45" leukocytes in the tumor tissue at
3 days after irradiation (Figure 4A). In contrast to WT mice,
unirradiated LLC1 tumors grown on CD39~/~ or CD737/~
mice already had higher percentages of CD45" leukocytes.
While exposure to a single dose with 10 Gy did not significantly
increase the number of CD45" leukocytes in LLC1 tumors grown
on CD397/~ mice, there was a significantly higher leukocyte
number detected in irradiated tumors growing on CD73~/~ mice
compared to tumors grown on WT mice (Figure 4A).
Furthermore, no significant differences were detected for
different immune cell subsets, in unirradiated LLC1 tumors
growing on either WT, CD39~/~, or CD73~/~ mice, including
neutrophils, monocytic cells, dendritic cells, and cytotoxic T
lymphocytes (Figures 4B-F). Moreover, exposure to irradiation
did not increase the infiltration either of CD11b™ myeloid
cells (Figure4B) or of CD11cM dendritic cells (Figure 4C)
into LLC1 tumors at day 3 after irradiation in the three
different mouse strains. In contrast, a significant increase in
the percentage of infiltrating Ly6G~ Ly6Ct monocytic cells
and a significant decrease in the percentage of Ly6G*T Ly6C™
neutrophils among tumor-infiltrating CD45" immune cells
were detected in irradiated tumors from WT and CD737/~
mice (Figures 4D,E). Instead, radiation-induced changes in the
myeloid compartment of tumors grown on CD397/~ mice
were not statistically significant (Figures 4D,E). Interestingly,
exposure of LLC1 tumors to a single dose of 10 Gy induced
a significantly increased percentage of CD8" cytotoxic T cells
in tumors grown on CD73~/~ mice (Figure 4F), whereas no
difference in the percentage of cytotoxic T cells was observed in
irradiated tumors grown on WT and CD39~/~ mice (Figure 4F).
Taken together, irradiation of LLCI tumors with a single
dose of 10 Gy induced a significant increase in immune cell
infiltration when grown on WT (monocytic cells) and CD73~/~
mice (monocytic cells, CD8% T cells) but not when grown
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FIGURE 3 | Effects of extracellular ATP and Ado on LLC1 tumor cells in vitro. LLC1 cells were incubated with ATP (2 mg/mL) or Ado (1 mg/mL) 1 h prior to 0-, 5-, or
10-Gy irradiation. Forty-eight hours later, cells were stained with TMRE or Pl and further analyzed with flow cytometry to investigate the (A) mitochondrial potential
(Awm), (B) the sub-G1 fraction (apoptosis), and (C) Pl-positive cells (cell death). Data show means + SEM; *P < 0.05, **P < 0.01, **P < 0.001 by two-way ANOVA
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FIGURE 4 | (A-F) Host CD39 deficiency causes only subtle changes in radiation-induced tumor immune cell infiltration. LLC1 tumor cells (0.5 x 108 cells each) were
subcutaneously transplanted onto the hindlimb of C57BL/6 wild-type (white/black) CD73-knockout (CD73~/~; green, triangles) and CD39-knockout mice (CD39~/~;
orange circles) mice. Hind-leg single-dose irradiation with 0 or 10 Gy was conducted at the timepoint of tumor manifestation. Three days after irradiation, tumors were
dissected, and single-cell suspensions were generated. Tumor-infiltrating leukocytes were analyzed via flow cytometry. Shown in bar diagrams are the percentages of
diverse immune cell populations. Shown are means + SEM, *P < 0.05, **P < 0.01, **P < 0.001, analyzed by one-way ANOVA followed by a post hoc Tukey test,
n = (13/14) (C57BL/6), (9/9) (CD73~/7), (10/9) (CD39~/~).

on CD397/~ mice. However, because the basal infiltration
of CD45% immune cells was significantly higher when LLC1
tumors grew on CD397/~ mice when compared to WT
mice, we assumed that the subtle differences in the observed
immunological parameters upon irradiation might have potential
tumor promoting effects, because infiltrating myeloid cells are the
majority of immune cells.

To elucidate if the non-canonical adenosinergic pathway
might have an impact on a radiation-induced tumor response and
immunomodulation, we analyzed the expression of CD38 and
CD203a/PC-1 in LLCI tumors grown on WT, CD397/~,
and CD737/~ mice. As shown in Supplementary Figure 2A,

quantitative reverse transcriptase (QRT)-PCR analysis revealed
a CD38 mRNA expression in LLCI cells that further increased
after irradiation. However, we could not detect any CD203a
mRNA expression in LLCI cells before and after irradiation.
We further performed IHC staining from paraffin-embedded
tumor tissue sections from LLCI hind-leg tumors grown on WT
mice for CD38 and CD203a protein expression. Surprisingly as
shown in Supplementary Figure 2B, LLC1 tumors itself did not
express CD38 or CD203a protein, nor were there any obvious
CD38/CD203a positive immune or stroma cells. Moreover,
irradiation did not alter the expression, nor did the different
tumor hosts (WT, CD39~/~, and CD73~/~) have an effect on
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the expression of both receptors (data not shown). Our anti-
CD38 staining from the liver tissue as positive control revealed
the specificity of this antibody (Supplementary Figure 2B, right
panel). Identical results were obtained from LLC1 tumors
grown on CD39~/~ and CD73~/~ mice (data not shown).
Nevertheless, because our data clearly demonstrate that CD203a
is not expressed on gene and protein level, we hypothesize that
independent of a potential CD38 expression, the adenosinergic
non-canonical pathway cannot function in the tumor to produce
AMP to fuel CD73.

Host CD39 Deficiency Caused a Reduced
Regressive Phenotype of Irradiated Tumors

Because CD39 is also important to the function of stromal cells,
e.g., fibroblasts, mesenchymal stem cells, and vascular cells, we
aimed to explore a potential contribution of an altered function of
stromal cells in CD39~/~ mice to the observed differences in the
radiation response of tumors grown CD39~/~ mice vs. WT and

CD73~/~ mice. Therefore, we performed a detailed histological
analysis of the respective tumor sections using H&E and MT
staining (Figure 5).

All control (0 Gy) tumors isolated from the different mouse
strains were generally characterized by a densely packed epithelial
cell structure, and no obvious histological differences could
be detected between tumors grown on WT, CD737/~, or
CD39~/~ mice (Figure 5A, upper panels). As expected, exposure
to ionizing radiation (IR) induced regressive tissue alterations,
as visualized by the reduced packaging of tumor cells, increased
areas of necrosis and of connective tissue structures, and
an altered morphology of the cell nuclei (violet staining),
respectively (Figure 5A, lower panels). Of note, while tumors
from WT mice and CD737~/~ mice seemed to be similarly
affected following IR, less regression and thus more remaining
tumor cells became visible in tumors grown on CD39~/~
background, indicating a reduced degree of tissue damage
(Figure 5A, right panel). Additional Masson trichrome (MT)

FIGURE 5 | Host CD39 deficiency causes a reduced regressive phenotype of irradiated tumors. LC1 tumor cells (0.5 x 108 cells each) were subcutaneously
transplanted onto the hindlimb of C57BL/6 wild-type and CD39- and CD73-deficient [knockout (~/~)] mice. Hind-leg single-dose irradiation with 0 or 10 Gy was
conducted at the timepoint of tumor manifestation. Mice were sacrificed at the timepoint of maximal tumor volume (1,000 mm?). (A) Hematoxylin-eosin (H&E) or (B)
Masson Goldner trichrome (MT) staining of paraffin-embedded LLC1 tumor tissue, scale bar 100 um. Magnified pictures (400-fold) highlight special structures.

n = 15/17 (C57BL/6), 17/13 (CD39~/~), 7/13 (CD73~/~). Asterisks and open arrows indicate areas of a higher degree of epithelial structures (orange colored).
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staining confirmed a higher degree of epithelial structures
(orange colored) in tumors of CD39~/~ mice, which might
be indicative for an altered tumor cell proliferation state
(Figure 5B).

So far, our data revealed that LLC1 grown on a CD39-
deficient mouse grew faster and were less sensitive to the growth-
limiting effects of RT. For further histological evaluation of the
tumor tissue sections, and to specify if LLC1 tumors grown on
CD397/~ mice have altered levels viable tumor cells and necrosis
after irradiation, we investigated the proliferative activity in the
tumors by immunohistological staining of the PCNA (Figure 6).
In the respective unirradiated conditions (Figure 6A, upper
panel), proliferating cells were found in all tumors independent
of the mouse strain. Even in irradiated tumors (10-14 days after
irradiation), strong PCNA immunoreactivities were detected
in tumors isolated from all three mouse strains (Figure 6A,

lower panel). Quantification of the PCNA™ tumor cells using
an automatic DAB-positive (brown) cell counting procedure
(semiquantitative analysis) revealed that in unirradiated tumors
grown on CD737/~ and CD39~/~ mice, significantly more
PCNA™ cells were present than in tumors grown on WT mice
(Figure 6B). Even more important, tumors grown on CD39~/~
mice had significantly more PCNA™ cells than tumors grown
on WT mice and showed no impairment in their proliferative
activity after a single high-dose irradiation with 10 Gy. In line
with the results obtained from the histological analyses, our
findings indicate that irradiation causes less tissue damage and
necrosis in tumors grown on CD39~/~ mice when compared to
tumors grown on WT or CD73-deficient mice. Thus, the loss of
CD39 in the tumor host did not result in more pronounced tissue
damage and inflammation upon a single high-dose irradiation
with 10 Gy but instead in a more pronounced proliferation.
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FIGURE 6 | LLC1 tumor grown on CD39~/~ mice are not impaired in their proliferative activity after irradiation. LLC1 tumor cells (0.5 x 10° cells each) were
subcutaneously transplanted onto the hindlimb of C57BL/6 wild-type and CD39- and CD73-deficient [knockout (~/~)] mice. Hind-leg single-dose irradiation with O or
10 Gy was conducted at the timepoint of tumor manifestation. Mice were sacrificed at the timepoint of maximal tumor volume (1,000 mm®). IHC staining of
proliferation cell nuclear antigen (PCNA) of paraffin-embedded LLC1 tumor tissue, magnification 200-fold, scale bar 100 um (A). Shown in bar diagrams are the
absolute numbers of DAB™ cell counts per tissue section (B). Magnified pictures (400-fold) highlight special structures. Shown are means + SEM, **P < 0.01, ***P <
0.0001, analyzed by one-way ANOVA followed by a post hoc Tukey test n = 15/17 (C57BL/6), n = 17/13 (CD39~/~), n = 7/13 (CD73~/7).
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FIGURE 7 | LLC1 tumor grown on CD39~/~ mice show an altered microvasculature. LLC1 tumor cells (0.5 x 108 cells each) were subcutaneously transplanted onto
the hindlimb of C57BL/6 wild-type and CD39- and CD73-deficient [knockout (~/~)] mice. Hind-leg single-dose irradiation with 0 or 10 Gy was conducted at the
timepoint of tumor manifestation. Mice were sacrificed at the timepoint of maximal tumor volume (1,000 mm?®). (A) Immune fluorescent staining of CD34 (green) and
DAPI (blue) of paraffin-embedded LLC1 tumor tissue, magnification 200-fold, scale bar 100 wm. 15/17 (C57BL/6), n = 17/13 (CD39~/~), n = 7/13 (CD73~/). (B) RT
gPCR analysis to reveal the relative expression of VE Cad, VegfR2, and VCAM1 to actin. The relative expression is shown in bar diagrams. Shown are means + SEM,
*P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001, analyzed by one-way ANOVA followed by a post hoc Tukey test n = 12/12 (C57BL/6), n = 12/12 (CD39~/), n
=12/12 (CD73~/7).

Enhanced Growth and Resistance to
Radiation-Induced Growth Delay of LLC1
Tumors Grown on CD39-Deficient Hosts
Are Linked to Alterations in the Tumor

Endothelial Compartment

Although not being directly obvious from the histological
evaluation, we had the impression that the vasculature was
altered in tumors growing on CD39-deficient hosts. We therefore
performed immunofluorescence staining of tumor sections using
the angiogenic endothelial cell marker CD34 (Figure 7A). As
shown in Figure 7A (left panels), already unirradiated tumors
grown on CD397/~ mice had more CD34" immunoreactive
structures and increased microvascular densities as compared
to tumors grown on WT or CD737/~ mice. Importantly,
differences in microvascular density were still present after
exposure of the tumors to a single high-dose irradiation with
10Gy (Figure 7A, right panels). To further characterize the
assumed differences in the vascular compartment, a qRT-
PCR was performed using vascular endothelial cadherin (VE-
Cad), the major angiogenic growth factor receptor VegfR2

and vascular cell adhesion protein 1 (VCAMI1) as markers
for tumor vascularization (Figure 7B). Indeed, tumors grown
on CD397/~ mice displayed significantly enhanced expression
levels of VE-Cad, VegfR2, and VCAMI already under control
conditions (0Gy), and these differences persisted also upon
irradiation as indicated by significantly increased levels of all
three vascular markers, in tumors grown on CD39~/~ mice
compared to tumors grown on WT controls (Figure 7B). In
contrast to CD39™/~ mice, tumors grown on CD73~/~ mice
had similar expression level as tumors grown on WT mice. We
could only detect a significantly increased expression of VCAM1
in irradiated tumors grown on CD73™/~ mice compared to
WT animals.

These data strongly suggest that loss of CD39 in the tumor
host and the resulting changes in the TME enhance the
proliferation capacity and growth of LLCI1 tumors, and this
was associated with alterations in the vascular compartment
particularly with an increased microvascular density. The
reduced sensitivity of CD39-deficient microvessels and
the cytotoxic effects of RT observed in the present study
particularly in CD39-/- mice may contribute to the reduced
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radiation-induced tumor growth delay of LLC1 tumors and thus
impact on radiation resistance.

Genetic Deficiency of CD39 Exacerbates

Radiation-Induced Lung Fibrosis

A major challenge for novel strategies to improve RT outcome is
to enhance tumor cell killing while limiting the risk for radiation-
induced adverse effects in highly radiosensitive normal tissues
such as the lung. The suggested dual role of ATP/CD39 in
cancer and fibrosis and the adverse effects of CD39 deficiency

in the tumor host on growth and radiation-response of LLC1
lung tumors prompted us to investigate in addition if genetic
deficiency of CD39 would also alter radiation-induced adverse
effects in normal lung tissue. Therefore, we examined the effects
of a single high-dose WTI (15 Gy) on fibrosis development in
CD39~/~ mice compared to WT mice in our murine model of
RT-induced lung disease (49). A detailed histological analysis
of lungs isolated from CD397/~ mice and respective WT
controls revealed a prominent thickening of alveolar septa,
increased extracellular matrix deposition, and multiple fibrotic
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FIGURE 8 | CD39~/~ mice develop enhanced pulmonary fibrosis 25 weeks after irradiation. C57BL/6 (WT) and CD39~/~ mice received O- or 15-Gy whole-thorax
irradiation (WTI) and were sacrificed at 25 weeks after irradiation. (A) Hematoxylin-eosin (H&E) or (B) Masson Goldner trichrome (MT) stained lung sections at 25
weeks after irradiation. Lung sections were evaluated for fibrosis by using 10 non-overlapping randomized pictures (scale bar = 100 wm) per slide. Ashcroft scoring
was done by three independent observers on slides blinded to the genotype and treatment condition. Magnified pictures (400-fold) highlight special structures.
Asterisks emphasize thickening of alveolar wall structures and arrowheads fibrotic regions. (C) Quantification of fibrosis in WT (n > 7) and CD73~/~ (n = 7) mice,
horizontal lines represent mean values. *P < 0.05, **P < 0.001, *** P < 0.0001 by one-way ANOVA followed by post hoc Newman-Keuls test, n = 9/9/15/15.
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foci, characteristic for fibrosis development in irradiated WT Our previous work revealed that progressive activation
mice as of 25 weeks after WTI (Figures 8A,B). Of note, of CD73 and chronic accumulation of Ado participated in
a more severe fibrosis phenotype was prominent in lung  shaping a profibrotic cross-talk between damaged resident cells,
sections of irradiated CD397/~ mice, as demonstrated by a infiltrating immune cells, and other fibrosis mediators such as
further increase in extracellular matrix deposition and more  OPN, hyaluronic acid, and TGF- (49, 50). To corroborate the
severe fibrotic lesions yielding a significantly higher Ashcroft  induction of fibrosis and gain insight into potential underlying
score (Figure 8C). mechanisms, we additionally analyzed the expression levels of
Because the observed results might not only be evoked by  the profibrotic markers OPN and TGF-B, both known to be
the canonical CD39/CD73/Ado pathway, we again addressed the  associated with fibrosis development, via immunohistochemistry
non-canonical adenosinergic pathway in respective lung sections (49, 77, 78). In line with the above observations, WTT induced
by using immunohistochemistry in combination with CD38 and  clearly higher levels of OPN in the lungs of CD39~/~ mice as
CD203a/PC-1 antibodies. As shown in Supplementary Figure 3,  compared to respective WT controls at 25 weeks after irradiation,
our data revealed that both receptors CD38 and CD203a were  particularly in the fibrotic areas (Figures 9A,B). Yet TGEF-f
not expressed in the alveolar and bronchial lung regions from  was expressed to a similar extent in the lungs of both mouse
untreated WT mice (Supplementary Figure 3, left panel). Even  strains (Figures 9C,D). Moreover, the time-dependent changes
fibrotic alveolar and bronchial lung regions of irradiated WT  in infiltration of CD45" leukocytes were rather similar in both
mice did not express these receptors (Supplementary Figure 3,  mouse strains except for slightly more pronounced decrease in
middle panels). CD38 and also CD203a expression was the fraction of CD45% leukocytes in the lung tissue at 1 and 24
observed in only few numbers of small infiltrating immune  weeks after irradiation (data not shown).
cells, with a myeloid morphology, in the irradiated lungs Thus, genetic loss of CD39 did not only adversely affect the
(Supplementary Figure 3, magnification, right panel). The  tumor response to RT but even correlated with an increased
observed findings were true for WT, CD397/~, and CD73™/~  normal lung toxicity upon IR as revealed by the significantly
mice, with no difference in the expression between all strains.  enhanced progression of radiation-induced lung fibrosis.
Our results reveal that CD38/CD203a/CD73 ectoenzymatic
signaling on infiltrating immune cells (monocytes/macrophages) DISCUSSION
might also impact irradiation-induced pneumopathy. However,
expression of non-canonical ectoenzymes was similar in lungs Beyond CD73 and Ado, CD39 emerges as an attractive
from WT, CD39™/~, and CD73™/™ mice; thus, we conclude that therapeutic target for cancer therapy. So far, the role of the
the observed exacerbated fibrosis development in CD39~/~ mice purinergic pathway, particularly CD39-dependent signaling, in
is independent from the non-canonical pathway. radiation responses of normal and tumor tissues remains largely
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FIGURE 9 | A CD39 deficiency leads to an increased osteopontin expression and TGF-p accumulation after irradiation. C57BL/6 (WT) and CD39~/~ mice received O-
or 15-Gy whole-thorax irradiation (WTI) and were sacrificed at 25 weeks after irradiation. Immunohistochemical staining of paraffin-embedded lung sections with a
primary antibody for (A,B) osteopontin (OPN) and (C,D) transforming growth factor g (TGF-B). Shown in (A,C right panels) are representative overview pictures of each
indicated group (scale bar = 100 wm, magnified pictures 400-fold). (B,D) Using the Software Orbit Image Analysis version 2.65, positive areas for OPN and TGF-8
were analyzed and are shown in percentage of the whole lung section. *P < 0.05, **P < 0.01, ***P < 0.0001 by one-way ANOVA followed by post hoc
Newman-Keuls test, n = 8/7/8/8.
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unknown. Here, we demonstrated that host CD39 impacts both
tumor growth and tumor and normal tissue responses to IR;
murine LLC1 lung tumors grew faster on mice with genetic
deficiency of CD39 and were more resistant to tumor growth
delay induced by single high-dose irradiations, whereas genetic
deficiency of CD73 in the tumor host did not significantly alter
tumor growth and the response to RT. Radiation-induced lung
fibrosis, however, was more severe in CD39~/~ as compared to
WT mice. The assumed defect of CD39-deficient host cells in
degrading extracellular ATP did not foster tumor cell damage or
increased immune cell infiltration upon irradiation, but increased
tumor cell proliferation and survival. The increased tumor cell
proliferation observed in LLC1 tumors of CD39-deficient mice
(either or without RT treatment) was associated with increased
angiogenesis. Thus, host CD39 supports the antineoplastic effects
of RT in the murine LLCI lung cancer model, while limiting
radiation-induced fibrosis in respective mice.

The Role of CD39 Within Lung Tumors

In more detail, we used syngeneic LLCI lung tumors xenografts
grown on CD39- and CD73-deficient mice as compared to
respective. WT controls in combination with a single high-
dose irradiation. LLC1 lung cancer cells do express neither
CD39 nor CD73, thereby excluding potential confounding effects
by tumor-associated CD39/CD73 signaling. Interestingly, LLC1
tumors grew faster on CD397/~ mice, whereas loss of CD73
had no significant effect on LLCI tumor growth. Even more
important, irradiation with 10 Gy was not sufficient to induce
similar antitumor effects in tumors grown on CD39~/~ mice
as compared to WT mice, while radiation-induced growth
retardation of tumors grown in CD737/~ mice was similar.
Our initial idea was that genetic deficiency of CD39 in mice
will inhibit degradation of extracellular ATP released into
the microenvironment in response to radiation-induced tissue
damage and that the resulting increase in ATP and reduced
production of Ado might lead to increased activation of
inflammatory responses. Regardless of the fact that unirradiated
tumors grown on CD397/~ and CD73~/~ mice already had
higher percentages of tumor-infiltrating leukocytes, our flow
cytometry data revealed that exposure to a single high-dose
irradiation did not significantly increase the percentage of
leukocytes and respective subsets infiltrating LLC1 tumors grown
on CD39~/~ mice after irradiation. Despite the fact that we
found infiltrating leukocytes in all tumors (WT, CD737/~, and
CD397/7), the poor overall immune cell infiltration observed at
this time point corroborates the reported poor immunogenicity
of LLC1 tumors (79).

