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Simple Summary: Cancer is multifaceted and consists of more than just a collection of mutated
cells. These cancerous cells reside along with other non-mutated cells in an extracellular matrix
which together make up the tumor microenvironment or tumor stroma. The composition of the
tumor microenvironment plays an integral role in cancer initiation, progression, and response to
treatments. In this review, we discuss how the tumor microenvironment regulates the response and
resistance to radiation therapy and what targeted agents have been used to combat stromal-mediated
radiation resistance.

Abstract: A tumor is a complex “organ” composed of malignant cancer cells harboring genetic
aberrations surrounded by a stroma comprised of non-malignant cells and an extracellular matrix.
Considerable evidence has demonstrated that components of the genetically “normal” tumor stroma
contribute to tumor progression and resistance to a wide array of treatment modalities, including
radiotherapy. Cancer-associated fibroblasts can promote radioresistance through their secreted factors,
contact-mediated signaling, downstream pro-survival signaling pathways, immunomodulatory
effects, and cancer stem cell-generating role. The extracellular matrix can govern radiation
responsiveness by influencing oxygen availability and controlling the stability and bioavailability of
growth factors and cytokines. Immune status regarding the presence of pro- and anti-tumor immune
cells can regulate how tumors respond to radiation therapy. Furthermore, stromal cells including
endothelial cells and adipocytes can modulate radiosensitivity through their roles in angiogenesis and
vasculogenesis, and their secreted adipokines, respectively. Thus, to successfully eradicate cancers,
it is important to consider how tumor stroma components interact with and regulate the response to
radiation. Detailed knowledge of these interactions will help build a preclinical rationale to support
the use of stromal-targeting agents in combination with radiotherapy to increase radiosensitivity.
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1. Introduction

The field of oncology has evolved from a malignant mutated cancer cell-centered view
to the understanding of cancer as a complex “organ” composed of both malignant cells and
diverse nonmalignant cellular and non-cellular components termed the tumor stroma or tumor
microenvironment (TME) [1–5]. The concept of cancer as a disease focusing only on malignant tumor
cells has been deemed inaccurate; in some cancers, stromal cells represent the majority of cell types,
as is frequently seen in pancreatic and breast cancers [6]. These cellular stromal components often
include activated cancer-associated fibroblasts (CAFs), leukocytes, and vascular cells, but they also
sometimes include other adjacent normal tissue/cells such as non-transformed epithelia, adipose
tissue, or neurons [1–5]. The non-cellular compartment of the tumor stroma comprises extracellular
matrix (ECM) components like collagens, laminins, fibrinogen, elastin, and proteoglycan, and secreted
factors such as cytokines, chemokines, and sequestered growth factors [1–11]. Accumulating evidence
highly suggests that malignant cancer cells and the tumor stroma reciprocally communicate with and
influence one another, but this relationship is complex and remains poorly understood. To treat cancer
as a disease, we cannot single-mindedly focus on cancer cells with their autonomous genetic mutations;
we need to simultaneously consider the TME because its interactions with tumor cells often contribute
to disease initiation, progression, and treatment response [2–4,6,12].

Radiation therapy (RT) is a powerful anti-cancer therapeutic used to treat up to 50−60% of cancer
patients [12,13]. The goal of RT is to target highly proliferative cancer cells while sparing normal tissue.
The concept of dose fractionation—delivering small daily RT doses over several days—is designed
to exploit cancer cells’ vulnerabilities in repairing DNA damage, leading to their demise, while
giving normal healthy cells a chance to activate their DNA repair and cell cycle mechanisms [13–16].
Historically, radiobiology has utilized linear quadratic modeling to estimate the therapeutic treatment
ratio, with increasing radiation toxicity to cancer cells while avoiding surrounding normal tissue.
This “therapeutic ratio” is based on differences between the DNA damage and repair kinetics of
cancer and normal cells. The linear-quadratic model utilizes the α and β parameters to describe
the linear and quadratic portions of the cell survival curve, respectively, and experimental evidence
suggests that these parameters and the α:β ratio differ widely across and even within some tumor
types [17,18]. Classical modeling predicts that delivering small doses of radiation over the course of
multiple treatments (i.e., conventional dose fractionation) can increase the therapeutic ratio compared
to single-dose delivery, and early studies using small and large animal models confirmed these
effects [17–19]. However, recent evidence has called into question whether small doses of radiation
delivered over a protracted treatment course (conventional fractionation) are required to achieve
these effects.

Standard of care for the majority of solid tumors requires 50 to 70 Gy total radiation dose
delivered with conventionally fractionated schedules, most commonly utilizing 1.8 to 2 Gy per fraction.
Over the past decade significant technologic advances in image-guided radiation, tumor tracking,
beam intensity modulation, and beam shaping have facilitated the capacity to precisely deliver
higher dose per fraction to the tumor while sparing larger volumes of surrounding normal structures.
This concept of hypofractionation, or higher fractional doses of radiation over fewer total fractions and
commonly delivered with stereotactic guidance via stereotactic body radiotherapy (SBRT) or stereotactic
radiosurgery (SRS), has demonstrated safety and efficacy in many tumor types [20–23]. However, data
also suggest that the clinical effects of hypofractionation are not solely due to differences in tumor and
normal tissue DNA repair kinetics but also to the effects of radiotherapy on the TME. Although largely
anecdotal, TME alterations can be demonstrated through the observation of “out-of-field” or abscopal
responses to focused radiation as first described in the early 1950s [24]. Since then, additional work
has demonstrated that the abscopal response is dependent on alterations in the immune system and
the surrounding stromal tissue. Radiation can result in immune cell priming, neoantigen and cytokine
release, modification of tumor vasculature, and alteration of the ECM, all of which have the potential
to be optimized to enhance RT efficacy [25–29].
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Despite RT designed to target malignant tumor cells, and the knowledge that RT can be used to
prime the immune system, the complex interaction between malignant tumor cells and other cells
within the TME is important because the stroma can impact malignant cells’ response and contribute
to treatment resistance [12]. Additionally, there are reports that RT can cause numerous changes in
stromal cells within the TME that further promote undesirable tumor growth, invasion, and treatment
resistance [12]. To successfully eradicate cancers, these reciprocal interactions between the tumor cells
and tumor stroma must be characterized in detail. Moreover, the use of stromal-targeting agents in
combination with RT is a largely unaddressed therapeutic option. These topics deserve more attention
to broaden our knowledge to design better treatment strategies to combat cancers, particularly those
characterized by a high density of stromal cells and other stromal components within the TME. In this
review, we summarize the roles of stromal components and the TME that contribute to cancer cell
radioresistance (Figure 1) and discuss how they may be targeted for possible therapeutic benefit
(Figure 2).

Figure 1. Components of the tumor microenvironment governing radiotherapy responsiveness.
Components of the tumor stroma differentially dictate whether tumor cells are radiotherapy
(RT)-responsive (Left) vs. RT-resistant (Right). Some tumor-promoting cancer-associated fibroblast
(CAF) populations can cause tumors to be resistant to RT, such as fibroblast activated protein (FAP)+

CAFs. While immune cells such as CD8+ T cells, dendritic cells, and M1-like tumor-associated
macrophages (TAMs) have been linked with RT-responsive tumors, pro-tumorigenic immune cells
such as CD4+ T regulatory (Treg) cells, myeloid-derived suppressor cells, and M2-like TAMs have
been associated with RT-resistant tumors. Dense extracellular matrix and abnormal endothelial cells
and vessel formation, which contribute to tumor hypoxia, have been associated with RT-resistant
tumors. Likewise, adipokines secreted by cancer-associated adipocytes can similarly cause tumors to
be resistant to RT.
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Figure 2. Therapies directed against distinct tumor stromal components used as radiosensitizers.
Targeted inhibitors against CAFs’ secretory molecules, CAFs’ downstream cytosolic and nuclear
signaling pathways, and CAFs’ receptors can increase RT efficacy. Targeting a unique population of
CAFs, FAP+ CAFs, specifically for depletion can also radiosensitize tumors. Components of the ECM
can activate β1 integrin receptor on CAFs and targeting β1 integrin can reverse tumor radioresistance.
Targeted inhibitors against secreted factors reserved in the ECM have been shown to be radiosensitizing
agents. “Normalizing” tumor vessels using VEGF/VEGFR inhibitors and Thalidomide can reverse
tumor radioresistance. NSAIDs and nitrite have also been used as radiosensitizers due to their ability
to increase tumor oxygenation. Inhibitors of COX-2 and NFκB targeted against cancer-associated
adipocytes can reverse the radioresistance in tumors. Immune checkpoint inhibitors (αPD-1 or αPD-L1
and αCTLA-4 antibodies) can rescue “dysfunctional” CD8+ and/or CD4+ T cells and are beneficial when
combined with RT. Depletion antibody αCD25 targeted against CD4+ T regulatory cells (Tregs) can
render tumor cells more radiosensitive. Interleukin-12 capable of enhancing the function of dendritic
cells can increase the efficacy of RT. TAMs depletion agent, liposome clodronate, and CSF1 inhibitor
can increase RT sensitivity. CSF1 inhibitor can also reprogram/polarize TAMs into having a more
anti-tumorigenic phenotype. The tyrosine kinase inhibitor, sunitinib, has been used as a radiosensitizer
due to its immunomodulatory ability.

2. The Impact of RT on the Tumor Stroma

RT seeks to exploit DNA repair deficiencies in malignant tumor cells, but even in perfect
scenarios, it invariably affects stromal cells within the tumor mass or at its boundaries [30]. Although
many RT-mediated stromal changes are beneficial, such as the revival of or polarization toward
tumor-suppressing immunity, RT can act as a double-edged sword in tumors [13]. Specifically,
deleterious side effects could facilitate cancer progression and treatment resistance. These are the
byproducts of RT we hope to avoid by carefully designing and planning RT dose regimens and
combinatorial treatments.

One impact of RT on the tumor stroma is chronic inflammation that drives RT-induced fibrosis
marked by an increased number of stromal cells and ECM components, through several mechanisms
that have been reviewed elsewhere [31]. RT-induced fibrosis is a well-known side effect that can
arise in some patients [1,31,32]. RT can completely transform the TME by inducing rapid and
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chronic loss of hyaluronic acid [33] and collagen remodeling [34] by altering how CAFs regulate their
collagen production [10,35]. Furthermore, RT-treated CAF populations can undergo modifications
and alterations in terms of their diversity, secretome, and phenotype [36]. Additionally, RT enhances
activation of proliferating machinery involving the RAS and mitogen-activated protein kinase (MAPK)
cascades; the invasion pathways, which involve matrix metalloproteins (MMPs), laminin 5, and filamin
A; transforming growth factor beta (TGFβ) signaling, which is involved in tumor progression, resistance,
and metastasis [2,7,37]. Likewise, RT to the stroma can increase tumor invasiveness due to increased
hepatocyte growth factor (HGF)/c-Met (HGF receptor) signaling and MAPK activity, which enhances
tumor mobility and can be deleterious [38]. Taken together, these reports suggest that RT can activate
stromal features indicative of potential stromal-mediated treatment resistance.