Instead, LLCI tumors grown on CD737/~ mice showed a
higher percentage of cytotoxic T cells in the tumor tissue at
day 3 after irradiation than LLCI tumors growing on WT and
CD397/~ mice. This is reminiscent of a recent study describing
that a CD73-targeted therapy increased CD8" T-cell infiltration
in a murine mammary carcinoma cell line TSA tumor hind-
leg model only in combination with additional single high-dose
tumor irradiation (20 Gy) (80). Yet, in our hands, the observed
increased CD8™ T-cell infiltration did not result in a significant
effect on tumor growth delay. Thus, although deficiency of

CD73 in the tumor host may reduce Ado levels in the tumor
micromilieu and thereby facilitate radiation-induced antitumor
immune responses as observed by others (24), the effects
resulting from a single high-dose irradiation were not strong
enough to induce net effects on LLC1 tumor growth retardation.
Further work is required to define time-dependent changes in the
micromilieu of irradiated tumors induced in response to IR in the
different genetic backgrounds. Moreover, similar investigations
should be performed using fractionated radiation schedules,
tumor cells with higher immunogenicity, and CD39/CD73-
positive tumor cells. In fact, CD73 overexpression has been
described to be higher in tumors than in surrounding normal
tissues and also to be tumor-specific (24).

In addition to its role in the regulation of inflammatory
processes ATP has been described to modulate proliferation
and death resistance of cancer cells. Human lung cancer cells
were shown to use macropinocytosis or clathrin- and caveolae-
mediated endocytotic processes to take up extracellular ATP and
fuel extra energy for tumor growth, survival, and drug resistance
(81). Moreover, while ATP inhibited proliferation or induced
cell death via P2X7R in human cervix and breast cancer cells
as well as in murine melanoma and colon cancer cells (76, 82—
85), high levels of extracellular ATP promoted survival of A549
and H23 lung cancer cells as compared to normal cells (86);
here, the authors attributed the differential effects on tumor and
normal tissue cells to the decreased expression of P2X7R and an
enhanced Bcl-2/Bax ratio in the cancer cells (86). Because our
in vitro investigations revealed that LLC1 cells do not express
P2X7R and did not undergo increased cell death in response
to extracellular ATP alone or in combination with RT, we
speculate that similar processes might contribute to the observed
growth and resistance promoting effects of CD39 deficiency in
the tumor host. Besides P2 receptor signaling, nucleotides can
also act through intracellular uptake and compartmentalization
with impact on cancer cell survival, proliferation, and metabolic
function (75). In fact, with increasing concentration, extracellular
Ado can enter the cell via equilibrative nucleoside transporters
(ENTs) and subsequently induce cell death (87, 88). Herein, ATP
degradation to Ado and subsequent uptake and conversion of
Ado to AMP by ENT and Ado kinase, respectively, were shown
to be the main drivers of growth inhibition and toxicity mediated
by extracellular ATP (76, 89). High extracellular Ado levels could
activate mitochondrial apoptosis through deregulation of the
Bcl2 rheostat by decreasing antiapoptotic Bcl2 while increasing
expression of proapoptotic Bax and Bak (90). Degradation of
ATP to Ado induced growth inhibition and proapoptotic effects
via activation of caspase-3 (91). Finally, depending on the
concentration, AMP turned out to strongly inhibit cancer cell
proliferation in vitro even more effective than Ado and ATP (92).

Ado signaling via the four ADORA receptors could
alternatively impact tumor growth and survival in the LLCl
cells, because these cells express the ADORA receptors. The
effect of Ado via both AdoRA1 and A3 has been described as
proapoptotic in several cancer types, e.g., liver, lung, and colon
(91, 93-96). The AdoRA1, for example, had an antiproliferative
effect and promoted the differentiation of cancer stem cells,
thereby inducing an increased sensitivity of these cells to
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chemotherapeutic drugs (97). Furthermore, treatment with an
agonist of AdoRA3 reduced the number of living colon cancer
cells (98). Thus, alterations in extracellular nucleotides (ATP
<-> Ado) due to the loss of host CD39 in our LLC1 tumor
model could potentially affect tumor growth and the radiation
response via ADORA signaling as well as through intracellular
uptake and metabolic processing, independent of an immune
response and P2 receptor signaling. Host CD39 expression seems
to be important for maintaining a radiation-induced antitumor
effect in CD39/CD73-negative LLC1 presumably by affecting the
composition of extracellular nucleotides in the TME. Further
work is needed to elucidate the effects of extracellular nucleotide
uptake and subsequent intracellular nucleotide metabolism in
LLC1 tumor development.

Because alternative nucleotide signaling might also contribute
to our observed findings, we analyzed the role of the
non-canonical adenosinergic CD38/CD203a/CD73 pathway.
Although we could detect CD38 mRNA expression in LLCI
tumors, there was a lack of CD38 cell surface protein. By
analyzing a panel of human lung cancer cell lines, Bu et al. (99)
already described that most cell lines investigated had high copy
numbers of CD38 mRNA, but not all cell lines expressed the
respective protein. Moreover, we showed here that there was no
CD203a mRNA and protein expression needed to produce Ado
and fuel CD73. Therefore, we can exclude that non-canonical
adenosinergic signaling in the LLC1 tumor tissue contributes
to the observed tumoral behavior reported here. In addition to
catalyzing the production of Ado, CD38 may promote tumor
development by inducing other tumor-supporting processes, e.g.,
angiogenesis in the TME, thus exerting functions beyond the
CD38/CD203a/CD73 signaling (100). We observed here that
tumors grown on CD39-deficient background were characterized
by an increased neovascularization and that this phenotype was
even maintained after RT. Radiation usually induces phenotypic
changes of the tumor vasculature (e.g., apoptosis or senescence),
as well as a wide range of environmental changes, which in
turn govern recruitment of immune cells (101-104). Herein,
angiogenic and thus less mature blood vessels are characterized
by an increased radiosensitivity (61, 73, 105). We speculate that
the sustained angiogenesis observed in the context of CD39
deficiency might result from increased proangiogenic signaling
induced by higher extracellular ATP levels due to the failure
of extracellular ATP degradation and the increased ATP release
from RT-damaged cells. At the same time, extracellular ATP
has been reported to mediate antiapoptotic effects in endothelial
cells, either via P2 or Ado receptors (106). Likewise, CD39-
deficient endothelial cells might be less sensitive to the cytotoxic
effects of RT, thereby contributing to the reduced sensitivity
of LLCI tumors to radiation. ATP was already shown being
able to activate the VEGF receptor in the absence of VEGE
and the P2YR-VEGFR?2 interaction and the resulting signal
transduction are critical determinants of vascular homoeostasis
and tumor-mediated angiogenesis (107). Moreover, CD38-
dependent signaling can impact on (tumor) angiogenesis (55,
108). Herein, CD38 turned out to be an important regulator
for the intrinsic expression of key angiogenic factors (100, 109,
110). Although non-canonical purinergic signaling seemed not

to impact on non-canonical ADO generation because of the
lack of CD203a expressions as reported here, increased tumor
angiogenesis together with the well-known abnormal phenotype
of the tumor vasculature may lead to factors contributing
to radiation resistance (increased vascular permeability, vessel
instability, increased interstitial fluid pressure, non-directed
blood flow, endothelial anergy) (104, 111, 112).

The Role of CD39 Within Normal Lung
Toxicity

Concerning normal tissue toxicity, we showed here that genetic
loss of CD39 exacerbates radiation-induced lung disease. Since
our earlier work revealed a pathogenic role of the CD73/Ado-
dependent arm of purinergic signaling in radiation-induced lung
fibrosis (49, 50), genetic loss of CD39 with assumed activation
of the ATP-dependent proinflammatory arm of purinergic
signaling and genetic loss of CD73 with assumed activation of
the Ado-dependent anti-inflammatory, repair-promoting arm of
purinergic signaling result in opposing outcomes in radiation-
induced lung fibrosis. A pathology-promoting effect of low
CD39 expression or high pulmonary ATP levels were already
known for several lung pathologies, including pulmonary fibrosis
(113-115). High extracellular ATP levels, for example, have
been observed in the bronchoalveolar lavage fluid of patients
with idiopathic pulmonary fibrosis, as well as in a murine
model of bleomycin-induced lung fibrosis (116). In our hands,
the more severe lung fibrosis observed in irradiated lungs
from CD397/~ mice was associated with enhanced levels
of the multifunctional and proinflammatory protein OPN in
the irradiated lungs CD397/~ mice compared to WT mice.
Based on the observation that extracellular ATP can induce
OPN expression in response to mechanical stress at least
in vitro (117), we speculate that genetic deficiency of CD39
may cause a disease-promoting increase in extracellular ATP
concentrations in irradiated lungs, presumably in response
to the initial radiation damage in irradiated murine lungs.
CD39-dependent vascular effects may also play a major role
in regulating severity of radiation-induced fibrosis. Increasing
evidence suggests that vascular remodeling contributes to the
pathogenesis of pulmonary fibrosis (66, 73, 118, 119). Of
note, loss of CD39 induced vascular remodeling of pulmonary
arteries and contributed to vascular dysfunction and arterial
hypertension in patients suffering from idiopathic pulmonary
arterial hypertension (120, 121). However, further work is needed
to elucidate the contribution of vascular changes and also
epithelial cell impairments to lung damage and fibrosis upon
CD39 deficiency.

We further analyzed if the non-canonical adenosinergic
CD38/CD203a pathway might contribute to radiation-induced
lung fibrosis. The expression of both receptors was restricted to
only a minor group of lungs infiltrating myeloid/ macrophage-
like cells, whereas resident lung cells clearly showed no
immunoreactivity. These findings were in line with recent reports
investigating non-canonical adenosinergic CD38/CD203a
signaling within immune cells. CD203a expression was found to
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be restricted to plasma B cells (122). Accordingly, CD203a/PC-
1 expression was found to be rather low on lymphocytes,
monocytes, and granulocytes of the bone marrow (123). In
contrast to CD203a, a high CD38 expression on circulating
monocytes has been described (56, 124, 125). Resident lung
macrophages can also express CD38 (126, 127). Both studies
highlight that CD38 expression on macrophages was associated
with an inflammatory M1 phenotype and chronic inflammation.
Of note, in the study from Dewhurst et al,, it is further described
that only the small alveolar and interstitial macrophages express
CD38 and that there was only a low expression on big foamy
macrophages (126). We showed already that small macrophages
can be distinguished from bigger foamy macrophages, which
organize in clusters during fibrosis development (50). Here we
revealed that only the smaller myeloid-like cells were positive
for CD38. As CD38 is suggested to normal inflammatory
responses in the lung toward hyperinflammation (55), we
conclude that CD38 signaling on small monocytes/macrophages,
with a potential M1 phenotype, is not linked to a profibrotic
phenotype. However, non-canonical adenosinergic signaling
might have an indirect impact on profibrotic signaling:
NAD'/CD38 signaling was shown to influence Treg survival,
phenotype, and function. CD387/~-deficient mice studies
revealed that extracellular NAD' can deplete and reduce
Treg (128). In contrast, an increase in Tregs during the
fibrotic phase of radiation-induced pneumopathy already
highlighted that besides M2-like macrophages also Treg might
contribute to the development of lung fibrosis (49, 129, 130).
Herein, extracellular Ado positively alters Treg survival and
functions (131). Thus, besides CD73/Ado signaling (Ado
accumulation), even CD38/CD203a signaling (NAD™ reduction)
could led to the observed increase in Treg during the fibrotic
phase (49).

CONCLUSION

Genetic deficiency of CD39 in the host may result in long-
term adaptive processes, e.g., in the microvasculature or the
immune system, respectively, with impact on tumor growth
and radiation response in tumor and normal tissues. Such
adverse effects are reminiscent of suggested risks of sustained
CD39 inhibition (132). Thus, a careful testing of pharmacologic
strategies interfering with CD39 activity is needed to exclude
that such a therapeutic strategy exerts growth- and resistance-
promoting effects in tumor tissues, adverse effects in normal
tissues, or both, particularly when used in combination with
a single dose or clinically more relevant fractionated radiation
schedules. Loss of CD39 or activation of CD73 impacts
on radiation-induced changes in the lung environment, e.g.,
ATP/Ado ratio, as well as phenotype and function of resident
cells and recruited immune cells with impact on cell survival,
vascular function, immune defense, matrix deposition, and
fibrosis. Of note, both CD39 and CD73 are important regulators
of the TME, particularly in hypoxic tumors, with the ability to
suppress immune-mediated tumor cell killing and to promote
tumor growth, angiogenesis, and progression (133). Thus,

targeting pathologic aspects of CD39/CD73 signaling might be
an attractive approach to enhance efficacy of therapies involving
RT in malignant tumors without enhancing normal tissue
toxicity or to protect normal tissues from the adverse effects
of RT without protecting the tumor. Further work is highly
needed to unravel the multifaceted roles of purinergic signaling
in the complex interactions and signaling networks between
the microenvironment in tumor and normal tissues by using
orthotopic lung tumor models and/or genetically engineered
mouse models as well as clinically relevant fractionated
radiation schedules.
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Head and Neck Squamous Cell Cancer (HNSCC) presents with multiple treatment
challenges limiting overall survival rates and affecting patients’ quality of life. Amongst
these, resistance to radiation therapy constitutes a major clinical problem in HNSCC
patients compounded by origin, location, and tumor grade that limit tumor control.
While cisplatin is considered the standard radiosensitizing agent for definitive or adjuvant
radiotherapy, in recurrent tumors or for palliative care other chemotherapeutics such as
the antifolates methotrexate or pemetrexed are also being utilized as radiosensitizers.
These drugs inhibit the enzyme dihydrofolate reductase, which is essential for DNA
synthesis and connects the 1-C/folate metabolism to NAD(P)H and NAD(P)* balance
in cells. In previous studies, we identified MTHFD2, a mitochondrial enzyme involved in
folate metabolism, as a key contributor to NAD(P)H levels in the radiation-resistant cells
and HNSCC tumors. In the study presented here, we investigated the role of MTHFD2
in the response to radiation alone and in combination with p-lapachone, a NQO1
bioactivatable drug, which generates reactive oxygen species concomitant with NAD(P)H
oxidation to NAD(P)*™. These studies are performed in a matched HNSCC cell model of
response to radiation: the radiation resistant rSCC-61 and radiation sensitive SCC-61
cells reported earlier by our group. Radiation resistant rSCC-61 cells had increased
sensitivity to B-lapachone compared to SCC-61 and knockdown of MTHFD2 in rSCC-61
cells further potentiated the cytotoxicity of B-lapachone with radiation in a dose and
time-dependent manner. rISCC-61 MTHFD2 knockdown cells irradiated and treated with
B-lapachone showed increased PARP1 activation, inhibition of mitochondrial respiration,
decreased respiration-linked ATP production, and increased mitochondrial superoxide
and protein oxidation as compared to control rSCC-61 scrambled shRNA. Thus, these
studies point to MTHFD2 as a potential target for development of radiosensitizing
chemotherapeutics and potentiator of B-lapachone cytotoxicity.
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INTRODUCTION

Head and neck squamous cell cancer (HNSCC) is an aggressive
disease with a high rate of mortality and morbidity in the
United States. A recent statistical report from the National
Cancer Institute estimated that more than 53,000 people will have
oropharyngeal cancer in the United States in 2020 accounting
for ~4-5% of overall cancer types (1). Radiation therapy is
a key component of standard of care treatment for HNSCC,
but radioresistance and side effects of treatment limit patients’
overall survival and long-term quality of life (2). There is a
need for new molecular approaches to treat radiation resistant
HNSCC tumors using combination therapies, and indeed,
current efforts to enhance the efficacy of radiation therapy in
HNSCC include combination treatment with targeted therapies
(e.g., against Epidermal Growth Factor Receptor, EGFR), and
immunomodulators, which are increasingly investigated in
clinical studies (3).

Over the last decades, work pioneered by Boothman’s group
has established p-lapachone (B-lap), a NAD(P)H:quinone
oxidoreductase 1 (NQOI1) bioactivatable substrate, as a
promising cancer therapeutic and radiation sensitizer targeting
a broad spectrum of cancers including HNSCC (4-9). NQO1
metabolizes B-lap into an unstable hydroquinone, which is
then oxidized back to the quinone state through a semiquinone
intermediate releasing superoxide O, . This futile redox cycle
depletes the cells of NAD(P)H and generates toxic amounts
of reactive oxygen species (ROS) leading to DNA damage and
PARP1 hyperactivation (5, 6, 10, 11). PARP1 activity further
consumes the NADT produced in the NQOI1/B-lap cycle
instigating a specific mechanism of p-Calpain-mediated cell
death called Keresis (12). The cumulative body of evidence
supports the tumor-selective efficacy of B-lap derivatives and a
version of this, ARQ761, has already been investigated in phase
I/II clinical trials for patients with metastatic solid tumors (13).
However, not all patients responded to treatment and while there
was an association of tumor response with NQO1 expression,
clearly other factors limited the efficacy of PB-lap/ARQ761
treatment in these studies. Logically, based on the known
mechanism of action, the cytotoxicity of B-lap is expected to be
driven by the expression and activity of NQO1, the expression
and activity of ROS-metabolizing enzymes (e.g., catalase, SOD1,
etc.) (11, 14), and the availability of NAD(P)H, which is needed
to support both the NQO1-catalyzed generation of ROS and
the activity of key ROS-suppressing redox regulatory enzymes
[e.g., thioredoxin reductase (14)]. In this context, the localization
of NAD(P)H may also become important considering the
predominant cytoplasmic localization of NQO1. The expression
of NQOL is regulated in cells by KEAP1/Nrf2 pathways, and a
series of studies have established prolonged induction of NQO1
expression by ionizing radiation in lung cancer cells and in FSall
mice tumors (15, 16). These findings raised the possibility of
improved chemotherapeutic and radiation sensitizing activity
of B-lap, which have now been confirmed in numerous cancers,
including HNSCC (9).

Recognizing the importance of NAD(P)H availability to
sustain the NQOI-dependent activity of f-lap, we have

started to investigate the metabolic contribution to intracellular
NAD(P)H first by computational flux balance analysis taking
advantage of HNSCC data available in online repositories
(e.g, TCGA, Human Protein Atlas), and multi-omics data
collected for a matched model of response to radiation (radiation
sensitive SCC-61 and radiation resistant rSCC-61) developed by
our group (17-21).

In the study presented here, we evaluated mitochondrial
methylenetetrahydrofolate dehydrogenase 2 (MTHFD2), one of
the metabolic enzymes identified by the computational studies
as a major producer of NAD(P)H in radiation resistant HNSCC
cells and patient tumors. We report a series of in vitro and in vivo
studies assessing the role of MTHFD?2 in enhancing the efficacy
of response to ionizing radiation and p-lap using the radiation
sensitive SCC-61 and radiation resistant rSCC-61 matched cell
system highlighted above.

MATERIALS AND METHODS

Materials

The following materials were utilized for the studies included
here: Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12 (DMEM/F12), penicillin/streptomycin, fetal bovine
serum (FBS) (Gibco, Thermo Fisher Scientific, USA); B-
lap (Xoder Technologies, USA); Lipofectamine 2000 and
oligomycin (Thermo Fisher Scientific, USA); carbonyl cyanide
4-(trifluoromethoxy)  phenylhydrazone (FCCP) (Cayman
Chemicals, USA); Antimycin A (Abcam, USA); Rotenone
(Millipore-Sigma, USA); MitoSOX (Invitrogen, Thermo
Fisher Scientific, USA); antibodies against NQO1, MTHFD?2,
catalase, PARP1, p-yH,AX(S139), B-actin, and GAPDH
(Cell Signaling Technology, USA); shRNA (MTHFD2 and
scrambled control), PAR and a-tubulin antibodies (Santa
Cruz Biotechnology, USA); Bicinchoninic acid (BCA) assay,
CyQuant kit, and SuperSignal chemiluminescent HRP substrate
(Thermo Fisher Scientific, USA). Matrigel Growth Factor
Reduced (GFR) Basement Membrane Matrix, LDEV-free
was obtained from Corning Inc.,, USA (LDEV-free: free of
viruses, including lactose dehydrogenase elevating virus or
LDEV). Modified RIPA buffer for cell lysis was prepared in
the laboratory and contained: 50 mM Tris-HCI, pH 7.4; 1%
NP40; 0.25% sodium deoxycholate; 15mM NaCl; 1 mM EDTA;
ImM NaF; and, Roche protease and phosphatase inhibitor
tablets (Basel, Switzerland). Fluorescence-activated cell sorting
(FACS) buffer and Western blot TBST buffer were similarly
prepared in the laboratory (FACS: PBS (Ca’™/Mg** free), 1%
BSA, and 0.1% sodium azide; TBST: 20 mM Tris buffer, 0.1%
Tween 20, pH 7.4).