It is still unclear how different fractionated RT regimens alter the stromal components of the TME
and how these changes affect subsequent responses of cancer cells to RT. Similarly, the attempts to
combine stromal-disrupting agents with RT to overcome stromal-mediated radioresistance remain
unclear and merit further study.

3. The Impact of CAFs on RT Efficacy

CAFs are heterogeneous and the major contributors to the tumor stroma [3,4]. CAFs have
been shown to control tumor phenotype at all stages of tumor progression. Their roles have
been reviewed elsewhere and include the ability to shape the ECM; modulate innate and adaptive
immune microenvironments; recruit and regulate leukocyte migration and inflammation via cytokines,
chemokines, and growth factors; provide metabolic support (amino acids, lipids, and tricarboxylic
acid cycle intermediates); and contribute to paracrine activation of mitogenic and pro-survival cellular
signaling via cell surface receptor-ligand interaction and secreted proteins or exosomes [3,4,39].
The mechanisms by which CAFs contribute to radioresistance are likely mediated through their
secreted factors, contact-mediated signaling, immunomodulatory effects, and ECM alterations [40].

CAFs secrete a number of different active factors that have diverse effects on tumor phenotype [3,4].
For example, through their active secretory function, tumor stromal fibroblasts can transfer RNA
within exosomes to cancer cells. This exosome transfer mechanism has been implicated in paracrine
anti-viral RIG-I and juxtacrine NOTCH (NOTCH3-JAG1) signaling pathways, which both contributed
to the expansion of therapy-resistant tumor-initiating cells. Stromal cells, which include CAFs and
some bone marrow cells, protected breast cancer cells by inducing an interferon (IFN)-related DNA
damage resistance signature in a STAT1-dependent manner and caused the tumors to be chemo-
and radio-resistant [41]. In another model, conditioned media (CM) from pancreatic stellate cells
(PSCs), which are the central mediator of desmoplasia and major contributors of pancreatic CAFs,
dose-dependently enhanced pancreatic tumor cell proliferation, migration, invasion, and colony
formation and caused resistance to gemcitabine and RT. The CM was found to activate the MAPK
AKT pathways in tumor cells, and the authors postulated that factors such as interleukin-1β (IL-1β)
and TGFβ were responsible [42]. The TME of glioblastoma is known to produce abundant TGFβ,
a pleiotropic cytokine that promotes an effective DNA damage response. Glioma-initiating cells were
protected from RT-induced cell death by this increase in TGFβ production, which promoted an effective
DNA damage response and self-renewal via C-X-C chemokine receptor type 4 (CXCR4) and NOTCH1.
TGFβ inhibition prevented tumor cell DNA repair and enhanced RT efficacy in this glioblastoma
model [43]. Furthermore, CAFs can promote irradiated cancer cell recovery and tumor relapse after RT
by producing insulin-like growth factor-1/2 (IGF-1/2), C-X-C motif chemokine ligand 12 (CXCL12),
and β-hydroxybutyrate. These secreted factors increase reactive oxygen species (ROS) levels post-RT,
which enhanced protein phosphatase 2A activity and repressed the mammalian target of rapamycin
activation, therefore inducing autophagy in cancer cells to promote cancer cell recovery. It was argued
that blocking IGF-2 and autophagy can reduce CAF-promoted tumor relapse in mice after RT and
could be a promising RT sensitization therapeutic strategy (Figure 2) [44].
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CAF-secreted factors trigger many downstream autocrine and/or paracrine signaling pathways
that regulate treatment response. A network of paracrine signaling among cancer cells, myeloid
cells, and stromal cells such as endothelial cells can drive the processes of treatment resistance and
metastasis [45]. CXCL1 signaling is an example of paracrine signaling that contributes to radioresistance.
Along with cancer cells, CAFs highly express and secrete CXCL1, which inhibits expression of the
ROS-scavenging enzyme superoxide dismutase 1, leading to ROS accumulation following RT [46].
In this scenario, tumor cells take advantage of ROS accumulation to enhance DNA damage repair
mechanisms and ultimately cause radioresistance. This radioresistance is also mediated by activation
of the mitogen-activated protein kinase ERK kinase/extracellular-signal-regulated kinase (MEK/ERK)
signaling pathway important for malignant transformation [47,48]. Crosstalk between CAFs and
tumor cells through CXCL1 expression in an autocrine/paracrine signaling loop is responsible for the
radioresistance phenotype [46]. Together, these studies showed that through their secreted active
factors, CAFs can confer radioresistance to tumor cells.

CAFs are embedded in the tumor stroma, allowing them to actively communicate with other
cells present in their surrounding environment through various mechanisms [3,4]. Besides acting
through their secreted factors, CAFs also induce radioresistance through direct contact-mediated
signaling between cancer cells and CAFs [3]. In pancreatic cancer, PSCs promote radioprotection
and stimulate the proliferation of pancreatic cancer cells through β1 integrin signaling. β1 integrin
is known to modulate the cellular response to genotoxic stress including RT [49]. It was found
that this effect is independent of phosphoinositide 3-kinase (PI3K) but depends on focal adhesion
kinase (FAK). β1 integrin inhibition or FAK knockout can abolish PSC-mediated radioprotection in
pancreatic cancer cells to single-dose and fractionated RT [50]. These findings indicate that downstream
cellular signaling pathways activated due to direct interactions between CAFs and tumor cells can
mediate radioresistance.