HNSCC Cells and Cell Culture Conditions

The HNSCC radiation sensitive SCC-61, genetically matched
radiation resistant rSCC-61 cells (17-21), MTHFD2 knockdown
rSCC-61 cells (MTHFD2 KD rSCC-61), and the respective
scramble shRNA control rSCC-61 cells (scRNA rSCC-61) were
cultured in DMEM/F12 media containing 10% FBS and 1%
penicillin/streptomycin at 37°C using a 5% CO, incubator.
The cell culture media was replaced every other day and
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before lysis when the cells reached 80-90% confluency. Stable
MTHFD2 KD rSCC-61 and scRNA cells were generated by
transfection of rSCC-61 cells with MTHFD2 shRNA and the
scRNA, respectively. rSCC-61 cells were seeded in 6-well tissue
culture plates at a density of 3,000 cells/cm? and allowed
24h to attach to the culture plates. When the cells reached
70-75% confluency, the cells were transfected with 50 nM
MTHEFD2 shRNA or 50nM scRNA using Lipofectamine 2000
as recommended by the manufacturer’s protocol and incubated
for 48 hrs. The cells were then incubated with complete cell
culture media (DMEM/F12, 10% FBS) containing puromycin
(1 g/mL) to facilitate the selection of MTHFD2 KD cells. The
cells were further maintained in selection medium for additional
48 h resulting in stably transfected MTHFD2 KD rSCC-61 cells
and the respective scRNA rSCC-61cells.

Treatment With lonizing Radiation and

Formulation of g-Lapachone

HNSCC cells and tumors have received indicated doses of
ionization radiation (IR) using a 444 TBq 12,000 Ci self-shielded
137Cs (Cesium) irradiator (Mark 1, Model 68A, JL Shepherd and
Associates, San Fernando, CA, USA). B-Lapachone stock solution
(50 mM) was prepared in DMSO and kept in 10 pL aliquots
at —80°C. For the in vivo studies, f-lap was complexed with
cyclodextrin (HPBCD) to increase solubility and bioavailability,
as described previously (22).

Cell Proliferation and Clonogenic Cell

Survival Assays
Both cell proliferation and clonogenic survival assays were
performed. Briefly, for proliferation assays the cells were
trypsinized and ~5,000 cells/well were seeded in 96-well plates.
After 24 h, the cells were treated with 2, 4, 8, and 12 uM B-lap
and incubated for 2 h at 37°C in a 5% CO, incubator. The culture
media was then replaced with fresh complete media, and the cells
were incubated for additional 24 h at 37°C/5% CQO, incubator.
Cell proliferation was quantified using the fluorescence based
CyQuant assay following the manufacturer’s protocol.
Clonogenic survival assays were performed to determine the
synergy with p-lap and ionizing radiation following previously
reported methods (23). HNSCC cells (SCC-61, rSCC-61,
MTHFD2 KD rSCC-61, and scRNA rSCC-61) were seeded at
a density of 300 cells/well into 6-well plates. Cells were kept
overnight at 37°C in a 5% CO, incubator. The next day, the cells
were irradiated (2 Gy, single dose or sham) followed by addition
of the indicated concentration of B-lap or vehicle control and
further incubated for 2h. Upon completion of the incubation
period, the culture media was replaced with fresh complete media
and the cells were returned to the 37°C/5% CO, incubator for 6—
7 days. The cells were then fixed with a solution of ice-cold acetic
acid: methanol (3:7) and stained with 0.5% crystal violet for 2h at
room temperature. The plates were washed with running water
to remove the residual stain. Colonies containing >50 cells were
counted under a light microscope and the survival fraction was
calculated as described (23).

Western Blot Analysis

HNSCC cells were lysed with modified RIPA buffer
supplemented with Roche protease and phosphatase inhibitor
tablets, and the protein concentration was measured using the
BCA assay. An equal amount of protein (20 mg) was separated
by SDS-PAGE and transferred to nitrocellulose membranes for
Western blot analysis. Membranes were probed with indicated
primary antibodies overnight at 4°C. Next day, the membranes
were washed three times with TBST buffer and further incubated
with corresponding secondary antibodies for 1h at room
temperature. The membranes were washed again three times
with TBST buffer (in all cases, each TBST wash cycle was
15 min), incubated with the SuperSignal chemiluminescent HRP
substrate, and the images were collected using an Amersham
Imager 600 (GE Healthcare Life Sciences). Antibodies against
actin, a-tubulin, or GAPDH were utilized as controls for
equal loading.

Enzyme Activity Assays

NQOTL activity in cell extracts was assayed following published
protocols (5). Briefly, NADH (200 uM) used as a reducing agent
(electron donor) and menadione (10 wM) as the intermediate
electron acceptor were mixed in 50 mM Tris-HCI buffer (pH
7.5) reaction mixture containing 77 wM cytochrome C (Sigma,
USA) and 0.14% BSA. The cell lysate was then added into the
reaction mixture and the absorbance was read at 550 nm. The
enzymatic activity of NQO1 was calculated as nmol cytochrome
c reduced/min/jg protein.

Cell Cycle

About 2 x 10° MTHFD2 KD and scRNA rSCC-61 cells were
seeded into 6-well cell culture plates, allowed to attach, incubated
overnight in serum-free medium, and then irradiated (2 Gy or
sham) and treated with B-lap (3 wM) or vehicle control for 2 h.
After completion of the incubation period, the culture media
was replaced with fresh serum-free media and the cells were
incubated for another 22 h. At the end of the incubation period,
the cells were washed with PBS, trypsinized, and centrifuged
at 200 x g for 5min. The cells were again washed with PBS,
fixed with ice-cold 70% ethanol for 30min at 4°C, further
washed with PBS (two times), and incubated with PBS containing
100 jLg/mL RNase A and 50 pg/mL propidium iodide. The cells
were washed three times with PBS and resuspended into 300 wL
FACS buffer and subjected to flow cytometry using a BD Accuri 6
for analysis. Data analysis to quantify the cell cycle distribution
was performed with FCS Express 6 Flow software (De Novo
Software, Pasadena, CA, USA).

Mitochondrial Respirometry Analysis

The effects of B-lap on mitochondrial function were measured
using the Seahorse Mito Stress Test following the manufacturer’s
protocol on a Seahorse XF24 (Agilent Technologies, Santa Clara,
CA, USA). MTHFD2 KD and scRNA rSCC-61 cells (~4,000
cells/well) were seeded on a 24-well Seahorse plate and allowed
to attach for 24h. Next day, the cells were exposed to f-
lap (3uM) or vehicle control for 2h in complete growth
media, washed, and transferred to the Seahorse instrument for
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collection of oxygen consumption data. After baseline reading,
the injections were performed as follows: (1) oligomycin (1 pM)
at 27 min, FCCP (1 M) at 51 min, and Antimycin A/Rotenone
(IpM) at 75min. After the completion of data collection,
the cells were lysed and quantified with CyQuant for data
normalization. The data were analyzed with Wave software
(Agilent Technologies).

Flow Cytometry Analysis of Mitochondrial

ROS and Mitochondrial Protein Oxidation
Mitochondrial ROS was detected in live cells using MitoSOX
and flow cytometry analysis. Briefly, MTHFD2 KD and scRNA
rSCC-61 cells were irradiated (2 Gy or sham) and further treated
with B-lap (3 wM) or vehicle control for 2h After completion
of the incubation period, the cells were washed with PBS and
further incubated with 1M MitoSOX for 30min at 37°C
in a 5% CO, incubator. The cells were then washed three
times with PBS, resuspended in FACS buffer and subjected to
flow cytometry using a BD FACS Canto II Cell Analyzer (BD
Biosciences, San Jose, CA, USA). Similarly, to determine the
mitochondrial protein oxidation, the cells were treated with
radiation and B-lap as described for MitoSOX analysis, and
then stained with DCP-NEt,C (for 30 min at 37°C). DCP-NEt,C
contains a protein sulfenic acid reacting group and coumarin to
facilitate localization to mitochondria (24). After completion of
the incubation period, cells were washed with PBS, fixed with ice-
cold methanol for 5 min, further washed with PBS, resuspended
in the FACS buffer and analyzed using a BD LSRFortessa Flow
Cytometer. Data analysis was performed with FCS Express 6 Flow
software (De Novo Software, Pasadena, CA, USA).

Tumor Xenograft Implant in Nude Mice

The effects of MTHFD2 KD on the anti-tumor efficacy of B-
lap and ionizing radiation were investigated in vivo using 4-5
weeks old female nu/nu nude mice obtained from Charles River
Laboratories, MA, USA. The animal studies were performed
under a protocol approved by the Wake Forest University
Institutional Animal Care and Use Committee and in accordance
with the guidelines for ethical conduct in the care and use
of animals in research. Mice were housed for 1 week after
arrival at the animal facility before the start of the experiment.
Mice were fed pellet diet and received water ad libitum. The
xenograft tumor was generated subcutaneously by injecting 5
x 10> MTHFD2 KD and scRNA rSCC-61 cells suspended in
growth factor reduced matrigel in a single flank on the dorsal
surface of mice. Once the tumor size reached minimum 100 mm?,
the mice were randomly divided into subgroups (5 mice/group)
and treated as follows: (1) HPBCD (intravenous administration);
(2) ionizing radiation (2 Gy) targeted to the xenograft tumor;
(3) B-lap/HPBCD complex (20 mg/kg body weight; intravenous
administration); or (4) ionizing radiation (2 Gy) + B-lap/HPBCD
complex (20 mg/kg; intravenous administration). Mice have
received treatment every other day and tumor volume was
measured using a digital caliper. Mice were euthanized after 10
days, the tumors were collected, washed with PBS, and weighted.
A portion of the tumor was fixed in 10% formaldehyde and
stained with hematoxylin and eosin.

Statistical Analyses

All experiments were performed in minimum three biological
replicates and data are presented as mean =+ standard deviation
(SD). ANOVA or Students ¢-test was utilized for statistical
analysis using SPSS 7.0 and Excel software.

RESULTS

Radiation Resistant HNSCC rSCC-61 Cells
Display Increased Sensitivity to

f-Lapachone

The initial studies focused on the evaluation of previously
reported biomarkers underlying the mechanisms of f-lap
cytotoxicity (NQOI, catalase, PARP1) and MTHFD?2 in the SCC-
61 and rSCC-61 HNSCC cells (9). The Western blot analysis in
Figure 1A show statistically significant increased expression of
NQO1, MTHFD2, and PARPI1, and slight but not statistically
significant difference in the catalase levels (p > 0.05) in rSCC-61
relative to SCC-61 cells, suggesting potentially higher sensitivity
to B-lap in rSCC-61 cells driven by increased NQOI1 to catalase
ratio. The activity of NQO1 was also significantly higher in
rSCC-61 cells corroborating the Western blot analysis (p <
0.001, Figure 1B). To further investigate if the differences in the
NQOI and catalase profiles translated in increased sensitivity of
rSCC-61 cells to B-lap, we performed in vitro cell proliferation
assays. The data confirmed the anticipated increased sensitivity
of rSCC-61 to B-lap (IC50 2.8 wM) compared with SCC-61 [IC50
5.7 wM) (Figure 1C). As radiation therapy is being used as first
line treatment for HNSCC, and p-lap was shown previously to
sensitize cells to radiation treatment (9)], we sought to quantify
the impact of combined radiation and B-lap on clonogenic
survival of SCC-61 and rSCC-61 cells. The cells were irradiated
with 2Gy and immediately treated with increasing doses of
B-lap for 5min to 2h time intervals as noted in Figure 1D.
As expected, in the absence of B-lap the extent of radiation-
induced inhibition of clonogenic survival was greater in the
radiation sensitive SCC-61 cells than in the radiation resistant
rSCC-61 cells, constituting an important internal control for the
assay. Addition of B-lap further decreased survival of SCC-61
in both time and dose-dependent manner (p < 0.01), but the
cytotoxic efficacy in rSCC-61 cells was notably stronger across
conditions (p < 0001).

MTHFD2 Knockdown Sensitizes rSCC-61
Cells to Radiation and g-Lapachone

Treatment

Our previous computational analysis identified mitochondrial
MTHFD2 as a major contributor to NAD(P)H production
(20, 21). Indeed, the data in Figure 1A show higher level of
MTHFD2 expression in the radiation resistant rSCC-61 cells
compared to SCC-61 cells. To further investigate the role of
MTHEFD?2 in the response of rSCC-61 cells to B-lap and ionizing
radiation, we generated MTHFD2 KD and scRNA control
rSCC-61 cells using shRNA technology (Figure 2A). Irradiated
or sham-irradiated MTHFD2 KD and scRNA rSCC-61 cells
were treated with increasing concentrations of f-lap (2-12 pM)
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FIGURE 1 | Radiation resistant rSCC-61 cells have increased sensitivity to -lapachone. (A) Western blot analysis of radiation sensitive SCC-61 and radiation resistant
rSCC-61 cell lysates show approximately equal expression of catalase and increased levels of NQO1, MTHFD2, and cleaved PARP1 in rSCC-61 cells. The
quantification of Western blots is presented in the right panel (n = 3; Student’s t-test “p 0.01-0.05, *p 0.001-0.01 relative to SCC-61). (B) Measurement of NQO1
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activity validate the findings from Western blot analysis showing ~4-fold higher activity in rSCC-61 cells (n = 3; ***p < 0.001). (C) Cellular proliferation of SCC-61 and
rSCC-61 cells treated with 0, 2, 4, 8, 12 WM B-lap demonstrate increased sensitivity of rSCC-61 cells to B-lap (n = 3, One-Way ANOVA with multiple comparisons *“p
0.01-0.05, **p 0.001-0.01, and ***p < 0.001 relative to the respective untreated cells). (D) Clonogenic survival assays demonstrate the radiation sensitizing activity of

multiple comparisons).

B-lap, which is dependent on both the concentration of B-lap and the time of exposure to drug. p-values are indicated on the graph (n = 3, One-Way ANOVA with

or vehicle control for different time intervals (5 min—2h)
and the survival fraction was quantified for each treatment
condition. As shown in Figure 2B, the clonogenic survival of
MTHED2 KD rSCC-61 cells was lower than scRNA rSCC-61
across treatment conditions. MTHFD2 KD rSCC-61 cells showed
greater sensitivity to radiation treatment compared to scRNA
rSCC-61 (p < 0.05), and treatment with p-lap resulted in more
pronounced dose and time-dependent increases in cell death in
MTHFD2 KD rSCC-61 as compared to scRNA rSCC-61 cells.

Combined g-Lapachone and Radiation
Treatment Induces DNA Damage and
Increases Mitochondrial ROS and Protein
Oxidation in MTHFD2 Deficient rSCC-61

Cells
NQO1-dependent B-lap induced cell death has been reported to
be the result of increased DNA damage initiated by the massive

generation of ROS. To evaluate the consequence of MTHFD2
KD on the sensitivity of rSCC-61 cells to ionizing radiation
and B-lap - induced DNA damage, MTHFD2 KD and scRNA
rSCC-61 cells were irradiated followed by treatment with B-lap
(3 M, 1 h). Western blot analysis shown in Figure 3A indicates
a significant amount of protein PARylation induced by combined
radiation and B-lap treatment but only in MTHFD2 deficient
rSCC-61 cells. Cleaved-PARP1 was also relatively increased upon
treatment with radiation and B-lap in MTHFD2 KD rSCC-
61 cells. Phosphorylation of yH>AX was significantly higher in
irradiated cells regardless of MTHFD2 status or B-lap treatment
(p 0.001-0.01). The MTHFD2 KD rSCC-61 cells show slightly
more DNA damage when treated with B-lap alone (p 0.074) or
in combination with radiation (p 0.004) as reflected indirectly by
the phosphorylation status of yH, AX (Figure 3A).

Given the predominant mitochondrial localization of
MTHFD2, we quantified next the effects of MTHFD2 depletion
on mitochondrial ROS using MitoSOX and mitochondrial
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FIGURE 2 | MTHFD2 depletion in rSCC-61 increases B-lapachone cytotoxicity and sensitizes cells to radiation therapy. (A) Western blot analysis of scRNA control
and MTHFD2 KD rSCC-61 confirms depletion of MTHFD2 in rSCC-61 cells transfected with MTHFD2 shRNA. (B) Clonogenic survival assays demonstrate increased
sensitivity to both B-lap and ionizing radiation in MTHFD2 KD rSCC-61, which is dependent on both the concentration of B-lap and the time of exposure to drug. The
maximum suppression of clonogenic survival was achieved in MTHFD2 KD rSCC-61 cells treated with combined ionizing radiation and p-lap. n = 3, One-Way ANOVA

with multiple comparisons *p 0.01-0.05 and “**p < 0.001.

protein oxidation with DCP-NEt,C, a selective fluorescent probe
targeting protein sulfenylation (24). As shown in Figure 3B,
MTHEFD?2 knockdown or radiation induced only minor changes
in mitochondrial ROS or protein sulfenylation (either not
significant or p 0.01-0.05). However, treatment with B-lap alone
or in combination with radiation induced significantly higher
levels of both mitochondrial ROS and protein sulfenylation,
which was augmented by MTHFD2 depletion.

MTHFD2 Knockdown Enhances
Mitochondrial Toxicity of §-Lapachone in
rSCC-61

Earlier studies have established the effects of f-lap on
mitochondrial respiration (7, 25) and the results in Figure 3B
corroborate the findings in these publications. Given the
function of MTHFD2 in mitochondrial NAD(P)H production,
we hypothesized a more drastic collapse of mitochondrial
respiration in MTHFD2 deficient cells. Therefore, we set up
to determine the effects of B-lap on mitochondrial respiration
by measuring the oxygen consumption rate in MTHFD2 KD
and scRNA rSCC-61 cells using the standard Seahorse Mito
Stress test (Figure 4). As anticipated, -lap treatment decreased
basal respiration in both MTHFD2 KD and scRNA rSCC-
61 cells but achieved statistical significance only in MTHFD2
depleted cells. Similarly, the effect of B-lap treatment on all
other parameters of mitochondrial respiration was augmented
by MTHFD?2 depletion with the exception of spare respiratory
capacity, which was completely obliterated with p-lap treatment
regardless of MTHFD?2 status.

MTHFD2 Knockdown Does Not
Significantly Impact Cell Cycle Distribution
in rSCC-61 Cells

Both treatment with ionizing radiation and PB-lap are known
to induce cell cycle arrest at G1/S and G2/M checkpoints (18,

26, 27). In order to investigate the contribution of MTHFD2 to
these effects, the cell cycle distribution was analyzed side-by-side
in MTHFD2 KD and scRNA rSCC-61 cells treated with p-lap
(3 M, 2 h), ionizing radiation (2 Gy), and their respective vehicle
and sham-irradiation controls. As shown in Figure 5, MTHFD2
depletion did not alter cell cycle distribution in rSCC-61 cells
and as expected, ionizing radiation increased the proportion
of cells in G2 phase in both scRNA control and MTHFD2
KD cells. This is consistent with well-established mechanisms
of radiation resistance preventing cells with DNA damage
from entering mitosis. Interestingly, while B-lap promoted cell
cycle progression from GI to S-phase, MTHFD2 knockdown
prevented this activity, and the cell cycle distribution of
MTHEFD2 KD rSCC-61 cells treated with p-lap resembled the
profile of radiation-treated rSCC-61 cells (scRNA or MTHFD2
KD). Overall, combined treatment with ionizing radiation and -
lap shows a statistically significant decreased distribution of cells
in S-phase and increased G2-phase compared to untreated cells,
regardless of MTHFD?2 status.

MTHFD2 Knockdown Suppresses rSCC-61
Tumor Growth and Increases Sensitivity to

Radiation

To further investigate the consequence of MTHFD2 knockdown
on the response to ionizing radiation and B-lap, we performed
in vivo studies using subcutaneous scRNA and MTHFD2 KD
rSCC-61 xenograft tumors in nu/nu nude mice (Figure 6A).
When the tumor reached minimum 100 mm?, the mice were
randomly divided into subgroups for treatment. The results
summarized in Figure 6B, show significantly decreased tumor
growth in MTHFD2 KD rSCC-61 tumors compared with scRNA
rSCC-61 controls by ~50%. As expected based on the results of
the cell culture studies, the scRNA rSCC-61 tumors were more
sensitive to B-lap than to jonizing radiation, and the combined
ionizing radiation and B-lap treatment (2 Gy followed by B-lap 20
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FIGURE 3 | Combination of radiation and B-lapachone treatment induces mitochondrial ROS and DNA damage in MTHFD2 KD rSCC-61. (A) Western blot analysis of
biomarkers of DNA damage in control scRNA and MTHDF2 KD rSCC-61 cells exposed to radiation (IR, 2 Gy) and B-lap (3 M, 1 h). The blots were probed with
antibodies against phosphorylated yHoAX (pS139), PARP1, cleaved PARP1, and protein PARylation. a-Tubulin antibodies were used as loading control. Quantification
of phosphorylated yH>AX Western blot data is shown on the right panel. n = 3, Student’s t-test *p 0.01—-0.05, and **p 0.001-0.01. (B) Flow cytometry analysis of
mitochondrial oxidative state in control sScRNA and MTHFD2 KD rSCC-61 cells treated as in Panel A and further stained with MitoSOX and DCP-NEt,C probes to
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mg/kg body weight) resulted in an almost complete suppression
of tumor growth irrespective of MTHFD2 status. It is possible
that the contribution of MTHFD2 noted in the cell culture
studies (Figure 2) is masked in these experiments by the strong
activity of combined B-lap and radiation treatment. However,
depletion of MTHFD?2 significantly sensitized the tumors to
radiation treatment and slightly improved the efficacy of p-
lap (Figure 6C). At the end of the experiment, the xenograft
tumors were isolated, fixed and stained with hematoxylin
and eosin (H&E, Figure 6D). While treatment with ionizing
radiation did not significantly alter the morphology of either
scRNA or MTHFD2 KD rSCC-61 tumors, treatment with -
lap caused suppression of tumor vascularization in both scRNA

and MTHFD2 KD rSCC-61 tumors. Necrosis was noted in the
core of both tumor types; however, necrosis was higher in the
MTHEFD2 knockdown tumors. In the groups receiving combined
radiation and B-lap treatment, there was more extensive necrosis
occurring in the central and peripheral areas of scRNA rSCC-
61 tumors, and this was increased in MTHFD2 KD rSCC-61
tumors showing large centralized and peripheral necrosis in the
entire tumor.