Additionally, CAFs can work through paracrine networking to enrich cancer stem cells (CSCs),
which have been implicated in chemo- and radioresistance. In pancreatic cancer, the presence of
PSCs can induce CSC characteristics by increasing the epithelial-mesenchymal transition (EMT)
phenotype. A proteomic screen revealed that TGFβ is involved in the radioresistance phenotype,
and TGFβ neutralizing antibody can inhibit the EMT and CSC phenotype, thus sensitizing tumor cells
to RT and reducing tumorigenicity in vivo [51]. In another setting, IGF-1 receptor (IGF-1R) signaling
activation in cancer cells in the presence of CAFs expressing IGF-2 induced Oct3/4, Nanog, and Sox2
expression and promoted stemness pathways related to IGF-1R, EMT, PI3K, TGFβ, WNT, and Hedgehog
signaling. This group showed that CAF-derived HGF, IGF-2, basic fibroblast growth factor (bFGF), WNT,
and oncostatin M regulated CSC-like characteristics in a paracrine manner through counterpart receptor
signaling components and stemness factors. They found that blocking IGF-2/IGF-1R/AKT/Nanog
signaling reduced CSC stemness and concluded that there were potential clinical applications of
targeted therapy to improve chemo- and radioresistance (Figure 2) [52]. Furthermore, CSCs play an
important role in disease recurrence after RT as a result of their high DNA repair and antioxidative
capabilities. Fractionated RT can enhance IGF-1 secretion and subsequent upregulation of IGF-1R
in CSCs. IGF-1R upregulation exerts a dual radioprotective effect by inducing upregulation of
AKT/ERK survival signaling and FoxO3 activation, which results in radiation protection. Additionally,
they showed that inhibition of IGF-1R signaling reverses CSC radioresistance [53]. Collectively,
these findings showed that CAFs can trigger radioresistance through their CSC-promoting roles.

In addition to CAFs’ de novo roles in mediating radioresistance, changes in CAFs due to RT can
mediate further treatment resistance. This is important because most anti-cancer treatment regimens,
including RT, are given in multiple treatment cycles with gaps to allow for normal cell recovery [32].
These gaps between treatment cycles can be exploited by both the tumor and stromal cells to take
advantage of survival mechanisms. Thus, changes in the TME in between treatment cycles are
important to consider with regard to the subsequent treatment response and resistance [32]. CAFs are
not usually killed by RT; they are highly radioresistant due to the defective p53/p21 response pathway
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and high expression of the cancer marker Survivin [54]. Irradiated fibroblasts can promote the invasive
growth of squamous cell carcinoma through the induction of c-Met, RAS, MAPK cascade (Raf-1, MEK1,
ERK-1/2), MMP-1, MMP-9, laminin 5, and filamin A. Irradiated fibroblasts also express high levels of
TGFβ1 [37]. The effects these irradiated fibroblasts can have on non-irradiated neighboring cells are
referred to as radiation-induced bystander effects [55], and there is evidence that many of these factors
can promote radioresistance.

There are several examples by which RT-induced changes in CAFs contribute to radioresistance.
After genotoxic stress, CAFs can secrete WNT16B to the TME and promote prostate cancer therapy
resistance. WNT16B, a secreted protein that is activated in fibroblasts through the nuclear factor (NF)κB
pathway after DNA damage, subsequently activates the canonical WNT program and promotes EMT
in neoplastic cells through paracrine signaling. This process attenuates the effects of both chemo- and
radiotherapies and promotes tumor cell survival and disease progression [56]. Moreover, exposure
to low-dose RT (<20 cGy) can induce premature senescence in stromal fibroblasts. In one setting,
these senescent CAFs are responsible for stimulating enhanced proliferation of breast carcinoma
cells and are correlated with radioresistance, which is partly mediated by the AKT pathway [57].
In addition, senescent CAFs can induce a senescence-associated secretory phenotype that includes the
production of IL-6, IL-8, and osteopontin that are considered to be pro-tumorigenic factors and have
been associated with immunosuppression and stromal-mediated therapeutic resistance [3,6,58]. RT can
also promote EMT transition and invasion of pancreatic cancer cells by activating CAFs. CAF-derived
CXCL12 directly promoted tumor cell EMT and invasion by acting through CXCR4 on tumor cells and
downstream activation of the P38 pathway. Blocking CXCL12/CXCR4 signaling between pancreatic
cancer cells and CAFs could attenuate RT-induced tumor cell invasion [59]. Indeed, HGF secretion
by irradiated CAFs can increase phosphorylation of c-Met and MAPK activity in pancreatic tumor
cells, which translates into enhanced invasion. This unwanted byproduct of RT can be overcome
by blocking HGF signaling with an HGF antagonist [38]. Finally, exposure of CAFs to 18 Gy RT
resulted in potent induction of multiple DNA damage response (DDR) foci; induced premature cellular
senescence; and inhibited proliferative, migrative, and invasive capacity of CAFs. This RT dose
increased the expression of integrins α2, β1, and α5 and dramatically augmented and redistributed
focal contacts [60]. The increase in β1 integrin has been correlated with radioresistance [50]. All of these
examples point to RT-induced changes in CAFs that can promote further radioresistance. This should
encourage us to find therapeutic regimens that target both the tumor and stroma to successfully deliver
anti-cancer treatment.

CAF-secreted factors, contact-mediated signaling, downstream pro-survival signaling pathways,
CSC-generating role, and changes due to RT all comprise intricate crosstalk between CAFs and cancer
cells to render tumor cells radioresistant. While we understand that CAFs play a critical role in shaping
responses to RT, there are several areas where we do not fully understand their impact. First, CAFs
in tumors are a diverse heterogeneous population that can have opposing roles [3,4,39]. While an
abundance of literature supports the tumor-supporting roles of CAFs, some studies also suggest that
certain CAF subsets may have tumor-restraining abilities [61,62]. These diverse CAF subsets may have
differential effects on radioresistance and, in turn, be shaped differently by RT. Second, the plasticity,
diverse origins, and spatial location of CAFs [40,63–65] may complicate things further in terms of their
contributions to radioresistance. RT may alter CAF phenotypes temporally and spatially, and this will
also affect cancer cells’ responses to RT. Lastly, RT dose fractionation may differentially impact CAF
diversification. Our understanding of CAF diversity and plasticity is still limited, but it is logical to
assume that CAF-mediated radioresistance is a problem in RT success and needs further study.