DISCUSSION

Clinical management of HNSCC presents with multiple
treatment challenges limiting overall survival rates and patients’
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quality of life. Amongst these, resistance to radiation or
chemoradiation treatment constitutes a significant problem
and new approaches are needed to improve the response to
standard of care therapies and to prevent the associated damage
to normal tissues. Currently, Federal Drug Administration
approved the use of four chemotherapeutics (methotrexate,
bleomycin, docetaxel, and hydroxyurea), one targeted therapy
(Cetuximab, monoclonal antibody against EGFR), and one
drug combination (docetaxel, cisplatin, and 5-fluorouracil) for
treatment of HNSCC. Cetuximab received FDA approval in
2007 and is used as radiation sensitizer in patients with locally
advanced HNSCC. However, despite the broad overexpression
of EGFR in HNSCC, only 10-15% of patients respond to
Cetuximab, emphasizing the need for new approaches to treat
radiation resistant HNSCC (28).

p-Lapachone and its derivatives have emerged as a lead
class of quinone-based NQOI bioactivatable therapeutics and
radiation sensitizers for numerous cancers (6, 7). Traditionally,
the activity of P-lap has been linked to NQO1 expression
and the NQOI1 to catalase ratio, a higher ratio indicating
increased capacity of ROS accumulation and cell death as ROS

production outpaces degradation to non-toxic products (e.g.,
H,0, dismutation by catalase to HO and O;). Indeed, treatment
with ionizing radiation was shown to induce expression of NQO1
and higher levels of NQOL1 are found in radiation resistant
tumors (16), emphasizing the concept of combined radiation
and B-lap treatment as an approach for treatment of radiation
resistant tumors. The data presented in Figure 1 support this
core principle and show increased sensitivity to f-lap in radiation
resistant rSCC-61 cells expressing higher levels of NQO1 but
comparable catalase relative to the matched radiation sensitive
SCC-61 cells. These findings are also consistent with previously
published data showing radiation sensitizing activity of B-lap
in NQO1 overexpressing SQCC/Y1 HNSCC tumors (9, 21).
However, despite these promising results, the translation to
clinic has been challenging [e.g., ARQ761 phase I/II clinical
trials (Gerber et al., 2018)] limited in part by the lack of
knowledge of the molecular factors driving the efficacy of B-
lap or ARQ761. As the chemotherapeutic activity of B-lap is
intrinsically linked to the availability of NAD(P)H, and our
prior dynamic flux balance analysis identified mitochondrial
MTHFD2 as a key driver of NAD(P)H in HNSCC, including
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the SCC-61/rSCC-61 cells (20, 21), we sought to investigate
here the contribution of MTHFD?2 to the efficacy of response
to B-lap when used alone or combined with ionizing radiation.
The focus on MTHFD2 was also driven by the clinical
precedent of folate inhibitors for treatment of HNSCC, and
key publications showing increased MTHFD2 expression in
rapidly proliferating solid tumors compared to normal tissue
(29), MTHFD2-mediated folate metabolism playing a pivotal
role in the progression and metastasis of several cancer types
(30-32) with evidence that this might occur independent of
its enzymatic activity (33), MTHFD2 function in purine and
pyrimidine biosynthesis, critical metabolites for DNA synthesis
and DNA damage repair (34), and evidence of additional nuclear
localization of MTHFD2 at DNA synthesis sites (33). In the
phenotypically matched HNSCC cells utilized here, the radiation
resistant rSCC-61 cells showed significantly increased expression
of both NQO1 and MTHFD?2, thus enabling investigations of the
crosstalk between these enzymes in determining the radiation
sensitizing activity of B-lap.

Indeed, the in vitro and in vivo data (Figures2, 6) show
statistically significant suppression of clonogenic survival and
tumor growth for rSCC-61 cells depleted of MTHFD2, and
radiation sensitizing effects of either MTHFD2 knockdown
or B-lap treatment. MTHFD2 depletion significantly increased
mitochondrial protein oxidation, augmented the mitochondrial
ROS induced by either radiation or B-lap treatment, and
increased the DNA damage (pS139 yH;AX) when cells were
treated with P-lap alone or in combination with radiation
(Figure 3). Overall, treatment with fB-lap drastically increased
mitochondrial ROS and protein oxidation in both scRNA
and MTHFD2 KD rSCC-61 cells, but induced a much lesser

activation of DNA damage response (pS139 yH,AX), completely
opposite compared to radiation, which strongly induced DNA
damage and had a lesser effect on mitochondrial ROS and protein
oxidation. This activity pattern in itself may explain the enhanced
anti-tumor effects of combined radiation and p-lap treatment.
Interestingly, MTHFD2 KD alone did not impact
mitochondrial respiration likely due to its dominant effects
being exerted on NADPH and/or due to replenishing of
mitochondrial NADH by the malate-aspartate shuttle. On
the other hand, B-lap significantly decreased mitochondrial
basal respiration, ATP production, and completely obliterated
the spare respiratory capacity in these cells (Figure 4), effects
further increased by MTHFD2 depletion. MTHFD2 knockdown
also increased cleaved PARP1, though interestingly significant
protein PARylation is observed only with combined radiation
and p-lap treatment in MTHFD2 KD rSCC-61 and not in the
scRNA control cells (Figure 3). MTHED2 depletion did not
significantly impact the cell cycle progression in rSCC-61 cells,
consistent with findings in HeLa cells (33) but contrary to
reports showing cell cycle G1/S arrest in colorectal cancer cells
(35). Combination of radiation with B-lap treatment enhanced
G2/M arrest in rSCC-61 cells irrespective of MTHFD?2 status,
but MTHFD2 knockdown prevented the accumulation of cells in
S-phase induced by p-lap treatment (Figure 5). Thus, MTHFD2
knockdown in rSCC-61 cells treated with p-lap display the G1/S
arrest phenotype noted in colorectal cancer cells. Clearly, more
studies are needed to follow-up on these intriguing findings and
elucidate the function of MTHFD2 in regulation of cell cycle
and the relationship with the response to B-lap and radiation
treatment. The tumor-selective cytotoxic mechanism of f-lap
was further confirmed in vivo using xenograft animal models
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FIGURE 6 | /n vivo study of combined antitumor activity of B-lapachone with radiation in HNSCC xenograft mice. (A) Description of treatment groups and
experimental design. (B) Athymic mice (nu/nu) bearing 100 mm® scRNA or MTHFD2 KD rSCC-61 tumor xenografts were randomly divided into subgroups (5
mice/group) to receive treatment as described in Materials and Methods. Data represent the fold change in the mean value of tumor volume (mean =+ SD). The images
at the top represent the tumors at Day 11. (C) Comparison of tumor weight measured after euthanasia at Day 11 (n = 5; * represent comparisons with the respective
untreated tumors in each group, scRNA and MTHFD2 KD rSCC-61, respectively; Student’s t-test *p 0.01-0.05, **p 0.001-0.01; #p 0.01-0.05 represents the
comparison of untreated MTHFD2 KD and scRNA rSCC-61 tumors, and ¥ p 0.01-0.05 represents the comparison of radiation treated MTHFD2 KD and scRNA
rSCC-61 tumors). (D) Representative H&E images of tumors isolated from the eight animal groups. IR, ionizing radiation; V, viable cells; N, necrotic/dead cells.

of radiation resistant HNSCC, which revealed cooperative
mechanisms of tumor suppression and extensive necrosis in
MTHFD2 knockdown tumors treated with combined B-lap and
ionizing radiation (Figure 6).

In conclusion, the data presented here point to potential
mechanisms of interorganelle communication connecting
mitochondrial sources of NAD(P)H, cytosolic NQO1 activity,
nuclear DNA damage, and cell cycle regulation. The findings are

important given the increased interest in targeting mitochondrial
metabolism for cancer therapies, and the ongoing efforts for both
the development of MTHFD2 inhibitors and of more potent
derivatives of B-lap. Considering the mitochondrial subcellular
location of MTHFD2 and the cytosolic location of NQOI,
an important direction for future studies is to investigate the
contribution of physical and functional partitioning of NADH
and NADPH between and within subcellular compartments,
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in particular given the dual pro- and antioxidant function
of NADPH (e.g., supporting ROS production by NADPH
oxidases and NQOI1/B-lap, and ROS suppressing activities
of thioredoxin and glutathione reductases). Importantly, our
computational analysis also identified other metabolic enzymes
besides MTHFD?2 as significant contributors to the NAD(P)H
across HNSCC tumors. Thus, the understanding of tumor
heterogeneity with respect to drivers of NAD(P)H in individual
cells is critical to amplify the B-lap bystander cytotoxicity
and advance the clinical success of B-lap therapeutics. These
studies will require use of mixed tumor cells and patient-
derived xenografts, which fortunately are becoming increasingly
available. This research would also benefit from development
of chemical tools and methods for selective imaging of ROS
and/or their oxidation products to more robustly quantify the
build-up and resolution of these species upon treatment with
redox-altering chemotherapeutics like B-lap in vivo.
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Purpose: Fibroblasts are considered to play a major role in the development of
fibrotic reaction after radiotherapy and premature radiation-induced differentiation has
been proposed as a cellular basis. The purpose was to relate gene expression
profiles to radiation-induced phenotypic changes of human skin fibroblasts relevant for
radiogenic fibrosis.

Materials and Methods: Exponentially growing or confluent human skin fibroblast
strains were irradiated in vitro with 1-3 fractions of 4 Gy X-rays. The differentiated
phenotype was detected by cytomorphological scoring and immunofluorescence
microscopy. Microarray analysis was performed on Human Genome U133 plus2.0
microarrays (Affymetrix) with JMP Genomics software, and pathway analysis with
Reactome R-package. The expression levels and kinetics of selected genes were
validated with quantitative real-time PCR (gPCR) and Western blotting.

Results: Irradiation of exponentially growing fibroblast with 1 x 4 Gy resulted
in phenotypic differentiation over a 5-day period. This was accompanied by
downregulation of cell cycle-related genes and upregulation of collagen and other
extracellular matrix (ECM)-related genes. Pathway analysis confirmed inactivation of
proliferation and upregulation of ECM- and glycosaminoglycan (GAG)-related pathways.
Furthermore, pathways related to inflammatory reactions were upregulated, and
potential induction and signaling mechanisms were identified. Fractionated irradiation
(8 x 4 Gy) of confluent cultures according to a previously published protocol for
predicting the risk of fibrosis after radiotherapy showed similar downregulation but
differences in upregulated genes and pathways.
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Radiation-Induced Differentiation and Gene Expression

Conclusion: Gene expression profiles after irradiation of exponentially growing cells
were related to radiation-induced differentiation and inflammatory reactions, and
potential signaling mechanisms. Upregulated pathways by different irradiation protocols
may reflect different aspects of the fibrogenic process thus providing a model system
for further hypothesis-based studies of radiation-induced fibrogenesis.

Keywords: fibroblast differentiation, extracellular matrix, radiation-induced fibrosis of the skin, inflammatory

signaling, cell cycle-related genes

INTRODUCTION

Fibroblasts are the most abundant cells in connective tissue and
are the major source of extracellular matrix (ECM) proteins. Thus
fibroblasts are considered to play a major role in the development
of fibrotic reaction after radiotherapy. Fibroblasts show a limited
proliferation capacity in vitro (the socalled ‘Hayflick limit’) which
was initially thought to correlate with the age of donors (Hayflick,
1965, 1980). However, no correlation was found in a large
longitudinal study when only healthy patients were included in
the analysis (Cristofalo et al., 1998). In fact, heterogeneity of
cell populations is observed in fibroblast cultures from donors
of all ages, representing a terminal differentiation lineage with
a progenitor compartment with potentially mitotic fibroblasts
and a functional compartment with postmitotic but metabolically
active cells that can remain functional for many months, if
not years (Bayreuther et al., 1988a,b; Bayreuther et al.,, 1992).
In early-passage cultures established from human skin, three
subtypes of progenitor fibroblasts can be distinguished which
have been characterized at the morphological and biochemical
level (Rodemann et al., 1989). Treatment with cytotoxic agents
such as the alkylating agent Mitomycin C or ionizing radiation
induces premature differentiation terminal to a postmitotic
phenotype characterized by an increase in cell size with enlarged
or multiple nuclei and increased synthesis of ECM proteins
(Rodemann, 1989; Rodemann et al., 1991; Herskind et al.,
2000). Thus radiation-induced differentiation of fibroblasts has
been proposed as a cellular basis of radiation-induced fibrosis
(Rodemann and Bamberg, 1995; Herskind et al., 1998).

Most studies on radiation-induced gene expression in
fibroblasts have focused on the early time interval 1-24 h after
irradiation, and identified genes involved in signaling, RNA
and DNA synthesis, metabolism, DNA damage response and
cell-cycle arrest (Khodarev et al,, 2001; Ding et al., 2005; Kis
et al., 2006; Zhou et al., 2006; Kalanxhi and Dahle, 2012).
However, the differentiated phenotype is not expressed at
such early time points. Rodningen et al. (2005) analyzed gene
expression 2 and 24 h after irradiation of confluent cultures
of skin fibroblasts with a single dose of 3.5 Gy or 2 h after
a fractionated scheme of 3 x 3.5 Gy given at 24 h intervals
(Rodningen et al, 2005). In addition to radiation-responsive
genes, differentially regulated genes were involved in ECM
remodeling, Wnt signaling, and IGF signaling (Rodningen et al.,
2005), and a 13-gene signature for predicting radiotherapy
patients individual risk of developing subcutaneous fibrosis was
identified (Alsner et al., 2007; Andreassen et al., 2013). Tachiiri
et al. (2006) studied gene expression at 1-72 h after doses in

the range 0.5-50 Gy and found upregulation of two collagens
(COL1A1 and COL5A1) in the late phase after giving a dose
of 5 Gy (Tachiiri et al., 2006). A more recent study investigated
radiation-induced senescence and found a strong increase in
expression of SA-BGal positive cells 72-120 h after high single
doses of 15-20 Gy with pathway analysis showing differential
regulation of cell cycle-related genes (Marthandan et al., 2016).
However, these studies did not consider other functional changes
associated with radiation-induced differentiation of fibroblast.

The purpose of the present work was to study gene expression
profiles in relation to radiation-induced phenotypic changes
of human skin fibroblasts relevant for radiogenic fibrosis.
Early-passage fibroblasts were irradiated in sparse cultures in
order to allow expression of the differentiated phenotype,
and differential gene expression was analyzed 2-5 days after
irradiation. Furthermore, the expression profiles of the previously
published irradiation protocol for predictive testing and the
present protocol were compared.

MATERIALS AND METHODS

Cell Culture

Three strains of primary human skin fibroblasts, GS3, GS4,
and GS5, were a gift from Dr. J. H. Peacock, Institute of
Cancer Research, Sutton, United Kingdom. The completely
anonymized strains were established prior to the Human
Tissue Act 2004 by outgrowth of explants taken from surplus
tissue obtained during surgical reduction mammoplasty [breast
reduction (Carlomagno et al., 2000)] on healthy donors younger
than 40 years of age (J. H. Peacock, personal communication).
The GS (“gold standard”) fibroblast strains (Kote-Jarai et al.,
2004) were made available to the EU BIOMED 2 Concerted
Action “The development of predictive tests of normal tissue
response to radiotherapy” (European_Commission, 1999). For
the present experiments, the cultures were grown in AmnioMax
C-100 Medium supplemented with 7.5% AmnioMax supplement
(Gibco/Invitrogen, Darmstadt, Germany) and 7.5% fetal bovine
serum (FBS, South American origin; Biochrom, Berlin, Germany;
HyClone, Fisher Scientific GmbH, Schwerte, Germany), 2 mM
glutamine, penicillin, and streptomycin at 37°C under 7% CO,.
In the Mannheim (MA) protocol, early-passage cells were seeded
in sparse mass culture in T75 flasks (0.5 x 10° cells/flask;
Falcon) and irradiated in exponential growth phase with 4 Gy
of 6 MV X-rays on the following day (day 0). For determining
changes in cell densities after irradiation, the cells were seeded
on microscope slides at the same density (6.67 X 10%/cm?),
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fixed at different time points and stained with Coomassie
blue and Giemsa as previously described (Herskind et al,
1998). The cells were photographed and relative changes in
cell numbers were determined by scoring the number of cells
per area.

The design of the microarray experiments and quantitative
real-time reverse transcription (RT-) PCR (qPCR) experiments
is shown in Table 1. Two technical replicate experiments (#1
and #2) were performed with GS4 fibroblasts. RNA was isolated
from T75 flasks on day 1 (0 Gy) and day 2, 3, and 5 (4 Gy),
or day 5 (2 x 4 Gy), yielding approximately the same number
of cells per unit area in unirradiated and irradiated flasks
(MA protocol). Furthermore, the protocol used by Overgaard’s
group in Aarhus (AR protocol) was run in parallel in these
experiments. In this protocol, confluent cultures were irradiated
with three fractions of 4 Gy of 6 MV X-rays (equivalent to
3.5 Gy of orthovolt X-rays) given on day 0, 1, and 2, and
RNA was isolated 2 h after the last fraction (Rodningen et al.,
2008; Andreassen et al., 2013). To verify differentially regulated
genes and pathways common to all three fibroblast strains,
experiments using the MA protocol with RNA isolation on
day 3 after irradiation were performed (experiments #3-#5).
Additional, independent experiments to test the kinetics and
validate the microarray data for selected genes were performed
with RNA isolation at 24 h intervals on day 1-6 after irradiation
and determined gene expression by qPCR. Supplementary
Experiments for qPCR validation and protein detection were
performed with isolation of RNA and protein at selected time
points as indicated.

Fibroblast Phenotype

Sparse mass cultures were seeded in chamber slides and
irradiated with 1 x 4 Gy as described above. On day 1-
5, the cells were fixed using 3.7% paraformaldehyde in PBS
followed by staining with Coomassie blue/Giemsa as described
(Herskind et al., 1998). Cell morphology was visualized in

bright-field microscopic images using 10-20x objectives. For
quantification of the size distributions, the areas of 300-600
individual cells for each condition were determined in additional
repeat experiments using Image ] software (Schneider et al,
2012). For quantitative changes in cell numbers, 100 cells
were seeded per well in six-well plates, irradiated and fixed
on day 1, 3, and 6 as described above. Cell numbers were
counted in six wells per plate under a microscope. The colony
formation assay (CFA) was used to determine changes in
fibroblast phenotype (differentiation state, surviving fraction).
Cells were seeded in triplicate T75 flasks at 100 cells/flask
for cytomorphological scoring, and at 300-4,000 cells/flask for
scoring colonies. After 11 days incubation, the cells were fixed
and stained, and the L:E ratio between colonies (min. 50 cells)
in late (L) and early (E) differentiation state was determined
by cytomorphological scoring as previously described (Herskind
et al,, 1998; Herskind and Rodemann, 2000). The yields of
postmitotic differentiated fibrocytes (PMF) and clones with
less than 50 cells (large clusters: 11-49 cells; small clusters:
2-10 cells) were determined by cytomorphological scoring of
single cells with no nearest neighbors within 2.5 mm in CFA
seeded at low cell density (100 cells per T75 flask) as described
(Herskind et al., 2000).

Immunocytochemistry

Cells were seeded in chamber slides (BD Biosciences, Heidelberg,
Germany) at a density of 6 x 10% cells/cm?, the day before
irradiation with 4 Gy. 1-5 days after irradiation, cells were
fixed in methanol, washed and blocked with 1% bovine serum
albumin in phosphate-buffered saline with 0.2% Triton-X100
(PBST). Incubation with 1:300 primary anti-a-smooth muscle
actin (a-sma, ACTA2) mouse monoclonal antibody (sc-32251,
Santa Cruz Inc., Heidelberg) in PBST was done for 1h. After
washing three times with PBST, the slides were incubated with
secondary FITC-conjugated goat anti-mouse IgG (1:20000) in
PBST for 1h in the dark, washed three times and covered.

TABLE 1 | Experimental design of microarray and qPCR experiments.

Fib. strain Cult. seed. Irrad. dose Day (d) on which RNA was isolated Protocol and type of experiment

GS4 Expon. 0 Gy di MA protocol

GS4 Expon. 4 Gy d2 d3 d5 Microarrays; exp. #1-2

GS4 Expon. 2x4 Gy 4 Gy d5 Microarrays; exp. #1-2

GS4 Confl. 0 Gy 0 Gy 0Gy + 2h AR protocol

GSs4 Confl. 4 Gy 4 Gy 4Gy +2h Microarrays; exp. #1-2

GS3-5 Expon. 0 Gy di MA protocol

GS83-5 Expon. 4 Gy d3 Microarrays; exp. #3-5

GS3-5 Expon. 0 Gy di MA protocol

GS3-5 Expon. 4 Gy di d2 d3 d4 d5 dé gPCR; kinetics/validation

GS83-5 Expon. 0 Gy d1 d2 d3 d5 MA protocol suppl. exp.

GS3-5 Expon. 4 Gy d2 d3 d5 qPCR; WB suppl. kinet./valid.
—-——— |=>—=— |=>—=>— |[>—>— |=>—=— |=>—=— |=>—>— |=>——| Post-IR day (d) after first dose
-1 0 1 2 3 4 5 6 Post-IR day (d) after first dose

Columns: ‘Fib. Strain,” individual strains: GS3, GS4, GS5; ‘Cult. seed’, culture seeded, expon.(exponential growth phase), confl. (confluent cultures); ‘lrrad. dose’,
irradiation dose; ‘Isolate RNA’, post irradiation time d1-d6 (day 1-6). MA, Mannheim protocol; AR, Aarhus protocol. Cells were irradiated on day 0, and also on d1 and
d2 for the AR protocol. The time line is shown at the bottom. WB: Western blots.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

165

February 2021 | Volume 9 | Article 539893


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Herskind et al.

Radiation-Induced Differentiation and Gene Expression

The cells were photographed at 400x magnification with an
inverted fluorescence microscope (Axio Observer.Z1, Carl Zeiss
Microscopy Deutschland GmbH, Oberkochen, Germany).

Immunoblotting

Protein lysates were prepared on the indicated days. Cells were
lysed on ice by incubation with ice-cold RIPA lysis buffer,
including the Complete Protease Inhibitor Cocktail (Roche,
Mannheim, Germany). The lysates were centrifuged at 12,000 x g
for 10 min at 4°C and the protein concentration was determined
by the Bradford method. Cell lysates (20 pg of total protein)
were mixed with equal volumes of 2 x Laemmli sample
buffer with 5% B-mercaptoethanol and 1 mM dithiothreitol,
denatured at 97°C for 5 min and separated by electrophoresis in
12% Bis—Tris acrylamide gels. The proteins were electroblotted
onto Amersham Protran 0.2 pm nitrocellulose membranes
(GE Healthcare, Freiburg, Germany) and probed with the
following primary antibodies: anti-CCNB1 (ab32053) and
anti-PTX3 (ab190838) from Abcam (Berlin, Germany), anti-
RPA1 (#2267) and anti-NBN (#2267) from Cell Signaling
Inc. (Frankfurt a.M., Germany), anti-a-smooth muscle actin
(a-sma, ACTA2; sc-32251) from Santa Cruz Inc. (Heidelberg,
Germany), and anti-ACTB (A5441) from Sigma-Aldrich/Merck
(Darmstadt, Germany). After washing, the membranes were
incubated with horseradish peroxidase-conjugated secondary
antibody (P0447, P0448; Agilent/Dako, Hamburg, Germany) for
1 h at room temperature, washed, processed with a Western
Lightning Plus ECL kit (PerkinElmer, Hamburg, Germany)
and fluorescence detected with a Fusion FX7/SL Advance
imaging system (Vilber Lourmat, Eberhardzell, Germany). Band
intensities were quantified with Image ] software (Schneider
et al., 2012), corrected for the intensity of the loading control
ACTB, and normalized to the values on day 1 of the
unirradiated samples.

RNA

Total RNA was prepared using Trizol (Gibco) followed by
additional purification using the RNeasy Mini Kit (Qiagen).
RNA was tested by capillary electrophoresis on an Agilent
2100 bioanalyzer (Agilent) and high quality was confirmed.
The RNA samples from exp. #1 and exp. #2 were stored
and processed separately for each experiment but biostatistical
analysis was performed together. RNA samples from exp. #3-
#5 were stored, processed and analyzed together. Biotinylated
antisense cRNA was prepared according to the Affymetrix
standard labeling protocol with the GeneChip® WT Plus Reagent
Kit and the GeneChip® Hybridization, Wash and Stain Kit
(both from Affymetrix Inc., Santa Clara, CA, United States).
RNA samples for qPCR were stored for each experimental series
(15 genes in the main text, 9 and 3 genes in Supplementary
Experiment) and the assays were performed over a short
period of time.

Microarrays

Gene expression profiling was performed using Human Genome
U133 Plus 2.0 microarrays (Affymetrix Inc., Santa Clara, CA,
United States). Hybridization was performed in a GeneChip

Hybridization oven 640, then dyed in the GeneChip Fluidics
Station 450 and thereafter scanned with a GeneChip Scanner
3000. All of the equipment used was from Affymetrix UK Ltd.
(High Wycombe, United Kingdom).

Irradiation and Dosimetry

Irradiation was performed with 6 MV X-rays from a clinical
radiotherapy machine (Elekta Synergy, Elekta Oncology Systems,
Crawley, United Kingdom) with a dose rate of 6 Gy/min. Dose
build-up above the cells was equivalent to 15 mm water depth
and 8 cm water-equivalent backscatter material was added below
the flasks. Dosimetry was performed as part of the daily quality
check for radiation therapy.

Bioinformatics

A Custom CDF Version 24 with ENTREZ based gene definitions
was used to annotate the arrays (Dai et al., 2005). All samples
assigned to a gene were summarized using the RMA method
(Irizarry et al, 2003). The raw fluorescence intensity values
were normalized by applying quantile normalization and RMA
background correction for exp. #1 and #2 combined, and for
exp. #3-#5 combined. In order to minimize variations between
independent experiments, batch correction was performed using
the batch normalization process of the JMP Genomics Software
version 7 (SAS Institute, Cary, NC, United States). In brief,
a K-Means clustering is applied to group batch profiles into
clusters and the batch normalization is performed by correcting
the within-cluster mean profile for each cluster. The resulting
expression levels were used to determine the log2 values of
fold change [log2(FC)], in each experiment by subtracting the
expression level in unirradiated fibroblasts from that of irradiated
cells at a given time point. The independent replicates for
GS4 (exp. #1 and #2) showed a high degree of correlation
(Supplementary Figures 1A-E). Therefore, data were filtered
for mean log2(FC) > 2 or <—2 and 95% confidence intervals
were determined from the variance of the difference of individual
replicates and their mean value (within the filtered gene sets,
which was 48 £ 11% larger than the variance for the complete
gene set). Notably, all individual replicate data points in
the filtered gene sets (2n = 3670) showed absolute log2(FC)
values > 1.4 corresponding to larger than 2.6-fold changes. The
differential expression in a completely independent experiment
with GS4 (exp. #3) showed excellent correlation (R* = 0.95)
with the mean values of the filtered genes from experiments #1
and #2 although, numerically, log2(FC) values were 15% smaller
overall (Supplementary Figure 1F). Importantly, however, all
of the filtered genes were regulated in the same direction in
all three experiments with none of the genes showing changes
in opposite directions. Out of 113 up- and 232 down-regulated
genes identified in the first two experiments, 97% showed at least
twofold changes. Only five genes in each group showed log2(FC)
values in experiment #3 in the range 0.6-1.0 (corresponding
to 1.5-2-fold changes), while a single uncharacterized LOC
gene showed log2(FC) = 0.42 (corresponding to 1.34-fold up-
regulation). The strong agreement between replicate experiments
suggests that false discoveries of up- or down-regulated genes are
extremely unlikely within the filtered gene sets.
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The same method of filtering and determination of the
variance of the filtered gene set around mean values for each
gene was used to analyze experiments #3-#5, yielding mean
values and confidence intervals for differentially expressed genes
in fibroblast strains (GS4, GS3, and GS5) from three individual
donors. In this case, absolute log2(FC) values were larger than
0.66 corresponding to larger than 1.5-fold changes for all
individual data points (n = 966) within the filtered gene set (122
up- and 200 down-regulated genes). In this case, the variance
between strains was 6.5-fold larger for the filtered genes than
for the whole gene set, implying that quantitative variations
between fibroblast strains from individual donors were larger
than the technical variation between experiments. Nevertheless,
the direction of the differential regulation was the same in all
strains for all 322 filtered genes.

Gene Set Enrichment Analysis (GSEA) was used to determine
whether defined lists (or sets) of genes exhibit a statistically
significant bias in their distribution within a ranked gene
list using ReactomePA and ClusterProfiler in the software
package R (Yu and He, 2016). The gene list was ranked
according to the log2(FC) values of each gene for irradiated
versus unirradiated cultures. Curated pathways over- or under-
represented in differentially expressed genes were identified
by normalized enrichment scores (NES). Pathways with
p-values < 0.05 after adjustment for multiple testing were
considered significant.

The raw and normalized data are deposited in the
Gene Expression Omnibus (GEO) database' (accession
number GSE147733).

Quantitative Real-Time RT-PCR (qPCR)

Validation of selected genes was done by qPCR using RNA
isolated from independent repeat experiments performed once
for each strain 1 year after the original experiments. qPCR
was performed with SYBR-green using Gene Globe primer
and detection system according to the manufacturer’s protocol
(Qiagen, Hilden, Germany). The fold induction was calculated
by the AACt method using ACTB as control gene. Mean
values and standard errors for the three strains are shown.
ACTB was chosen as control gene based on pilot experiments
showing no significant change in Ct values with time after
irradiation (day 0-6, P = 0.77, n = 20; ANOVA) for the three
fibroblast strains. This was corroborated when analyzing all
ACTB expression data from the qPCR validation experiments
for the 15 genes although minor but significant deviations
(P <0.001, n = 105; ANOVA) were observed for day 2 and day 3
(Supplementary Figure 2).

Statistics

Mean values and standard deviations, standard errors, or 95%
confidence intervals are shown as indicated in the graphs.
Statistical significance was tested by student’s t-test or by
ANOVA. JMP statistical discovery software v.14 (Boblingen,
Germany) and Excel (MS Office 2016) were used.

Uhttp://www.ncbinlm.nih.gov/geo/

RESULTS

Radiation-Induced Change of Fibroblast
Phenotype

A marked change in fibroblast morphology was observed
in micrographs after irradiation of fibroblasts in sparse
cultures. On day one after irradiation, no change was visible.
However, beginning on day 2, the cell size and morphology
changed from typical spindle-like shape to large extended
cells, representing radiation-induced premature differentiation
(Figure 1A). Although the density of the cultures appeared
to increase, this was largely due to the increase in cell size.
Preliminary image analysis indicated that the major increase
in cell size occurred between day 1 and 3 (not shown) and
this was validated by analyzing the cell size distributions in
three independent repeat experiments for day 1 and day 3
(Supplementary Figure 3). A shift in the frequency of cells with
small areas toward larger areas (approximately >1,500 um?) was
observed in irradiated cultures. Thus the median area increased
significantly (p = 0.02; N = 3, paired ¢-test) from 934 + 131 pm?
(0 Gy, day 1) to 2,161 + 46 pm? (4 Gy, day 3). Additional
experiments with GS3, GS4 and GS5 in six-well plates were
performed to count the number of cells fixed on day 1, 3, and
6. This confirmed that the number of cells per unit area did not
change significantly after irradiation (P = 0.51, N = 12, n = 3 per
group), indicating permanent cell-cycle arrest of most cells after
this dose (Figure 1B).

Clonogenic survival showed surviving fractions (SF) in the
range 1.21-6.7% after 4 Gy. This dose was used because it
was equivalent to the fraction size applied in postmastectomy
patients in which fibrosis after radiotherapy had previously been
studied (Johansen et al., 1996; Herskind et al., 1998; Alsner et al.,
2007). Microscopic scoring of clone sizes showed a radiation-
induced decrease in the number of colonies and clones with
11-49 cells after irradiation (P = 0.018, N = 6) which was
approximately balanced by a significant increase (P = 0.03,
N = 6) in the number of small clones with 2-10 cells and
single post-mitotic cells (Figure 1C). Thus inactivated clonogenic
cells were either arrested permanently or able to undergo max.
1-3 cell divisions in the time that undamaged cells would
form colonies. The surviving colonies showed an approximately
twofold increase in the L:E ratio between the number of colonies
in late and early different state (geometric mean 2.07, range
1.55-2.76; P = 0.04, N = 6) implicating a shift in fibroblast
differentiation after irradiation (Figure 1D). Taken together,
these results show the radiation-induced phenotype of premature
terminal differentiation developing 2-5 days after irradiation of
fibroblasts in sparse cultures in vitro (i.e., after DNA repair and
cell recovery are assumed to have been completed).

Changes in Gene Expression Profile
After Irradiation

Differential gene expression after the single-dose (MA) protocol
(I x 4 Gy, exponential growth) was studied for GS4 cells
on day 2, 3, and 5 after irradiation. A parallel flask was
given a second fraction of 4 Gy on day 3 after the first
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FIGURE 1 | Changes in cell morphology 1-5 days after irradiation of GS4 in microscope chamber slides with a dose of 4 Gy (A). Relative numbers of cells on day 1,
3, and 6 after irradiation of GS3, GS4, and GS5 in six-well plates with 4 Gy. For each fibroblast strain, the total number of cells in all six wells of the plate was scored.
P =0.51 (ANOVA, N = 12, n = 3 per group) (B). The yield of clones per seeded cell in the colony formation assay (T75 flasks) with GS3, GS4, and GS5, irradiated at
low cell density after doses of 0 Gy (sham) and 4 Gy. Cytomorphological assay (clonal culture at low cell density), clones sizes: >50 cells (colonies), 11-49 cells (large
clusters), 2-10 cells (small clusters), single cells (postmitotic). P-values for changes in colonies + large clusters and small clusters + single cells are shown (unpaired
t-test, N = 6) (C). Ratio of colony-forming fibroblasts in late (L) and early (E) differentiation state in the colony formation assay for GS3, GS4, and GS5 irradiated with
0 Gy (sham) or 4 Gy. P-value for unpaired t-test (N = 6) (D). Mean values and standard errors (n = 3) for the three strains are shown in (B-D).
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irradiation and RNA was isolated on day 5 (i.e., 2 days after the
second fraction). Two independent replicate experiments were
performed showing a high degree of correlation (R* = 0.81-
0.91; n = 20,422 genes; Supplementary Figure 1). Filtered genes
with mean log2(FC) > 2 or <—2 (i.e., at least fourfold up- or
down-regulation) are included with 95% confidence intervals
in a Supplementary Excel Table. All filtered genes showed
changes in the same directions in both replicate experiments
and were significant at the 95% confidence level. Heat maps
of the top 25 up- and down-regulated genes [mean log2(FC)]
on day 2, 3, and 5 after irradiation are shown in Figure 2A
and mean values and 95% confidence intervals for the top
25 up- and down-regulated genes are listed in Supplementary
Table 1. The kinetics of selected genes showed differences
in the upregulation of different collagen genes (Figure 2B),
either a continuous increase (COL11AI and COL12A1), leveling
off on day 3-5 (COL4AI and COLS8AI), or a late increase
(COL15A1I). By contrast, proliferation- and cell division-related
genes were down-regulated in a broadly similar way (Figure 2B).
Other genes showing stronger up- or down-regulation on
day 2 tended to change less on day 3-5 (Figure 2C). The
differential expression after giving two fractions of 4 Gy was
highly correlated with that observed 5 days after giving a

single fraction (Figure 2D) and less so with the earlier time
points (R* = 0.93 versus 0.88 and 0.76 for day 3 and 2,
respectively; data not shown). Thus, the transcription signature
for 2 x 4 Gy was more similar to the time after the first
fraction (5 days) than the second (2 days). However, whereas
upregulated genes showed little effect of the second fraction,
some of the most down-regulated genes on day 5 seemed
to be more strongly down-regulated after the second dose
(Figures 2B-D).

GSEA was used to identify significant pathways with
NES > 1.5 (over-represented, i.e., upregulated after irradiation)
or <—15 (underrepresented, i.e., downregulated after
irradiation). 268 pathways were downregulated at least
at one of the time points d2, d3, or d5, with 216 (81%)
downregulated at all three time points, while 106 pathways
were upregulated at one or more of the three time points with
45 (42%) common to all three (Supplementary Figure 4).
40% of the 216 common down-regulated pathways were
related to cell division, chromosome organization, or cell-
cycle and replication/proliferation, with additional 18%
related to gene expression and protein modification, and 19%
to cell stress and DNA repair (Figure 3A). 49% of the 45
common up-regulated pathways were related to the ECM,
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GAG, or cell-cell and cell-matrix interactions (Figure 3B)
with an additional 13% related to inflammation and immune
reactions. The complete list of pathways is included in a
Supplementary Excel Table.

Influence of Irradiation Protocol on Gene

Expression Pathways

Comparing the differential expression of the AR protocol showed
the best correlation (R?> = 0.52) with MA day 5 (Figure 4A).
Downregulated genes showed a higher degree of correlation
but strongly down-regulated gene seemed to be more down-
regulated in the AR than in the MA protocol. Upregulated
genes tended to be less up-regulated in the AR protocol but
considerable divergence was observed and this was also the
case for the 13-gene predictive signature (Figure 4B). The top
25 up- and down-regulated genes for the AR protocol are
listed in Supplementary Table 2 and shown as a heatmap

together with day 5 for the MA protocol (Figure 4C).
Downregulated genes, including several cell cycle- and cell
division-related genes, showed overlap with the MA protocol
(day 5) for nine genes. By contrast, only one of the top 25 up-
regulated genes showed overlap (GDF15) although COLI15A1,
which was outside top 25 on day 5 of the MA protocol,
was upregulated to a similar degree [log2(FC) = 3.65]. The
complete list of differentially regulated genes is included in
the Supplementary Excel Table. Pathway analysis showed 37
up-regulated pathways common to both protocol with 52%
relating to the ECM or GAG, and 14% to inflammation and
the immune system (Figure 4D). Additional 37 upregulated
pathways were significant for MA d5 with 41% relating to
GAG or cell-cell/cell-matrix interactions and only one pathway
to ECM. By contrast, among the 27 pathways significantly
upregulated for AR only, just 7% were related to GAG and
none to ECM or cell-cell/cell-matrix interactions. Instead, 22%
were related to cholesterol and bile acid/salts pathways, 15%
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to translation, and 15% to metabolism. Both protocols also
upregulated pathways related to inflammation and immune
reactions that were significant for only the MA and not the AR
protocol or vice versa.

Robustness of Radiation-Induced
Pathways in Different Fibroblast Strains

The robustness of the gene expression profile obtained
with GS4 for d3 (MA protocol) was tested in a second
series of microarray experiments including two further
fibroblast strains, GS3 and GS5. The top25 mean log2(FC)
upregulated genes for all three strains are shown as a heatmap
(Figure 5A) and mean log2(FC) values and 95% confidence
intervals in Supplementary Table 3. The complete list
of filtered genes is included in the Supplementary Excel
Table. qPCR validation of 27 genes is described below.
Pathway analysis showed 320 downregulated pathways, 243
of which were common to all three strains (Figure 5B).
The major groups were similar to the previous results
for GS4 on day 2-5. 125 pathways were upregulated with
59 being common to all three strains (Figure 5C). The
top 25 common pathways (Table 2) ranked by the mean
NES for the three fibroblast strains confirmed the high
fraction of ECM-related pathways but also included four
pathways related to inflammation and immune reaction:
Interferon alpha/beta signaling (R-HSA-909733) and three
pathways involving the complement system. Further six
inflammatory pathways with NES values in the range from
1.59 to 194 were outside top 25, including Interferon
gamma signaling (R-HSA-877300) and Interleukin-20
family signaling (R-HSA-8854691). Thus 10/59 pathways
(17%) upregulated on day 3 in all three strains represented
early aspects of inflammatory signaling. The complete

list of differentially regulated pathways is included in the
Supplementary Excel Table.

Expression Kinetics and qPCR Validation

of 15 Selected Genes

To study the expression kinetics of selected genes and
validate the microarray results by qPCR, additional independent
experiments were performed with irradiation of the three strains
isolating RNA each day from day 1 to day 6 (Figures 6A-
E). Genes were selected based on the filtered lists and their
potential relevance for the extracellular matrix, differentiation
and fibrosis. Ten genes were part of the filtered gene list
from exp. #1-2 as well as exp. #3-5. MMPI2 and ACTA2
were in the filtered gene list for exp. #1-2 (GS4 only),
and although COLIAI, COL3Al, and COL5AI, were in
neither of the filtered gene lists, they were included because
they are the major fibrillary collagen genes. Several collagen
genes (COL11A1, COL15A1, COLI2A1, COL5A1, COL3A1, and
COLI1AI) and LOXL4, the product of which is involved in
trimerization of collagen fibers, were upregulated to different
levels. Notably, of the three collagen genes which were
upregulated >twofold on microarrays although they did not
pass the stringent filtering (]log2(FC)| > 2), COLIAI and
COL3A1 were continuously upregulated up to day 6 while
COL5A1 reached a lower plateau on day 4. Furthermore,
the FAP gene coding for a serine protease was moderately
upregulated while MMPI12 coding for matrix metalloproteinase
12 was downregulated.

GDFI5 coding for a TGF-beta superfamily cytokine
was strongly upregulated. THBSI coding for the signaling
glycoprotein, thrombospondin 1, showed intermediate
upregulation up to day 5 while THBS2 showed a moderate
response with a plateau on day 1-4. CYPIBI coding for the
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et al., 2007). Mean values and 95% confidence intervals for data from experiments #1-2 are shown (B). Heat map of the top25 up- and down-regulated genes for
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cytochrome P450 1B1 enzyme was strongly upregulated similar
to the PTX3 gene coding for a long pentraxin. Expression of
ACTA2 coding for the myofibroblast marker a-smooth muscle
actin (o-sma) was only upregulated on day 5-6 after irradiation.
A comparison of the log2(FC) values for microarray and PCR
analyses for the three strains on day 3 showed a reasonably
good correlation, considering that the RNA was isolated from
two individual series of experiments separated by approximately
9 months (Figure 6F). Some genes with moderate upregulation
showed lower log2(FC) than for microarrays but only three
were significant, two of which (THBS2, COL15A1) showed
lower log2(FC) values (P = 0.01 and 0.02, respectively; unpaired
t-test, n = 2 x 3 per gene) and one (LOXL) a higher value
(P = 0.02). Overall, the correlation for all three strains yielded
R? = 0.50 which increased to R? = 0.72 when GS3 was excluded.
More detailed analysis (not shown) suggested that the GS3
qPCR experiment underestimated the log2(FC) of some genes,
possibly owing to experimental factors. Nevertheless, the full
kinetics including other time points (Figures 6A-E) supported

the radiation-induced differential expression obtained from the
microarray experiments.