4. The Impact of ECM on RT Efficacy

The ECM plays an essential role in regulating cancer progression and radiosensitivity. Tumor
ECMs are dynamic structures that are remodeled during tumor progression and/or treatment [8].
Among the approximately 300 proteins present in the ECM that are known to regulate tissue homeostasis,
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inflammation, and disease, collagen is the most abundant, constituting up to 90% of the tumor ECM.
In addition to collagens, other prominent fibrous proteins are elastins, fibronectins, and laminins, which
are also involved in controlling tumor phenotype [8]. Tumor ECM is typically denser and mechanically
stiffer than normal ECM, due to the quantity of ECM as well as structural changes in molecular
architecture such as the extent of crosslinking [66]. These changes in ECM density, composition, and
stiffness significantly impact malignant cell invasion, survival, and proliferation [67,68]. Variations in
ECM stiffness and density have been correlated with disease aggressiveness, progression-free survival,
and in some cases, resistance to different treatment modalities [8].

The ability of tumor-promoting ECM to drive treatment resistance is particularly applicable to RT.
Tumor cells can interact with the ECM through direct interaction (cell-protein contact), and one major
way is through the engagement with integrins [49]. ECM stiffness can facilitate integrin clustering,
which can lead to activation of downstream FAK activation and MAP/ERK kinase signaling pathways
leading to cell survival, proliferation, migration, and invasion. Integrin-mediated adhesions can also
activate transcription factors NFκB, inositol lipid metabolism, and MMP activity [49], in addition to
the activation of PI3K/AKT and RAS/MAPK pathways. Integrin activation is important in regulating
tumor phenotypes and has been associated with processes such as angiogenesis, survival, invasion,
metastasis, and treatment resistance [2,4]. Further complicating this is the fact that RT can increase
the expression of integrins α2, α5, β1, and β6; therefore, we need to consider how RT fractionation
controls subsequent treatment resistance [60,69,70]. For example, it was found that β1 integrin
controls radioresistance by resisting cellular apoptosis from RT through the activation of AKT
signaling. Inhibition of β1 integrin can resensitize tumor cells to RT by decreasing proliferation
and increasing apoptosis (Figure 2) [71,72]. Another group also found that β1 integrin-mediated
adhesion confers RT resistance through downstream FAK-interacting proteins (p130Cas and paxillin)
and PI3K/AKT-mediated pro-survival signaling pathways [73]. Together, these examples showed
that contact-mediated signaling between tumor cells and ECM proteins in cancers can contribute
to radioresistance.

The ECM also contains secreted soluble signaling molecules from tumor and stromal cells. The ECM
acts as a reservoir for these cytokines, chemokines, and growth factors. Two prominent examples of
these secreted factors that control tumor phenotype are TGFβ and various members of the MMP family.
Besides interacting directly with the stromal cells and surface proteins in the ECM, tumor cells are
constantly and sophisticatedly communicating with these secreted regulatory molecules [10]. Many of
these proteins are already known to be capable of inducing radioresistance, such as TGFβ [42,43,51].
Moreover, RT can further increase TGFβ levels, which can accelerate tumor progression. Inhibition with
TGFβ neutralizing antibodies has been shown to prevent radiation-induced metastatic progression [74].
Another class of secreted proteins that are highly abundant in the ECM and mediate tumor progression
are the different MMPs [2,8,75]. MMP2 is known to degrade collagen IV and plays a role in RT-induced
lung injury. MMP2 inhibition prior to RT abrogated the induction of FoxM1 expression, reduced p53
and p21 expression, decreased expression of DNA repair genes XRCC1 and Chk2/1, and abrogated G2
cell cycle arrest, leading to apoptosis and enhanced radiosensitivity [76]. These examples showed that
the ECM serves as a tumor growth factor and cytokine sink, which contributes to tumor radioresistance
and worthy of consideration in future therapeutic planning.

Besides controlling the stability and bioavailability of numerous growth factors and cytokines,
ECM structure and integrity also influence oxygen availability, acidity, and interstitial fluid pressure
in tumors, through its regulation of the tumor vascular system, so it has important effects in terms
of controlling treatment response (Figure 1) [8,66]. Oxygen availability is critical for RT response as
hypoxic cells are generally 2.5−3 times less radiosensitive than normoxic cells [77–80]. The indirect
effects of RT produce ROS through the hydrolysis of water, which then propagate and modify lipids,
membranes, and proteins [10]. Using nitric oxide-dependent arteriole vasorelaxation as a way to
increase the partial pressure of oxygen in tumors, multiple groups found that low-dose nitrite can
sensitize tumors to RT, leading to a significant tumor growth delay and longer survival [81,82].