Additional Validation of Gene Expression

at the RNA and Protein Levels

It may be argued that part of the time-dependent changes in
gene expression may be related to culture conditions rather
than irradiation. In order to test this, additional irradiation
experiments were undertaken, including unirradiated controls at
the time points on day 2, 3, and 5 in addition to day 1 used in
the microarray experiments. Because unirradiated cultures would
reach confluence and might undergo density arrest during the
experiment, unirradiated cultures were seeded at lower densities
to reach approximately the same cell density as the irradiated
cultures at the time of RNA and protein isolation. mRNA
expression of nine genes determined by qPCR are shown in
Supplementary Figure 4. For some of the genes, notably the
cyclins CCNBI and CCNE2, expression in unirradiated controls
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actually showed some decrease with time. This may be explained
by a slowing-down of proliferation, possible due to serum
depletion, but from previous experience, these cultures do not
lose the capacity to proliferate after reseeding into new flask.
In spite of the changes with time in unirradiated cultures, the
effect of irradiation was statistically significant at P < 0.05 in
6/9 genes on day 3 and in 7/9 genes on day 5, with strong
trends (P < 0.09) in the remaining genes. The effect of irradiation
was supported by K-means clustering analysis which separated
day 3 and 5 of all irradiated samples from unirradiated samples
and irradiated samples day 2 (not shown). Western blotting
confirmed down-regulation of CCNB1 in unirradiated samples
but downregulation was stronger after irradiation. Furthermore,
PTX3 and a-sma were upregulated significantly on day 3-5 in
irradiated compared to unirradiated cultures (Supplementary
Figures 5, 6A,B). Immunofluorescence staining showed that
upregulation of a-sma did not occur uniformly in all cells
but showed contiguous stress fiber-like patterns covering small
clusters of cells (Supplementary Figure 6C), suggesting the
formation of small contractile cell clusters.

Pathway analysis showed downregulation of several stress
and repair pathways after irradiation (MA protocol; Figure 3A).
This may appear counter-intuitive if it is assumed that cells are
arrested because of incomplete repair. However, permanent cell-
cycle arrest may result from unrepaired or misrepaired DNA
double-strand breaks (DSBs) leading to formation of micronuclei
or dicentric chromosomes. In order to confirm downregulation
of repair-related genes, we identified RPAI, NBN, and POLD3
as the most frequent genes in the top 3 of leading core genes
in 41 down-regulated stress and repair pathways. These genes
are involved in different repair pathways such as translesion
synthesis (RPAI and POLD3), and DNA damage response and

telomere maintenance (NBN). Irradiation experiments were
performed with isolation of RNA and protein from irradiated
and unirradiated cultures for early and intermediate time points
(4-72 h). qPCR showed significant down-regulation of these
genes (P = 0.0002-0.02) at 24-72 h relative to unirradiated
fibroblasts at the same time points, and this was further validated
at the protein level for RPA1 and NBN in Western blots
(Supplementary Figure 7).

DISCUSSION

In the present work, genes and pathways that are differentially
expressed during phenotypic changes following irradiation
of primary skin fibroblasts in vitro were identified. The
radiation-induced phenotype was characterized by inactivation
of clonogenicity accompanied by a gradual increase in cell
size and change in morphology typical of radiation-induced
differentiation of proliferating fibroblasts to postmitotic
fibrocytes (Bayreuther et al, 1988b; Rodemann et al., 1991;
Herskind et al., 2000). Furthermore, surviving colony-forming
progenitor fibroblasts showed a two-threefold increase in the L:E
ratio indicating a shift in the differentiation state after irradiation
as previously described (Herskind and Rodemann, 2000).

The main result is the overall change in down-regulated
genes and pathways related to proliferation and the up-regulation
of genes and pathways related to the extracellular matrix and
inflammation. A previous study on the IMR90 fibroblast strain
identified 1,381 genes with more than twofold down-regulation
genes after replicative senescence or radiation-induced arrest
5 days after a single dose of 5 Gy, while 660 genes were more
than twofold up-regulated (Lackner et al., 2014). The overlap

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2021 | Volume 9 | Article 539893


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Herskind et al.

Radiation-Induced Differentiation and Gene Expression

TABLE 2 | Top25 upregulated pathways overrepresented with NES > 1.5 and adjusted p-value < 0.05 in each of the three fibroblast strains (GS3, GS4, and GS5) on
day 3 after irradiation with 1 x 4 Gy (MA protocol).

ID Description Gene set size Mean NES Adjusted p
R-HSA-1650814 Collagen biosynthesis and modifying enzymes 67 2.43 <0.0016
R-HSA-909733 Interferon alpha/beta signaling 62 2.43 <0.0016
R-HSA-1474244 Extracellular matrix organization 297 2.40 <0.0016
R-HSA-8948216 Collagen chain trimerization 44 2.40 <0.0016
R-HSA-1474290 Collagen formation 90 2.31 <0.0016
R-HSA-3000178 ECM proteoglycans 75 2.27 <0.0016
R-HSA-1566948 Elastic fiber formation 44 2.27 <0.0016
R-HSA-2022090 Assembly of collagen fibrils and other 61 2.27 <0.0016
multimeric structures
R-HSA-1442490 Collagen degradation 63 2.24 <0.0016
R-HSA-166658 Complement cascade 51 2.20 <0.0016
R-HSA-2129379 Molecules associated with elastic fibers 37 2.19 <0.0016
R-HSA-381426 Regulation of Insulin-like Growth Factor (IGF) 120 2.19 <0.0016
transport and uptake by Insulin-like Growth
Factor Binding Proteins (IGFBPs)
R-HSA-977606 Regulation of Complement cascade 40 217 <0.0016
R-HSA-8957275 Post-translational protein phosphorylation 104 2.16 <0.0016
R-HSA-1474228 Degradation of the extracellular matrix 137 2.15 <0.0016
R-HSA-186797 Signaling by PDGF 58 2.09 <0.0016
R-HSA-194068 Bile acid and bile salt metabolism 43 2.04 <0.0049
R-HSA-216083 Integrin cell surface interactions 84 2.04 <0.0016
R-HSA-211976 Endogenous sterols 27 2.03 <0.0016
R-HSA-2173782 Binding and Uptake of Ligands by Scavenger 39 2.03 <0.0063
Receptors
R-HSA-192105 Synthesis of bile acids and bile salts 34 2.01 <0.0038
R-HSA-2243919 Crosslinking of collagen fibrils 18 1.99 <0.0099
R-HSA-3000171 Non-integrin membrane-ECM interactions 58 1.99 <0.0115
R-HSA-2022857 Keratan sulfate degradation 13 1.98 <0.0027
R-HSA-166663 Initial triggering of complement 20 1.96 <0.0063

Mean NES, mean value of normalized enrichments score for the three strains. ‘Adjusted p’ shows the largest adjusted p-values from separate pathway analyses for each
of the three strains. NES values and adjusted p-values for each strain are given in the Supplementary Excel Table.

between the two types of arrest was smaller for up-regulated
(93/660 = 14%) than for down-regulated genes (298/1381 = 22%).
The ratio of the number of down- to up-regulated genes after
irradiation was 1.77:1 (530:299 genes), compared with 3.5:1 for
more than fourfold upregulated genes in GS4 on day 5 (256:74
genes) in the present study.

Functionally, the downregulated genes were dominated by
genes related to cell-cycle progression and mitosis, consistent
with the phenotypic loss of proliferation. Genes such as MKI67,
CCNBI1/2 and CCNE2, and CDC20, showed similarly strong
(approximately eightfold) downregulation on day 2 leveling off
on day 3-5. The high mean fold downregulation (10-50-fold) is
a clear indicator of efficient shut-down of cell-cycle progression
in the vast majority of the cells. Among the most downregulated
genes, PODXL (podocalyxin-like) and IDI (inhibitor of DNA
binding 1) have been associated with migration and epithelial-
mesenchymal transition (EMT) (Scharpfenecker et al., 2009;
Frose et al., 2018 Wong et al, 2019). IDI was originally
identified as being repressed in senescent fibroblasts where its
expression represses the expression of the endogenous cyclin-
dependent kinase inhibitor p16/CDKN2A (Hara et al., 1994;

Zheng et al., 2004). A number of the genes down-regulated in the
present study (e.g., MKI67, CCNBI, and ID3) were commonly
down-regulated in replicative senescence and senescence induced
by a single high dose of 20 Gy (Marthandan et al., 2016).
Pathway analysis showed 40% of all down-regulated pathway
being related to cell division/chromosomes, cell cycle, and
replication/proliferation, and almost 20% related to stress/repair.
Pathways belonging to the former group were previously
found for replicative senescence (Lackner et al., 2014), while
another study found repair pathways to be down-regulated
during senescence 5 days after a high single dose of 20 Gy
(Marthandan et al., 2016). However, not all proliferation-related
genes are down-regulated. Thus, early >2-fold up-regulation
of the anti-proliferative BTG2 gene 1-24 h was shown in
fibroblasts after a single dose of 5 Gy (Tachiiri et al., 2006). In
the present study, 2.5-3.8-fold upregulation [log2(FC) = 1.34-
1.97] of BTG2 was observed in GS4 in the MA protocol,
increasing from day 2 to day 5 but, in the AR protocol,
5.9-fold upregulation [log2(FC) = 2.55 £ 0.34] occurred 2 h
after the last fraction (early after the last fraction but 2 days
after the first). In the MA protocol, upregulation in the three
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FIGURE 6 | Kinetics of gene expression (fold induction determined with gPCR) of selected genes on day 1-6 after irradiation of GS3, GS4, and GS5 fibroblasts with
a single dose of 4 Gy; mean values and standard errors of n = 3 independent experiments are shown (A-E). Comparison of log2 fold changes [log2(FC)] for
microarrays and gPCR on day 3 after a single dose of 4 Gy. The microarray and gPCR assays were performed on RNA from GS3, GS4, and GS5 irradiated in
separate, independent experiments; Mean values and standard errors are shown (F). The table shows P-values for log2(FC) of irradiated samples relative to
unirradiated controls at early time points (day 1-2 together) and late time points (d3-d6 together) for the gPCR experiments (heteroscedastic t-test, N = 9 and 15,
respectively) and for gPCR versus microarrays (m.a.) from experiments #3-5 for GS3, GS4, and GS5 (unpaired t-tests, N = 6). Asterisks indicates P < 0.05.

fibroblast strains was 2.6-fold [mean log2(FC) = 1.36 £+ 0.92]
on day 3, suggesting that upregulation is not restricted to
early time points.

Several ECM related genes and pathways were upregulated
after irradiation with the MA protocol. Tachiiri et al. (2006)
found late upregulation of COL1A1, COL5A1, and IGFBP5 48-
72 h after 5 Gy, which were also upregulated in the present
study although at lower levels [log2(FC) = 1.10 — 1.45] than
the filtering criteria [log2(FC) > 2]. By contrast, collagen
and thrombospondin genes in ECM receptor pathways, which
were upregulated in our study, were down-regulated after
senescence observed five days after a dose of 20 Gy in
the study by Marthandan et al. (2016). These previous
findings support the view that the up-regulation of ECM-
related genes and pathways 2-5 days after irradiation of
exponentially growing fibroblasts in the present study (MA
protocol) represent a transcriptional signature for progression
of progenitor fibroblast to functional, prematurely differentiated
cells which can be metabolically active for several months or

even years (Bayreuther et al., 1988b) rather than senescence as
a precursor to cell death.

Our aim was to test the hypothesis that radiation-induced
differentiation can be related to changes in gene expression
pathways after irradiation of fibroblast strains in vitro and
to provide a framework for future studies on potential
mechanisms. In the following, some individual genes that are
potentially interesting for further studies are discussed and
briefly reviewed. Complete lists for data mining are included as
Supplementary Material.

Genes Related to the Extracellular Matrix

Several genes coding for collagens as a major component of the
extracellular matrix (ECM) were upregulated after irradiation.
Fibrillar collagens (Exposito et al., 2010) such as COL1A1, coding
for the most abundant collagen (type I), and COL3A1 coding for
collagen type III which confers strength to the fibrils, showed
five-sixfold upregulation over 5-6 days (qPCR) although they
were not among the Top25 genes in microarrays. COL5A1 coding
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for type V which regulates fibril thickness (Sun et al., 2011),
showed twofold upregulation but COL11A1 coding for collagen
type XI which is frequently found in cartilage (Blaschke et al.,
2000) was in Top25 at all time points and reached 80-fold
upregulation in qPCR. Furthermore, COL12A1 and COLI5A1
coding for type XII and XV fibril-associated collagens with
interrupted triple helices (FACIT) (Ivanova and Krivchenko,
2014) were upregulated 4-12-fold. LOXL4 coding for lysyl
oxidase homolog 4, which regulates collagen fibril organization
(Herchenhan et al., 2015), was upregulated up to 20-fold in qPCR.
The differential upregulation of these genes strongly suggests that
irradiation not only increases the production but also leads to a
change in the properties of collagen fibers. Thus it is tempting
to speculate that increased expression of collagen types XI, XII,
and XV, may contribute to tissue hardening and rigidity in
subcutaneous fibrosis. In addition, microarray analysis showed
eightfold upregulation of COL8A1 coding for non-fibrillar short-
chain collagen type VIII which promotes remodeling and fibrosis
(Skrbic et al., 2015), and fourfold upregulation of COL4A1 coding
for type IV which is essential to the sheet-like structure of
basement membranes (Jayadev and Sherwood, 2017), both of
which appeared to reach a plateau 3-5 days after irradiation.
Finally, expression of ACTA2 was upregulated with delayed
kinetics on day 5-6. Its product, a-smooth muscle actin (a-sma,
ACTA?2), is a marker for myofibroblast differentiation and was
observed in single cells or small clusters of adjacent cells separated
by non-expressing cells. We speculate if this may represent
formation of contractile cell clusters. Thus the irradiated cultures
showed essential hallmarks of radiation-induced, premature
terminal differentiation of mitotic progenitor fibroblasts to
post-mitotic functional cells distinct from the senescent state
(Bayreuther et al., 1988b; Rodemann et al., 1989, 1991; Herskind
and Rodemann, 2000; Herskind et al., 2000).

Although downregulation of matrix metalloproteinases
(MMPs) might have been anticipated to contribute to enhanced
ECM deposition, most MMPs showed little or only moderate
modulation in the three strains on day 3. MMPI2, coding for
macrophage metalloelastase was downregulated twofold on day
3 but increased to eightfold downregulation on day 6 in qPCR,
while MMPI10 coding for stromelysin 2 was downregulated
fourfold on day 3-5 in microarray analysis of GS4 which was
confirmed for day 3 in all three strains. By contrast, FAP coding
for a prolyl endopeptidase associated with tissue remodeling
and fibrosis (Hamson et al., 2014) was upregulated from day 2,
reaching fourfold on day 5-6. The related gene, DPP4, coding
for dipeptidylpeptidase-IV was upregulated 6-11-fold on day 3
in the three strains and has been associated with organ fibrosis
and systemic sclerosis (Min et al., 2014; Soare et al., 2020).
MXRAS5 coding for matrix-remodeling-associated protein 5
(adlican), was upregulated on day three in microarray analysis in
all three strains and has been described as anti-inflammatory and
anti-fibrotic (Poveda et al., 2017). Taken together, these findings
strongly implicated increased ECM deposition and remodeling
rather than reduced collagen degradation in the fibrogenic
process after irradiation. This was supported by pathway analysis
showing collagen degradation among the top-10 upregulated
pathways common to the three strains on day 3. Thus the

balance between pro-fibrotic deposition of structurally modified
ECM molecules and degradation as part of ECM remodeling
mechanisms may determine the development of clinical fibrosis.

Signals Leading to Phenotypic Changes

The signals initiating the gene expression program associated
with radiation-induced differentiation and phenotypic changes
are poorly understood. Transforming growth factor-f1 is
considered a master switch in the development of fibrosis (Martin
et al., 2000) but TGFBI was not among the radiation-induced
upregulated genes in the present study. Latent TGF-B1 is stored
in the ECM (and in blood platelet) and can be released by various
agents such as including reactive oxygen species, reduced pH,
and proteases such as plasmin and thrombospondin (Barcellos-
Hoff and Dix, 1996; Ehrhart et al., 1997; Annes et al., 2003).
However, in a previous study of fibroblasts in vitro, the total
amount of active TGF-B1 released per flask released over a 24 h
period from fibroblast cultures irradiated with 4 Gy was not
significantly increased relative to unirradiated controls (Herskind
and Rodemann, 2000). Nevertheless, the present study showed
3.5-6-fold upregulation of THBSI on day 2-6 and 1.5-3-fold
for THBS2. Since the latter can antagonize TGF-f1 activation
by THBS1 (Murphy-Ullrich, 2019) this provides a potential
mechanism for a tightly regulated release of active TGF-f1 stored
in the ECM or in blood platelets in vivo.

Perhaps a more important signal for the differentiation
program leading to phenotypic changes is suggested by the early,
strong upregulation of GDFI5 coding for the TGF-B1 family
protein growth/differentiation factor 15 in the MA irradiation
protocol and which was also upregulated in the AR protocol.
GDF15 (also known as macrophage inhibitory cytokine-1, MIC-
1) is upregulated by various stresses and has been associated with
inflammation, cancer, and cardiovascular disease (Emmerson
et al., 2018; Zhang et al., 2018; Kalli et al., 2019; Patel et al,
2019). Although it has been reported to signal via TGFBR2 and
the downstream SMAD pathway, more recent studies implicated
binding to a GFRAL/RET heterodimer with signaling to ERK
and AKT pathways [reviewed in Emmerson et al. (2018)]. The
GDF15 protein was recently proposed as a potential marker for
radiation response and radiosensitivity in hTERT-immortalized
human foreskin fibroblasts (Sandor et al., 2015). Furthermore, it
has been reported to contribute to radiation-induced senescence
in human aortic endothelial cells (Park et al., 2016) and has been
associated with liver fibrosis (Koo et al., 2018).

Inflammatory Pathways

CH25H coding for cholesterol 25-hydroxylase was consistently
one of the top3 upregulated genes at different time points
and in different strains. The enzyme is important for the
synthesis of oxysterol which together with cholesterol promote
inflammatory reaction (Gold et al., 2014; Pandak and Kakiyama,
2019) and may contribute to intestinal fibrosis (Raselli et al.,
2019). Consistent with this, IL-6 showed 5-fold upregulation on
day 2, increasing to 14-fold at later time points although not
sufficient to include it in top25 on day 5 for GS4 or on day 3
for all three cell strains. Pathway analysis showed upregulation
of interferon alpha/beta, interferon gamma, and IL-20 family,
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signaling pathways corroborating that inflammatory signals were
induced in the irradiated cultures.

In addition, platelet and neutrophil degranulation pathways
and six pathways involving the complement system were
upregulated. Notably, the PTX3 gene coding for the long
pentraxin 3 showed consistently strong upregulation
in microarrays and qPCR. Pentraxins are important for
complement activation (Bonavita et al., 2015; Ma and Garred,
2018). The complement system is an important component of the
inflammatory reaction leading to recruitment of blood platelets
and neutrophils in the early phases of wound healing (Sinno
and Prakash, 2013; Rafail et al., 2015), thus providing a link
between radiation-induced inflammation and wound healing
(Cazander et al., 2012; Ellis et al., 2018) that may eventually result
in fibrotic reaction, analogous to scarring in normal wound
healing (Wynn and Ramalingam, 2012).

The AKCR3 gene coding for atypical chemokine receptor 3
(formerly known as C-X-C chemoreceptor type 7, CXCR7) was
among the early upregulated genes in GS4 and five—eightfold
upregulated on day 3 in the three strains [mean log2(FC) = 2.8;
rank 32]. ACKR3 is a scavenger for CXCL12 and modulates
inflammatory signaling through the CXCL12/CXCR4 axis to
effector kinases and other targets [reviewed in Giordano et al.
(2019); Koenen et al. (2019)]. Interestingly, CXCL12 was part of
the 13-gene discovery expression signature associated with the
individual risk of subcutaneous fibrosis (Alsner et al., 2007).

Comparison of Pathways Activated in

Different Irradiation Protocols

The MA protocol for studying differentiation showed a high
proportion (~80%) of pathways down-regulated at all three
time points, with half of these pathways related to proliferation,
cell cycle, cell division, and cell stress and DNA repair.
Downregulation of cell stress and DNA repair pathways may
appear counter-intuitive but can be explained if the early
radiation response is completed by the time RNA was isolated.
In contrast with down-regulated pathways, only ~43% of the
upregulated pathways were common to all three time points.
These pathways were related to ECM proteins, glycosylation,
and interactions of cells with neighboring cells and the
ECM, corroborating the association with the radiation-induced
phenotypic changes. The differential gene expression after
irradiation with two fractions showed that the second fraction
enhanced downregulation of most strongly downregulated genes
while it had no effect on upregulated genes suggesting that
incubation time after the first fraction was of major importance
for the transcriptional response.

The expression profile for the fractionated irradiation protocol
(AR) for confluent cultures previously used to identify thel3-
gene predictor of fibrosis risk (later reduced and confirmed
for nine genes) (Alsner et al,, 2007; Andreassen et al., 2013)
was compared with the present protocol. The correlation of
differentially expressed genes in the AR protocol applying three
fractions to confluent cells was greater with day 5 in the single-
dose MA protocol, and the strongest correlation was observed
for downregulated genes including those related to the cell
cycle. This supports the importance of the first fraction although

subsequent fractions may enhance downregulation, whereas the
2 h-interval after the last fraction may not be critical for
the radiation-induced expression profile. Upregulated pathways
showed some overlap (37/101 significant pathways) between
the two protocols, including pathways related to ECM, GAG,
inflammation, and cholesterol and bile acid/salts. However, the
pathways overrepresented only in the MA protocol (37/74)
were dominated by GAG, cell-cell/cell-matrix interactions, and
inflammation, whereas the pathways overrepresented only in the
AR protocol (27/64) were associated with cholesterol and bile
acid/salts, translation, metabolism, and different inflammatory
pathways. Thus, although some pathways were common, the two
protocols showed considerable differences in the functions of
their activated pathways that may represent different aspects of
the fibrogenic process.

Limitations and Conclusion

The main limitation of the present study is the small number
of repeat experiments and fibroblast strains. However, the fold
change in the expression of the filtered, strongly regulated
genes (>4-fold) showed little variation between replicate
experiments. A third, independent experiment confirmed
the high reproducibility for the same fibroblast strain
further supporting that the rate of false discoveries was
very low. Differential gene expression in three different strains
with additional qPCR experiments showed similar results,
corroborating the robustness of the main findings. Pathway
analysis grouped tens to hundreds of genes into individual
pathways thus reducing the influence of stochastic variation of
the expression of individual genes. Only genes and pathways that
were upregulated on day three in all three fibroblast strains were
considered, thus neglecting variation between individual strains.
Pathway analysis is inherently biased toward the available curated
pathways and in some cases may contain partially overlapping
genes sets. However, the number of Reactome pathways was
relatively large (>10%) and a wide variety of different pathways
categories were represented in the results so that the general
expression profiles may be considered to reflect true changes
with a high degree of certainty.

The results of this study demonstrate that gene expression
profiles after irradiation of exponentially growing skin fibroblasts
in vitro can be related to radiation-induced differentiation
and inflammatory reactions. Furthermore, it suggests signaling
mechanisms for phenotypic changes and inflammatory pathways
that may be tested in future in vitro and in vivo studies.
The irradiation protocol influences the expression profiles and
upregulated pathways which seem to reflect different aspects of
the fibrogenic process. Thus the present findings provide a model
system and a framework for further hypothesis-based studies of
radiation-induced fibrogenesis.

DATA AVAILABILITY STATEMENT

The raw and normalized data are deposited in
the  Gene  Expression  Omnibus (GEO)  database
(http://www.ncbi.nlm.nih.gov/geo/; accession number
GSE147733).

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2021 | Volume 9 | Article 539893


http://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Herskind et al.

Radiation-Induced Differentiation and Gene Expression

AUTHOR CONTRIBUTIONS

CH: experimental design, data analysis, and manuscript writing.
CS: microarray and pathway analysis. AS: qPCR, pathway
analysis and manuscript writing and editing. FG: manuscript
writing and editing and funding. FW: infrastructure and
funding. All authors contributed to the article and approved the
submitted version.

FUNDING

AS was supported by grant no. KTS-00.020.2019 from the Klaus
Tschira Stiftung gGmbH.

REFERENCES

Alsner, J., Rodningen, O. K., and Overgaard, J. (2007). Differential gene expression
before and after ionizing radiation of subcutaneous fibroblasts identifies breast
cancer patients resistant to radiation-induced fibrosis. Radiother. Oncol. 83,
261-266. doi: 10.1016/j.radonc.2007.05.001

Andreassen, C. N., Overgaard, J., and Alsner, J. (2013). Independent prospective
validation of a predictive test for risk of radiation induced fibrosis based on the
gene expression pattern in fibroblasts irradiated in vitro. Radiother. Oncol. 108,
469-472. doi: 10.1016/j.radonc.2013.08.029

Annes, J. P., Munger, J. S., and Rifkin, D. B. (2003). Making sense of latent TGFbeta
activation. J. Cell Sci. 116, 217-224. doi: 10.1242/jcs.00229

Barcellos-Hoff, M. H., and Dix, T. A. (1996). Redox-mediated activation of latent
transforming growth factor-beta 1. Mol. Endocrinol. 10, 1077-1083. doi: 10.
1210/me.10.9.1077

Bayreuther, K., Francz, P. I, and Rodemann, H. P. (1992). Fibroblasts in normal
and pathological terminal differentiation, aging, apoptosis and transformation.
Arch. Gerontol. Geriatr. 15(Suppl. 1), 47-74. doi: 10.1016/s0167-4943(05)
80006-8

Bayreuther, K., Rodemann, H. P., Francz, P. I, and Maier, K. (1988a).
Differentiation of fibroblast stem cells. J. Cell Sci. Suppl. 10,
115-130.

Bayreuther, K., Rodemann, H. P., Hommel, R., Dittmann, K., Albiez, M., and
Francz, P. I. (1988b). Human skin fibroblasts in vitro differentiate along a
terminal cell lineage. Proc. Natl. Acad. Sci. U.S.A. 85, 5112-5116. doi: 10.1073/
pnas.85.14.5112

Blaschke, U. K., Eikenberry, E. F., Hulmes, D. J., Galla, H. J., and Bruckner, P.
(2000). Collagen XI nucleates self-assembly and limits lateral growth of cartilage
fibrils. J. Biol. Chem. 275, 10370-10378. doi: 10.1074/jbc.275.14.10370

Bonavita, E., Gentile, S., Rubino, M., Maina, V., Papait, R., Kunderfranco, P., et al.
(2015). PTX3 is an extrinsic oncosuppressor regulating complement-dependent
inflammation in cancer. Cell 160, 700-714. doi: 10.1016/j.cell.2015.01.004

Carlomagno, F., Burnet, N. G., Turesson, L., Nyman, J., Peacock, J. H., Dunning,
A. M., etal. (2000). Comparison of DNA repair protein expression and activities
between human fibroblast cell lines with different radiosensitivities. Int. J.
Cancer 85, 845-849. doi: 10.1002/(sici)1097-0215(20000315)85:6<845::aid-
ijc18>3.0.co52-¢

Cazander, G., Jukema, G. N., and Nibbering, P. H. (2012). Complement
activation and inhibition in wound healing. Clin. Dev. Immunol.
2012:534291.

Cristofalo, V. J., Allen, R. G., Pignolo, R. J., Martin, B. G., and Beck, J. C. (1998).
Relationship between donor age and the replicative lifespan of human cells
in culture: a reevaluation. Proc. Natl. Acad. Sci. U.S.A. 95, 10614-10619. doi:
10.1073/pnas.95.18.10614

Dai, M., Wang, P., Boyd, A. D., Kostov, G., Athey, B., Jones, E. G., et al. (2005).
Evolving gene/transcript definitions significantly alter the interpretation of
GeneChip data. Nucleic Acids Res. 33:e175. doi: 10.1093/nar/gnil79

Ding, L. H., Shingyoji, M., Chen, F., Hwang, J. J., Burma, S, Lee, C,, et al. (2005).
Gene expression profiles of normal human fibroblasts after exposure to ionizing

ACKNOWLEDGMENTS

Ms. Anne Kirchner (née Schwegler), Ms. Maria
Muciek, Ms. Miriam Bierbaum, and Ms. Adriana
Gbrenicek are gratefully acknowledged for expert technical
assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
539893/full#supplementary-material

radiation: a comparative study of low and high doses. Radiat. Res. 164, 17-26.
doi: 10.1667/rr3354

Ehrhart, E. J., Segarini, P., Tsang, M. L., Carroll, A. G., and Barcellos-Hoff, M. H.
(1997). Latent transforming growth factor betal activation in situ: quantitative
and functional evidence after low-dose gamma-irradiation. FASEB J. 11, 991-
1002. doi: 10.1096/fasebj.11.12.9337152

Ellis, S., Lin, E. J., and Tartar, D. (2018). Immunology of wound healing. Curr.
Dermatol. Rep. 7, 350-358.

Emmerson, P. J., Duffin, K. L., Chintharlapalli, S, and Wu, X. (2018).
GDF15 and growth control. Front. Physiol. 9:1712. doi: 10.3389/fphys.2018.
01712

European_Commission. (1999). “Summaries of research projects supported under
Biomed 2,” in Community Research, Biomedical and Health Research Programme
1994-1998, (Brussels: Directorate-General for Research).

Exposito, J. Y., Valcourt, U., Cluzel, C., and Lethias, C. (2010). The fibrillar collagen
family. Int. J. Mol. Sci. 11, 407-426. doi: 10.3390/ijms11020407

Frose, J., Chen, M. B., Hebron, K. E., Reinhardt, F., Hajal, C., Zijlstra, A., et al.
(2018). Epithelial-Mesenchymal Transition induces podocalyxin to promote
extravasation via ezrin signaling. Cell Rep. 24, 962-972. doi: 10.1016/j.celrep.
2018.06.092

Giordano, F. A., Link, B., Glas, M., Herrlinger, U., Wenz, F., Umansky, V.,
et al. (2019). Targeting the post-irradiation tumor microenvironment in
glioblastoma via inhibition of CXCL12. Cancers (Basel.) 11, 272. doi: 10.3390/
cancers11030272

Gold, E. S., Diercks, A. H., Podolsky, I., Podyminogin, R. L., Askovich, P. S.,
Treuting, P. M., et al. (2014). 25-Hydroxycholesterol acts as an amplifier of
inflammatory signaling. Proc. Natl. Acad. Sci. U.S.A. 111, 10666-10671. doi:
10.1073/pnas.1404271111

Hamson, E. J., Keane, F. M., Tholen, S., Schilling, O., and Gorrell, M. D.
(2014). Understanding fibroblast activation protein (FAP): substrates, activities,
expression and targeting for cancer therapy. Proteom. Clin. Appl. 8, 454-463.
doi: 10.1002/prca.201300095

Hara, E., Yamaguchi, T., Nojima, H., Ide, T., Campisi, J., Okayama, H., et al.
(1994). 1d-related genes encoding helix-loop-helix proteins are required for G1
progression and are repressed in senescent human fibroblasts. J. Biol. Chem.
269, 2139-2145. doi: 10.1016/s0021-9258(17)42146-6

Hayflick, L. (1965). The limited in vitro lifetime of human diploid cell strains. Exp.
Cell Res. 37, 614-636. doi: 10.1016/0014-4827(65)90211-9

Hayflick, L. (1980). Recent advances in the cell biology of aging. Mech. Ageing Dev.
14, 59-79.

Herchenhan, A., Uhlenbrock, F., Eliasson, P., Weis, M., Eyre, D., Kadler, K. E., et al.
(2015). Lysyl oxidase activity is required for ordered collagen fibrillogenesis by
tendon cells. J. Biol. Chem. 290, 16440-16450. doi: 10.1074/jbc.m115.641670

Herskind, C., Bentzen, S. M., Overgaard, J., Overgaard, M., Bamberg, M., and
Rodemann, H. P. (1998). Differentiation state of skin fibroblast cultures versus
risk of subcutaneous fibrosis after radiotherapy. Radiother. Oncol. 47, 263-269.
doi: 10.1016/s0167-8140(98)00018-8

Herskind, C., Johansen, J., Bentzen, S. M., Overgaard, M., Overgaard, J.,
Bamberg, M., et al. (2000). Fibroblast differentiation in subcutaneous fibrosis

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2021 | Volume 9 | Article 539893


https://www.frontiersin.org/articles/10.3389/fcell.2021.539893/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.539893/full#supplementary-material
https://doi.org/10.1016/j.radonc.2007.05.001
https://doi.org/10.1016/j.radonc.2013.08.029
https://doi.org/10.1242/jcs.00229
https://doi.org/10.1210/me.10.9.1077
https://doi.org/10.1210/me.10.9.1077
https://doi.org/10.1016/s0167-4943(05)80006-8
https://doi.org/10.1016/s0167-4943(05)80006-8
https://doi.org/10.1073/pnas.85.14.5112
https://doi.org/10.1073/pnas.85.14.5112
https://doi.org/10.1074/jbc.275.14.10370
https://doi.org/10.1016/j.cell.2015.01.004
https://doi.org/10.1002/(sici)1097-0215(20000315)85:6<845::aid-ijc18>3.0.co;2-c
https://doi.org/10.1002/(sici)1097-0215(20000315)85:6<845::aid-ijc18>3.0.co;2-c
https://doi.org/10.1073/pnas.95.18.10614
https://doi.org/10.1073/pnas.95.18.10614
https://doi.org/10.1093/nar/gni179
https://doi.org/10.1667/rr3354
https://doi.org/10.1096/fasebj.11.12.9337152
https://doi.org/10.3389/fphys.2018.01712
https://doi.org/10.3389/fphys.2018.01712
https://doi.org/10.3390/ijms11020407
https://doi.org/10.1016/j.celrep.2018.06.092
https://doi.org/10.1016/j.celrep.2018.06.092
https://doi.org/10.3390/cancers11030272
https://doi.org/10.3390/cancers11030272
https://doi.org/10.1073/pnas.1404271111
https://doi.org/10.1073/pnas.1404271111
https://doi.org/10.1002/prca.201300095
https://doi.org/10.1016/s0021-9258(17)42146-6
https://doi.org/10.1016/0014-4827(65)90211-9
https://doi.org/10.1074/jbc.m115.641670
https://doi.org/10.1016/s0167-8140(98)00018-8
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Herskind et al.

Radiation-Induced Differentiation and Gene Expression

after postmastectomy radiotherapy. Acta Oncol. 39, 383-388. doi: 10.1080/
028418600750013159

Herskind, C., and Rodemann, H. P. (2000). Spontaneous and radiation-induced
differentiation of fibroblasts. Exp. Gerontol. 35, 747-755. doi: 10.1016/s0531-
5565(00)00168-6

Ivanova, V. P., and Krivchenko, A. 1. (2014). [A current viewpoint on structure and
evolution of collagens. II. The fibril-associated collagens with interrupted triple
helices]. Zh. Evol. Biokhim. Fiziol. 50, 245-254.

Irizarry, R. A., Hobbs, B., Collin, F., Beazer-Barclay, Y. D., Antonellis, K. J., Scherf,
U., et al. (2003). Exploration, normalization, and summaries of high density
oligonucleotide array probe level data. Biostatistics 4, 249-264. doi: 10.1093/
biostatistics/4.2.249

Jayadev, R., and Sherwood, D. R. (2017). Basement membranes. Curr. Biol. 27,
R207-R211.

Johansen, J., Bentzen, S. M., Overgaard, J., and Overgaard, M. (1996). Relationship
between the in vitro radiosensitivity of skin fibroblasts and the expression
of subcutaneous fibrosis, telangiectasia, and skin erythema after radiotherapy.
Radiother. Oncol. 40, 101-109. doi: 10.1016/0167-8140(96)01777-x

Kalanxhi, E., and Dahle, J. (2012). Genome-wide microarray analysis of human
fibroblasts in response to gamma radiation and the radiation-induced bystander
effect. Radiat. Res. 177, 35-43. doi: 10.1667/rr2694.1

Kalli, M., Minia, A., Pliaka, V., Fotis, C., Alexopoulos, L. G., and Stylianopoulos,
T. (2019). Solid stress-induced migration is mediated by GDF15 through Akt
pathway activation in pancreatic cancer cells. Sci. Rep. 9:978.

Khodarev, N. N,, Park, J. O, Yu, J., Gupta, N., Nodzenski, E., Roizman, B., et al.
(2001). Dose-dependent and independent temporal patterns of gene responses
to ionizing radiation in normal and tumor cells and tumor xenografts. Proc.
Natl. Acad. Sci. U.S.A. 98, 12665-12670. doi: 10.1073/pnas.211443698

Kis, E., Szatmari, T., Keszei, M., Farkas, R., Esik, O., Lumniczky, K., et al. (2006).
Microarray analysis of radiation response genes in primary human fibroblasts.
Int. ]. Radiat. Oncol. Biol. Phys. 66, 1506-1514. doi: 10.1016/j.ijrobp.2006.08.
004

Koenen, J., Bachelerie, F., Balabanian, K., Schlecht-Louf, G., and Gallego, C. (2019).
Atypical chemokine receptor 3 (ACKR3): a comprehensive overview of its
expression and potential roles in the immune system. Mol. Pharmacol. 96,
809-818. doi: 10.1124/mol.118.115329

Koo, B. K., Um, S. H,, Seo, D. S, Joo, S. K., Bae, J. M., Park, J. H., et al. (2018).
Growth differentiation factor 15 predicts advanced fibrosis in biopsy-proven
non-alcoholic fatty liver disease. Liver Int. 38, 695-705. doi: 10.1111/liv.13587

Kote-Jarai, Z., Williams, R. D., Cattini, N., Copeland, M., Giddings, I., Wooster, R.,
et al. (2004). Gene expression profiling after radiation-induced DNA damage
is strongly predictive of BRCA1 mutation carrier status. Clin. Cancer Res. 10,
958-963. doi: 10.1158/1078-0432.ccr-1067-3

Lackner, D. H., Hayashi, M. T., Cesare, A. J., and Karlseder, J. (2014). A genomics
approach identifies senescence-specific gene expression regulation. Aging Cell
13, 946-950. doi: 10.1111/acel.12234

Ma, Y. J.,, and Garred, P. (2018). Pentraxins in complement activation and
regulation. Front. Immunol. 9:3046. doi: 10.3389/fimmu.2018.03046

Marthandan, S., Menzel, U, Priebe, S., Groth, M., Guthke, R., Platzer, M., et al.
(2016). Conserved genes and pathways in primary human fibroblast strains
undergoing replicative and radiation induced senescence. Biol. Res. 49:34.

Martin, M., Lefaix, J., and Delanian, S. (2000). TGF-betal and radiation fibrosis: a
master switch and a specific therapeutic target? Int. J. Radiat. Oncol. Biol. Phys.
47,277-290. doi: 10.1016/s0360-3016(00)00435- 1

Min, H. S., Kim, J. E., Lee, M. H., Song, H. K,, Kang, Y. S., Lee, M. |, et al. (2014).
Dipeptidyl peptidase IV inhibitor protects against renal interstitial fibrosis in a
mouse model of ureteral obstruction. Lab. Invest. 94, 598-607. doi: 10.1038/
labinvest.2014.50

Murphy-Ullrich, J. E. (2019). Thrombospondin 1 and Its diverse roles as a regulator
of extracellular matrix in fibrotic disease. J. Histochem. Cytochem. 67, 683-699.
doi: 10.1369/0022155419851103

Pandak, W. M., and Kakiyama, G. (2019). The acidic pathway of bile acid synthesis:
not just an alternative pathway(). Liver Res. 3, 88-98. doi: 10.1016/j.livres.2019.
05.001

Park, H., Kim, C. H,, Jeong, J. H., Park, M., and Kim, K. S. (2016). GDF15
contributes to radiation-induced senescence through the ROS-mediated p16
pathway in human endothelial cells. Oncotarget 7, 9634-9644. doi: 10.18632/
oncotarget.7457

Patel, S., Alvarez-Guaita, A., Melvin, A., Rimmington, D., Dattilo, A.,
Miedzybrodzka, E. L., et al. (2019). GDF15 Provides an endocrine signal of
nutritional stress in mice and humans. Cell Metab. 29, 707-718e8.

Poveda, J., Sanz, A. B., Fernandez-Fernandez, B., Carrasco, S., Ruiz-Ortega, M.,
Cannata-Ortiz, P., et al. (2017). MXRAS5 is a TGF-betal-regulated human
protein with anti-inflammatory and anti-fibrotic properties. J. Cell Mol. Med.
21, 154-164. doi: 10.1111/jcmm.12953

Rafail, S., Kourtzelis, I., Foukas, P. G., Markiewski, M. M., Deangelis, R. A.,
Guariento, M., et al. (2015). Complement deficiency promotes cutaneous
wound healing in mice. J. Immunol. 194, 1285-1291. doi: 10.4049/jimmunol.
1402354

Raselli, T., Wyss, A., Gonzalez Alvarado, M. N., Weder, B., Mamie, C., Spalinger,
M. R, et al. (2019). The oxysterol synthesising enzyme CH25H contributes to
the development of intestinal fibrosis. J. Crohns Colitis 13, 1186-1200. doi:
10.1093/ecco-jcc/jjz039

Rodemann, H. P. (1989). Differential degradation of intracellular proteins
in human skin fibroblasts of mitotic and mitomycin-C (MMC)-induced
postmitotic differentiation states in vitro. Differentiation 42, 37-43. doi: 10.
1111/j.1432-0436.1989.tb00605.x

Rodemann, H. P., and Bamberg, M. (1995). Cellular basis of radiation-induced
fibrosis. Radiother. Oncol. 35, 83-90. doi: 10.1016/0167-8140(95)01540-w

Rodemann, H. P., Bayreuther, K., Francz, P. I, Dittmann, K., and Albiez, M. (1989).
Selective enrichment and biochemical characterization of seven human skin
fibroblasts cell types in vitro. Exp. Cell Res. 180, 84-93. doi: 10.1016/0014-
4827(89)90214-0

Rodemann, H. P., Peterson, H. P., Schwenke, K., and Von Wangenheim, K. H.
(1991). Terminal differentiation of human fibroblasts is induced by radiation.
Scanning Microsc. 5, 1135-1142.

Rodningen, O. K., Borresen-Dale, A. L., Alsner, J., Hastie, T., and Overgaard, J.
(2008). Radiation-induced gene expression in human subcutaneous fibroblasts
is predictive of radiation-induced fibrosis. Radiother. Oncol. 86, 314-320. doi:
10.1016/j.radonc.2007.09.013

Rodningen, O. K., Overgaard, J., Alsner, J., Hastie, T., and Borresen-Dale, A. L.
(2005). Microarray analysis of the transcriptional response to single or multiple
doses of ionizing radiation in human subcutaneous fibroblasts. Radiother.
Oncol. 77, 231-240. doi: 10.1016/j.radonc.2005.09.020

Sandor, N., Schilling-Toth, B., Kis, E., Benedek, A., Lumniczky, K., Safrany,
G., et al. (2015). Growth Differentiation Factor-15 (GDF-15) is a potential
marker of radiation response and radiation sensitivity. Mutat. Res. Genet.
Toxicol. Environ. Mutagen. 793, 142-149. doi: 10.1016/j.mrgentox.2015.
06.009

Scharpfenecker, M., Kruse, J. J., Sprong, D., Russell, N. S., Ten Dijke, P., and
Stewart, F. A. (2009). Ionizing radiation shifts the PAI-1/ID-1 balance and
activates notch signaling in endothelial cells. Int. J. Radiat. Oncol. Biol. Phys.
73, 506-513. doi: 10.1016/j.ijrobp.2008.09.052

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to Image]J:
25 years of image analysis. Nat. Methods 9, 671-675. doi: 10.1038/nmeth.2089

Sinno, H., and Prakash, S. (2013). Complements and the wound healing cascade:
an updated review. Plast. Surg. Int. 2013, 146764.