Cancers 2020, 12, 2916 9 of 25

Antiangiogenic therapy such as vascular endothelial growth factor (VEGF) receptor 2 blockade,
which can create a “normalization window” that increases tumor oxygenation, has also been shown to
enhance the RT response (Figure 2). This effect is dependent on the increased pericyte coverage of tumor
vessels via the upregulation of angiopoietin 1 and degradation of the pathologically thick basement
membrane via MMP activation [83]. Thalidomide, an angiogenesis inhibitor, can also increase
tumor reoxygenation correlated with reduced interstitial fluid pressure and increased perfusion,
sufficient to radiosensitize tumors [84]. Non-steroidal anti-inflammatory drugs (NSAIDs) are another
radiosensitizing drug class that works through increasing tumor oxygenation via either a decrease
in macrophage recruitment or inhibiting mitochondrial respiration. Using four different NSAIDs
(diclofenac, indomethacin, piroxicam, and NS-398), radiation sensitivity in tumor cells can be increased
by enhancing radioinduced apoptosis and inhibiting repair of sublethal RT damage [85]. These studies
showed that tumor ECM governs oxygen bioavailability in cancers, controls radiosensitivity, and that
RT requires sufficient tumor oxygenation to avoid radioresistance (Figure 1).

In most cancers, tumor cells are embedded in stromal cells with abundant ECM components,
that, as described above, govern radioresistance through direct interaction with tumor cells and the
ECM’s roles as protein reservoirs and a major controller of tumor oxygen bioavailability. Even though
many of these factors negatively impact RT efficacy, there are known inhibitors that can successfully
reverse ECM-mediated radioresistance. As with CAFs, our current knowledge is still lacking on
how RT dose fractionation may differentially impact ECM alterations and how they contribute
to radioresistance.

5. The Impact of Immune Cells on RT Efficacy

RT is a powerful therapeutic approach used in many patients due to its numerous beneficial
effects leading to tumor cell eradication. Besides the direct killing of highly proliferating tumor cells by
mitotic catastrophe or apoptosis or necrosis, RT is increasingly appreciated to have immunomodulatory
effects, which can take advantage of the fact that our immune cells can target and kill abnormal
cancerous cells [11,13,30,32,86]. RT modulates the immunogenicity and adjuvanticity of tumors by
increasing the expression and release of tumor-associated antigens, increasing the expression of major
histocompatibility complex I (MHC-I), inducing immunogenic cell death (ICD) and its downstream
anti-tumor pathways, and releasing danger signals and chemokines that recruit inflammatory
anti-tumor immune cells to the TME, including antigen-presenting cells that can activate cytolytic
T cells [75,87,88]. RT can also enhance tumor killing by increasing the number of tumor-infiltrating
immunostimulatory cells and neoantigen expression [89–91]. However, there are reports that RT can
induce immunosuppression on top of anti-tumor immune promoting effects [12,32]. The balance
between the two variables predicts the treatment response. Due to its double-edged sword effects on
immune modulation, precise dosing regimens and combinatorial treatments of RT must be carefully
considered to avoid unwanted immunosuppressive effects [7,9–11,13,30,32,86,87].

As we have discussed with CAFs and ECM, radiosensitivity depends on the complex interaction of
malignant cancer cells with their immune TME [86]. Notably, the host immune status also determines the
efficacy of treatments, including RT (Figure 1). The presence and activation status of dendritic cells (DCs)
and CD8+ T cells and anti-tumor cytokines such as IFNγ determine the responsiveness to RT [92–95].
IFN-related DNA damage resistance signature (IRDS) genes including STAT1, IFN-stimulated genes 15
(ISG15), and IFN-induced protein with tetratricopeptide repeats 1 (IFIT1) are associated with resistance
to chemotherapy and/or RT across different tumor cell lines [69]. Additionally, the intratumoral
immune response after RT also determines the therapeutic response. RT success is dependent on the
antigen-specific nature of immune activation, which can be enhanced by combining RT with immune
checkpoint blockade therapies like αPD-1 and αCTLA-4 [26,87,96,97]. Increases in intratumoral
anti-tumor immune cells and IFNγ were found to imbue CD8+ T cells with lytic activity against
tumor cells, and the addition of IL-12 as immunotherapy can augment this RT-induced anti-tumor
immunity [94,98]. Radiation can upregulate the expression of programmed death ligand 1 (PD-L1) on
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tumor cells in numerous in vivo models, which binds with immune checkpoint receptor PD-1 expressed
by CTLs and thereby promotes their dysfunction. The combination of radiation and inhibition of this
immune checkpoint has been shown to improve the radiation-induced anti-tumor response through
activation of cytotoxic T cells and diminished the influx of myeloid-derived suppressive cells (MDSCs)
into the TME [99–101]. Interestingly, several studies in mice and humans have demonstrated abscopal
effects, with response of both the primary tumor and distant disease to combination therapy of RT
and immune checkpoint blockade [102]. Although most of these studies were conducted utilizing
hypofractionated or single-dose ablative radiation schemes, the optimal dose, fractionation, and timing
to achieve this effect are unknown [103]. In vivo studies have demonstrated that PD-L1 expression
peaks at 3 days post-irradiation, and that concurrent but not sequential treatment with checkpoint
inhibitors is necessary for a T cell-mediated tumor response [93,101]. Interestingly, in the KEYNOTE-001
trial, patients who received radiation at any time prior to immune checkpoint therapy had significantly
increased progression-free survival, with median time ranging from 9.5 to 11.5 months [104,105].
Despite these appealing data, larger studies demonstrating sufficient survival benefits to lead to
approval of regimens containing RT in combination with immune checkpoints have not been published.
However, these findings showed the importance of the host’s immune status as one major contributor
that can predict radiosensitivity.

Like CAFs, immune cells in the TME are very diverse and have different roles. Tumor-associated
macrophages (TAMs), MDSCs, and CD4+ regulatory T cells (Tregs) are known to be immune suppressive
and pro-tumorigenic; on the other hand, immune cells such as DCs, CD8+ T cells, and NK cells are
anti-tumorigenic [12]. Likewise, these immune cells also differentially regulate radiosensitivity in
cancers (Figure 1). The presence of TAMs correlates with increased radioresistance in many different
tumors [106]. Radiation plays a role in the recruitment and phenotype modulation of TAMs in
the TME. Recruitment of TAMs occurs irrespective of dose and fractionation [107]. Conventional
fractionation leads to transcription of colony-stimulating factor 1 (CSF1), which when blocked in
prostate cancer models reduces TAM recruitment. Conversely, hypofractionated regimens promote
TAM recruitment in hypoxic conditions, where in glioma models radiation-induced hypoxia-inducible
factor 1 (HIF-1) expression leads to the increased density of TAMs [108,109]. Co-implantation of
tumor cells with bone marrow-derived macrophages increased tumor radioresistance, so depletion
of TAMs using a systemic or local injection of macrophage-depleting liposomal clodronate before
RT can increase anti-tumor effects in different RT dosing regimens. Radioresistance coming from
TAMs is mediated by the tumor necrosis factor (TNF) signaling-dependent upregulation of VEGF,
and anti-VEGF or anti-TNF therapy can reverse this radioresistance (Figure 2) [110]. The effect of
the radiation-induced influx of TAMs in the TME depends on the exact phenotype they acquire once
infiltrated. The decision tree for macrophage polarization, unlike recruitment, does appear to be
dependent on the radiation dose and fraction. Anti-tumor phenotypes may be favored in conventionally
fractionated dosing, which can in turn enhance T cell-mediated tumor control [111,112]. Importantly,
this effect may be lost in hypofractionated and single-dose ablative regimens. One reason may be that
hypoxia which results from vascular impairment by RT promotes macrophage immunosuppressive and
pro-tumorigenic tissue remodeling functions [113–115]. However, this is likely an oversimplification,
and the true impact of TAMs may depend on the organ- and cancer-specific context in which radiation
is employed. RT itself can cause an influx of MDSCs into tumors that eventually polarize the TME into
an immune-suppressive environment. This polarization is dependent on transcriptional regulation by
the NFκB p50 subunit, as mice lacking NFκB p50 are much more sensitive to RT [116]. Additionally,
MDSCs can be recruited further into the TME from RT in a fractionated RT regimen due to the
recruitment of DNA damage-induced kinase ABL1 into cell nuclei where it binds the CSF1 gene
promoter and enhances its transcription. Hence, blocking macrophage migration with a CSF1 inhibitor
radiosensitizes tumors [46]. Another group also found that a neutralizing antibody to CSF1 or a
small molecular inhibitor to the CSF1 receptor kinase efficiently depletes macrophages and delays
tumor regrowth following RT (Figure 2). This delay is a reflection of the increased presence of CD8+
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T cells and reduced presence of CD4+ T cells, the main source of T helper 2 (Th2) cytokines IL-4
and IL-13. The authors proposed that the response to RT could be enhanced by reducing TAMs in
tumors or blocking their induction of Th2 polarization [117]. Moreover, treatment with the small
tyrosine kinase inhibitor sunitinib resulted in a significant reduction of MDSCs and phospho-STAT3
and increased T cell proliferative activity in cancer patients. Sunitinib’s ability to increase RT efficacy in
tumors is mediated through the reduction in the number and function of immunosuppressive MDSCs
and is significantly correlated with lower CD4+ Treg and B cell numbers and augmentation of Tbet
expression in primary CD4+ and CD8+ T cells [118,119]. Finally, due to the intrinsic radioresistant
nature of CD4+ Tregs and its immunosuppressive roles, CD4+ Treg presence in tumors has also
been correlated with radioresistance [120,121]. Tregs are essential to generating immune tolerance,
are radioresistant compared to other T cell subtypes, and demonstrate a relative increase in the TME
after irradiation. Tregs are known to increase in mice receiving whole-body radiation [122], and studies
of human cervical cancers treated with 10-30 Gy demonstrate decreased CD8+ and CD4+ T cells,
without any effect on Treg numbers [123]. In vivo tumor models with systemically depleted Tregs

demonstrate significant determent of primary and metastatic tumor progression. When these tumors
are irradiated, these models demonstrate significantly reduced tumor burden post-RT and improved
overall survival [124–129]. Dose and fractionation have also been demonstrated to play a role in the
balance of immune priming and immunosuppression post-RT. A B16 murine model receiving a single
5 Gy dose of irradiation showed a relative increase in the Treg population compared to cytotoxic T
cells. However, a single 10 Gy dose resulted in a relative decrease of Tregs, while a single 15 Gy dose
increased both Treg and effector T cells [130]. Systemic elimination of CD4+ Tregs using anti-CD25
monoclonal antibody enhances radiotherapeutic benefits via immune modulation (Figure 2) [122].
Collectively, these studies showed that pro-tumorigenic immune cells can modulate radioresistance in
many cancers.