Skrbic, B., Engebretsen, K. V., Strand, M. E., Lunde, I. G., Herum, K. M., Marstein,
H. S, et al. (2015). Lack of collagen VIII reduces fibrosis and promotes early
mortality and cardiac dilatation in pressure overload in mice. Cardiovasc. Res.
106, 32-42. doi: 10.1093/cvr/cvv041

Soare, A., Gyorfi, H. A., Matei, A. E.,, Dees, C., Rauber, S., Wohlfahrt, T., et al.
(2020). Dipeptidylpeptidase 4 as a marker of activated fibroblasts and a potential
target for the treatment of fibrosis in systemic sclerosis. Arthritis Rheumatol. 72,
137-149. doi: 10.1002/art.41058

Sun, M., Chen, S., Adams, S. M., Florer, J. B., Liu, H.,, Kao, W. W,, et al.
(2011). Collagen V is a dominant regulator of collagen fibrillogenesis:
dysfunctional regulation of structure and function in a corneal-stroma-specific
Col5al-null mouse model. J. Cell Sci. 124, 4096-4105. doi: 10.1242/jcs.
091363

Tachiiri, S., Katagiri, T., Tsunoda, T., Oya, N., Hiraoka, M., and Nakamura, Y.
(2006). Analysis of gene-expression profiles after gamma irradiation of normal
human fibroblasts. Int. J. Radiat. Oncol. Biol. Phys. 64, 272-279. doi: 10.1016/j.
ijrobp.2005.08.030

Wong, B. S, Shea, D. J., Mistriotis, P., Tuntithavornwat, S., Law, R. A., Bieber, J. M.,
etal. (2019). A direct podocalyxin-dynamin-2 interaction regulates cytoskeletal

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2021 | Volume 9 | Article 539893


https://doi.org/10.1080/028418600750013159
https://doi.org/10.1080/028418600750013159
https://doi.org/10.1016/s0531-5565(00)00168-6
https://doi.org/10.1016/s0531-5565(00)00168-6
https://doi.org/10.1093/biostatistics/4.2.249
https://doi.org/10.1093/biostatistics/4.2.249
https://doi.org/10.1016/0167-8140(96)01777-x
https://doi.org/10.1667/rr2694.1
https://doi.org/10.1073/pnas.211443698
https://doi.org/10.1016/j.ijrobp.2006.08.004
https://doi.org/10.1016/j.ijrobp.2006.08.004
https://doi.org/10.1124/mol.118.115329
https://doi.org/10.1111/liv.13587
https://doi.org/10.1158/1078-0432.ccr-1067-3
https://doi.org/10.1111/acel.12234
https://doi.org/10.3389/fimmu.2018.03046
https://doi.org/10.1016/s0360-3016(00)00435-1
https://doi.org/10.1038/labinvest.2014.50
https://doi.org/10.1038/labinvest.2014.50
https://doi.org/10.1369/0022155419851103
https://doi.org/10.1016/j.livres.2019.05.001
https://doi.org/10.1016/j.livres.2019.05.001
https://doi.org/10.18632/oncotarget.7457
https://doi.org/10.18632/oncotarget.7457
https://doi.org/10.1111/jcmm.12953
https://doi.org/10.4049/jimmunol.1402354
https://doi.org/10.4049/jimmunol.1402354
https://doi.org/10.1093/ecco-jcc/jjz039
https://doi.org/10.1093/ecco-jcc/jjz039
https://doi.org/10.1111/j.1432-0436.1989.tb00605.x
https://doi.org/10.1111/j.1432-0436.1989.tb00605.x
https://doi.org/10.1016/0167-8140(95)01540-w
https://doi.org/10.1016/0014-4827(89)90214-0
https://doi.org/10.1016/0014-4827(89)90214-0
https://doi.org/10.1016/j.radonc.2007.09.013
https://doi.org/10.1016/j.radonc.2007.09.013
https://doi.org/10.1016/j.radonc.2005.09.020
https://doi.org/10.1016/j.mrgentox.2015.06.009
https://doi.org/10.1016/j.mrgentox.2015.06.009
https://doi.org/10.1016/j.ijrobp.2008.09.052
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1093/cvr/cvv041
https://doi.org/10.1002/art.41058
https://doi.org/10.1242/jcs.091363
https://doi.org/10.1242/jcs.091363
https://doi.org/10.1016/j.ijrobp.2005.08.030
https://doi.org/10.1016/j.ijrobp.2005.08.030
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Herskind et al.

Radiation-Induced Differentiation and Gene Expression

dynamics to promote migration and metastasis in pancreatic cancer cells.
Cancer Res. 79, 2878-2891. doi: 10.1158/0008-5472.can-18-3369

Wrynn, T. A., and Ramalingam, T. R. (2012). Mechanisms of fibrosis: therapeutic
translation for fibrotic disease. Nat. Med. 18, 1028-1040. doi: 10.1038/nm.
2807

Yu, G., and He, Q. Y. (2016). ReactomePA: an R/Bioconductor package for
reactome pathway analysis and visualization. Mol. Biosyst. 12, 477-479. doi:
10.1039/c5mb00663e

Zhang, Y., Zhang, G., Liu, Y., Chen, R,, Zhao, D., Mcalister, V., et al. (2018).
GDF15 regulates Malat-1 Circular RNA and inactivates NFkappaB signaling
leading to immune tolerogenic DCs for preventing alloimmune rejection
in heart transplantation. Front. Immunol. 9:2407. doi: 10.3389/fimmu.2018.
02407

Zheng, W., Wang, H., Xue, L., Zhang, Z., and Tong, T. (2004). Regulation of
cellular senescence and p16(INK4a) expression by Id1 and E47 proteins in
human diploid fibroblast. J. Biol. Chem. 279, 31524-31532. doi: 10.1074/jbc.
m400365200

Zhou, T., Chou, J. W,, Simpson, D. A., Zhou, Y., Mullen, T. E., Medeiros, M.,
et al. (2006). Profiles of global gene expression in ionizing-radiation-damaged
human diploid fibroblasts reveal synchronization behind the G1 checkpoint
in a GO-like state of quiescence. Environ. Health Perspect. 114, 553-559. doi:
10.1289/ehp.8026

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Herskind, Sticht, Sami, Giordano and Wenz. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 179

February 2021 | Volume 9 | Article 539893


https://doi.org/10.1158/0008-5472.can-18-3369
https://doi.org/10.1038/nm.2807
https://doi.org/10.1038/nm.2807
https://doi.org/10.1039/c5mb00663e
https://doi.org/10.1039/c5mb00663e
https://doi.org/10.3389/fimmu.2018.02407
https://doi.org/10.3389/fimmu.2018.02407
https://doi.org/10.1074/jbc.m400365200
https://doi.org/10.1074/jbc.m400365200
https://doi.org/10.1289/ehp.8026
https://doi.org/10.1289/ehp.8026
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Advantages
of publishing
In Frontiers

o

OPEN ACCESS

Articles are free to read
for greatest visibility
and readership

90

FAST PUBLICATION

Around 90 days
from submission
to decision

L

HIGH QUALITY PEER-REVIEW
Rigorous, collaborative,
and constructive
peer-review

TRANSPARENT PEER-REVIEW
Editors and reviewers
acknowledged by name
on published articles

Frontiers
Avenue du Tribunal-Fédéral 34
1005 Lausanne | Switzerland

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact

OO

REPRODUCIBILITY OF
RESEARCH

Support open data
and methods to enhance
research reproducibility

=

DIGITAL PUBLISHING
Articles designed
for optimal readership
across devices

uil

IMPACT METRICS

Advanced article metrics
track visibility across
digital media

FOLLOW US
@frontiersin

EXTENSIVE PROMOTION
Marketing
and promotion
of impactful research

©

LOOP RESEARCH NETWORK
Our network
increases your
article’s readership



http://www.frontiersin.org/

	Cover

	Frontiers eBook Copyright Statement
	Cell Signaling Mediating Critical Radiation Responses

	Table of Contents
	Editorial: Cell Signaling Mediating Critical Radiation Responses
	&nbsp;
	Outlook
	Author Contributions
	References

	Misrepair in Context: TGFβ Regulation of DNA Repair
	Introduction
	DSB Repair Pathways
	DSB Repair Pathway Competency in Cancer
	Exploiting DNA Repair Deficits in Cancer Cells
	Synthetic Lethality Between altEJ and Other DSB Repair Pathways
	DNA Repair in Context: the Tumor Microenvironment
	TGFβ Biology
	TGFβ Signaling Regulates DNA Repair Pathway Competency
	Outlook
	Author Contributions
	Funding
	References

	FAM53A Affects Breast Cancer Cell Proliferation, Migration, and Invasion in a p53-Dependent Manner
	Introduction
	Experimental procedures
	Patients and Specimens
	Cell Culture and Treatment
	Immunohistochemistry
	Plasmid Transfection, siRNA Interference, and Inhibitor Treatments
	Immunofluorescence
	Western Blot Analysis
	Cell Proliferation and Colony Formation Assays
	Cell Migration and Invasion Assays
	Statistical Analysis

	Results
	FAM53A Expression in Breast Cancer Cells Is Associated With p53
	FAM53A Inhibits Proliferation, Migration, and Invasion in the p53-Wild-Type Breast Cancer Cell Line MCF-7
	FAM53A Promotes Proliferation, Migration, and Invasion in the p53-Mutant Breast Cancer Cell Line MDA-MB-231
	FAM53A Differentially Affects the Expression of Epithelial-Mesenchymal Transition (EMT)-Related Proteins
	FAM53A Regulates Breast Cancer Cells Through the MEK/ERK Signaling Pathway
	The Opposing Effects of FAM53A on MCF-7 and MDA-MB-231 Cells Depend on Their p53 Status

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Enhancing the Bystander and Abscopal Effects to Improve Radiotherapy Outcomes
	Introduction
	The Role of Radiobiology
	We Must Understand the Whole Response of Tumor and Normal Tissue to Radiotherapy
	The Biophysical Model
	Undamaged Cells (A)
	Dead Cells (B)
	Activated Cells (C)
	Committed Cells (D)

	Operational Terms
	Short-Range Bystander Effect
	Long-Range Bystander Effects
	Abscopal Effect

	The Mathematical Model

	The Long-range Bystander Effects and the Abscopal Effect of Radiotherapy
	Mesenchymal Cells as Biological Response Modifiers
	Is it Possible to Widen the Bystander and Abscopal Radiotherapy Effects?
	Cellular Therapy With MSCs: a Problem for Anti-Tumor Therapy?
	Exosomes Secreted From MSCs Have a Totally Different Effect From the Exosomes Released From Tumor Cells
	Annexin A1 as a Candidate for Enhancing Radiotherapy
	Conclusions
	Author Contributions
	Funding
	References

	Hypofractionated Irradiation Suppressed the Off-Target Mouse Hepatocarcinoma Growth by Inhibiting Myeloid-Derived Suppressor Cell-Mediated Immune Suppression
	Introduction
	Materials and Methods
	Cell Culture
	Animal Models
	Flow Cytometric Analysis for Blood Myeloid-Derived Suppressor Cells
	Immunofluorescence Analysis for Infiltrated Myeloid-Derived Suppressor Cells in Tumor Tissues
	In vitro Radiation Response Assay
	In vitro Induction of Myeloid-Derived Suppressor Cells
	Cytokine Assay
	Western Blot for p-P65 and p-STAT3
	Statistical Analysis

	Result
	Hypofractionated Irradiation Improved the Local Control of Hepatocellular Carcinoma in Mice
	Effects of Irradiation-Induced in situ Vaccine on the Growth of Off-Target Tumors
	Hypofractionated Irradiation Reduced Blood Myeloid-Derived Suppressor Cells, Which Was Positively Correlated With the Growth of the Tumors
	Hypofractionated Irradiation Reduced the Tumor-Infiltrating Myeloid-Derived Suppressor Cells
	Hypofractionated Irradiation Reduced the Plasma Cytokines and Chemokines
	Irradiation Caused Hepatocellular Carcinoma Necrosis, Which Was Related to the Activation of NF-κB and to the Alteration of Cytokine Production by Tumor Cells
	Conditioned Media From High Single-Dose Irradiation Altered the Differentiation or Proliferation of Myeloid-Derived Suppressor Cells

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References

	Potentiation of the Abscopal Effect by Modulated Electro-Hyperthermia in Locally Advanced Cervical Cancer Patients
	Introduction
	Methods and materials
	Eligibility
	Data Management
	Treatment
	Outcome Measures
	Statistics
	Ethics

	Results
	Characteristics
	Abscopal Effect as Visualized on 18F-FDG PET/CT
	Follow up
	HIV Status

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Tumor Hypoxia: Impact on Radiation Therapy and Molecular Pathways
	Characteristics of Tumor Hypoxia
	Hypoxia and the Hypoxia-Inducible Factor (HIF) Regulatory Pathway
	Hypoxia and Cellular Stress Responses
	Immune Inflammatory Pathways
	Significance of Hypoxia for Radiation Response
	Vascular Targeting Agents and Hypoxia
	Molecular Hypoxia Biomarkers
	Conclusion
	Author Contributions
	References

	Diacylglycerol Kinase Alpha in Radiation-Induced Fibrosis: Potential as a Predictive Marker or Therapeutic Target
	Introduction
	Diacylglycerol Kinase Alpha (DGKA) as a Potential Candidate in Radiation-Induced Fibrosis
	Diacylglycerol Kinases, Function, and Structure
	Cellular Mechanisms to Modulate DGKA RNA Expression
	DGKA-Mediated Signaling And Lipid Metabolism
	Radiation-Induced Immune Response and DGKA-Mediated T Cell Activation
	DGKA Regulates Exosome Production Which can Activate Pro-Fibrotic Functions
	Nuclear Localization of DGKA and Cell Cycle Regulation
	Targeting of DGKA by Small Compounds
	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	References

	PD-L1 Inhibitor Regulates the miR-33a-5p/PTEN Signaling Pathway and Can Be Targeted to Sensitize Glioblastomas to Radiation
	Introduction
	Materials and Methods
	Cell Culture and Treatment
	Ionizing Radiation
	Western Blot Analysis
	Flow Cytometric Analysis of Apoptosis
	Colony Formation Assay
	Transwell Migration Assay
	Microarray
	Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR)
	Luciferase Reporter Assay
	The miR-33a-5p Overexpression
	Small Interfering (si) RNA Transfection
	Immunofluorescence
	Cell Cycle Assay
	Statistical Analysis

	Results
	The Immune Checkpoint Inhibitor Sensitizes Gliomas to Radiotherapy
	Effect of the PD-L1 Inhibitor on miRNA Expression of Glioma Cells
	PTEN Is a Direct Target of miR-33a-5p
	The PD-L1 Inhibitor Confers Radiosensitization by Targeting PTEN
	The PD-L1 Inhibitor Induced DNA Damage and Reduced the DNA Damage Response to Take Radio-Sensitization Effect

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References

	STAT3 Contributes to Radioresistance in Cancer
	Introduction
	Inhibiting STAT3 Increased Radiation-Induced Apoptosis
	Inhibiting STAT3 Decreased Radiation-Induced Aggressive Behaviors
	STAT3 is Involved in DNA Damage Repair
	STAT3 Contributes to ROS Depletion in Cancer Stem Cells
	Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References

	RIG-1-Like Receptor Activation Synergizes With Intratumoral Alpha Radiation to Induce Pancreatic Tumor Rejection, Triple-Negative Breast Metastases Clearance, and Antitumor Immune Memory in Mice
	Introduction
	Materials and Methods
	Animals
	Tumor Cell Lines
	Tumor Cell Inoculation
	Drug Preparations
	224Ra-Loaded Seed Preparation and Insertion
	In vivo Tumor Measurements
	Tumor and Metastasis Imaging and Analysis
	Histology
	Winn Assay
	Statistical Analysis

	Results
	Intratumoral polyICPEI and DaRT Synergistically Inhibit the Development of 4T1 Solid Tumors and Metastases
	Treatment With Intratumoral polyICPEI Prior to DaRT Caused Rejection of Panc02 Solid Tumors
	Splenocytes From Mice Pretreated With Intratumoral polyICPEI and DaRT Inhibit 4T1 Tumor Development When Adoptively Transferred to Naïve Mice
	Systemic Low-Dose Cyclophosphamide Combined With Intratumoral polyICPEI Synergizes With DaRT in Preventing Lung Metastases-Related Death
	Systemic Low-Dose Decitabine Combined With DaRT Retarded the Growth of 4T1 Tumors
	DaRT Combined With Systemic Low-Dose Decitabine or Intratumoral polyICPEI Inhibited the Growth of SQ2 Solid Tumors and Induced Antitumor Immune Response Against Tumor Cell Re-challenge

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Targeting Base Excision Repair in Cancer: NQO1-Bioactivatable Drugs Improve Tumor Selectivity and Reduce Treatment Toxicity Through Radiosensitization of Human Cancer
	Introduction
	Nqo1-Bioactivatable Drugs Induce a Specific Form of Programmed Necrosis (Nad+-Keresis)
	Trapping Parp1 on Dna Synergizes With Nqo1-Bioactivatable Drugs
	Ber Is the Major Dna Repair Pathway Involved in the Nqo1-Bioactivatable Drug Mechanism of Action
	Double-Strand Break and Ber Play a Critical Role in Tumor Response to Ir
	Sublethal Doses of -Lap Radiosensitize Nsclc Cells to Low-Dose Radiation Therapy
	Outlook/Future
	Author Contributions
	Funding
	Acknowledgments
	References

	Host CD39 Deficiency Affects Radiation-Induced Tumor Growth Delay and Aggravates Radiation-Induced Normal Tissue Toxicity
	Introduction
	Materials and Methods
	Cells
	Mice
	Thorax Irradiation
	Mouse Tumor Model
	Tissue Preparation for Paraffin Sections
	Immunohistochemistry and Histology
	Immunofluorescence
	Semiquantitative Analysis of Lung Tissue Using Orbit Image Analysis
	Semiquantitative Analysis of the Tumor Proliferative Activity
	Fibrosis Scoring
	Tumor-Infiltrating Immune Cell Phenotyping
	Irradiation of Cell Cultures
	Treatment of Cells
	Flow Cytometry Analysis of Cell Cultures
	Real-Time Reverse Transcription Polymerase Chain Reaction
	Statistics

	Results
	Loss of Host CD39 Abrogates Radiation-Induced Tumor Growth Delay, Whereas Loss of CD73 Had No Effect
	CD39 Deficiency in the Tumor Host Did Not Significantly Alter Radiation-Induced Tumor Immune Responses
	Host CD39 Deficiency Caused a Reduced Regressive Phenotype of Irradiated Tumors
	Enhanced Growth and Resistance to Radiation-Induced Growth Delay of LLC1 Tumors Grown on CD39-Deficient Hosts Are Linked to Alterations in the Tumor Endothelial Compartment
	Genetic Deficiency of CD39 Exacerbates Radiation-Induced Lung Fibrosis

	Discussion
	The Role of CD39 Within Lung Tumors
	The Role of CD39 Within Normal Lung Toxicity

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	MTHFD2 Blockade Enhances the Efficacy of β-Lapachone Chemotherapy With Ionizing Radiation in Head and Neck Squamous Cell Cancer
	Introduction
	Materials and Methods
	Materials
	HNSCC Cells and Cell Culture Conditions
	Treatment With Ionizing Radiation and Formulation of β-Lapachone
	Cell Proliferation and Clonogenic Cell Survival Assays
	Western Blot Analysis
	Enzyme Activity Assays
	Cell Cycle
	Mitochondrial Respirometry Analysis
	Flow Cytometry Analysis of Mitochondrial ROS and Mitochondrial Protein Oxidation
	Tumor Xenograft Implant in Nude Mice
	Statistical Analyses

	Results
	Radiation Resistant HNSCC rSCC-61 Cells Display Increased Sensitivity to β-Lapachone
	MTHFD2 Knockdown Sensitizes rSCC-61 Cells to Radiation and β-Lapachone Treatment
	Combined β-Lapachone and Radiation Treatment Induces DNA Damage and Increases Mitochondrial ROS and Protein Oxidation in MTHFD2 Deficient rSCC-61 Cells
	MTHFD2 Knockdown Enhances Mitochondrial Toxicity of β-Lapachone in rSCC-61
	MTHFD2 Knockdown Does Not Significantly Impact Cell Cycle Distribution in rSCC-61 Cells
	MTHFD2 Knockdown Suppresses rSCC-61 Tumor Growth and Increases Sensitivity to Radiation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Gene Expression Profiles Reveal Extracellular Matrix and Inflammatory Signaling in Radiation-Induced Premature Differentiation of Human Fibroblast in vitro
	Introduction
	Materials and Methods
	Cell Culture
	Fibroblast Phenotype
	Immunocytochemistry
	Immunoblotting
	RNA
	Microarrays
	Irradiation and Dosimetry
	Bioinformatics
	Quantitative Real-Time RT-PCR (qPCR)
	Statistics

	Results
	Radiation-Induced Change of Fibroblast Phenotype
	Changes in Gene Expression Profile After Irradiation
	Influence of Irradiation Protocol on Gene Expression Pathways
	Robustness of Radiation-Induced Pathways in Different Fibroblast Strains
	Expression Kinetics and qPCR Validation of 15 Selected Genes
	Additional Validation of Gene Expression at the RNA and Protein Levels

	Discussion
	Genes Related to the Extracellular Matrix
	Signals Leading to Phenotypic Changes
	Inflammatory Pathways
	Comparison of Pathways Activated in Different Irradiation Protocols
	Limitations and Conclusion

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Back Cover


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