While initially thought to create an immunosuppressive TME, radiation has recently gained
momentum clinically as a means to prime the immune system to recognize and remove tumor cells.
To achieve this end, cross-presentation of tumor antigen by DCs to cytotoxic T cells must be upregulated.
Radiation has been shown to increase IFN-I signaling, leading to expansion and activation of DCs,
through induction of the stimulator of IFN genes (STING) pathway [26,93,131,132]. Additionally,
tumor cell removal requires the induction of cell death pathways, which can be variable, and include
apoptosis, necrosis, autophagy, and mitotic catastrophe. Immunogenic cell death upregulation is
frequently observed following irradiation. This involves three key molecular signals: calreticulin,
which undergoes translocation from the endoplasmic reticulum to the plasma membrane to signal
uptake of dying tumor cells by DCs; high-mobility group protein B1 (HMGB1), which is released from
the dying cells to bind Toll-like receptor 4 on DCs promoting antigen cross-presentation; and adenosine
triphosphate (ATP), which activates cytotoxic T cells through inflammasome activation via the P2XR7
pathway [86,132–135]. In vitro experiments have demonstrated that the generation of these three key
signaling molecules is dependent on irradiation dose [88]. However, the optimal dose and fractionation
of irradiation required to induce ICD in vivo is influenced by the TME [75,86,133]. Utilizing a B16
melanoma mouse model expressing ovalbumin antigen, several groups have demonstrated that
single-dose, 15-20 Gy irradiation was more effective in generating activated cytotoxic T cells than more
conventional fractionated schedules of 15 Gy in 5 daily fractions and 20 Gy in 4 bi-weekly fractions.
This indicated that the prescribed dose per fraction and also the specific timing of individual dose
delivery are important to elicit RT-induced immune responses [26,131]. Clinical investigations of
this mechanism in patients with colorectal and prostate cancer demonstrated a detectable increase
in circulating cytotoxic T cells (Survivin- and/or prostate-specific antigen-specific) in post-irradiation
blood samples [136,137]. Additionally, early-stage non-small cell lung cancer patients treated with SBRT,
48 Gy in 6-8 fractions, showed increased circulating cytotoxic T cells [138]. Many studies have indicated
that ablative radiation doses are required for activation of T cell immunity, and this is corroborated
by clinical evidence suggesting that conventional fractionation can have a detrimental effect on the
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TME as a result of the death of infiltrating anti-tumor lymphocytes [32,139–141]. In preclinical studies,
mice bearing bilateral flank implants of CT26 colon carcinoma treated with conventional fractionation
(10 Gy in 5 fractions) initially demonstrated T cell reductions after each dose of radiation; however,
this regimen at 7 days post-therapy led to an expansion of local polyclonal T cells responses and
infiltrating T cells, revealing a treatment duration effect in this model system [142]. Several groups have
moved away from flank models, due to the prevailing theory that to initiate tumor growth you create
a wound stimulating a subsequent acute immune response. Instead, several groups have adopted
genetically-engineered mouse models (GEMMs) that spontaneously form tumors. Recent publications
utilizing GEMMs of pancreatic cancer and sarcoma have demonstrated that reprogramming the TME
can induce T cell immunity and sensitize tumors to radiation [143–145] from both single high-dose
and hypofractionated RT schemes.

Radiation also plays an important role in overcoming T cell exclusion from the TME. One barrier
is the dampened homing of effector T cells, which is modulated by cytokines released from tumor
cells and the surrounding stroma. Irradiation can significantly enhance the secretion of CXCL16 by
mouse and human breast cancer cells; this chemokine binds to CXCR6 on activated cytotoxic T cells
and plays an important role in their recruitment to inflammation sites. CXCL16 can be induced in vitro
by a single fraction dose of 5 Gy; while in vivo induction was found to be dose-dependent, reaching a
plateau at 12 Gy [146,147]. In another study, mice deficient in IFNγ, a cytokine that is critical for innate
and adaptive immunity, received tumor-localized irradiation and demonstrated decreased expression
of MHC-I and CXCL9/CXCL10, which are important chemoattractants for cytotoxic T cells [147,148].
TNFα can also be induced by single-fraction irradiation in tumor cell lines [149]. Radiation also leads
to upregulation of anti-inflammatory cytokines, like TGFβ, which will suppress the function of DCs
and cytotoxic T cells and promote maturation of Tregs. Single fraction radiation from 5–10 Gy in mouse
mammary tumors upregulated TGFβ in both tumor cells and the surrounding adipose stroma [34,150].
In irradiated tissues, there is a relative increase in ROS, leading to activation of TGFβ. Mouse models
of mammary carcinoma demonstrate that activation of DCs and priming of cytotoxic T cells during RT
can be improved by administering TGFβ-neutralizing antibodies [99,150].

Tumors counteract this influx of activated cytotoxic T cells through the downregulation of
antigen-presenting MHC-I proteins. Historical studies revealed that radiation increases MHC-I protein
expression on tumor cells, leading to restored antigen recognition by cytotoxic T cells. In primary
glioblastoma lines, increasing doses of radiation up to 12 Gy led to increased MHC-I expression,
and a similar effect was demonstrated in ovarian and cervical cancer cell lines with doses of 25
to 100 Gy [151–154]. Conventionally fractionated radiation also can induce MHC-I expression,
where conditioned media from breast cancer lines treated with 6-10 Gy delivered in 3-5 fractions was
able to stimulate expression of total cellular and surface MHC-I in recipient cells [155].

The interactions between tumor cells and their immune microenvironment is very complex due to
their abundance, diversity, and varying roles. Evidence showing the presence of anti-tumor immune
cells and IRDS genes being important to determine RT efficacy and the roles of pro-tumor immune
cells to promote radioresistance should inspire us to design therapeutic regimens with different
immune-modulating drugs to synergize with RT. However, it is still unclear how different RT fractions
affect immune TME. Additionally, it was recently discovered that distinct immune cell origins (bone
marrow or embryonic) have different roles in controlling tumor phenotype [156]. How the immune
cell origin contributes to immune-mediated radioresistance is still a largely unaddressed question in
the field and needs to be studied [157,158].

6. Immunomodulatory Roles of CAFs and the ECM and How Their Interactions Regulate
RT Efficacy

With recent discoveries, it is increasingly appreciated that malignant tumor cells interact with their
TME in a complex and reciprocal manner to regulate tumor progression and treatment response [1–5].
In addition to the ability of the individual stromal components to directly control tumor cell phenotype,
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interactions among the components of the TME themselves can also exert the same effects [6,66].
Immune cells in the TME are regulated by their microenvironment, including the CAFs and ECM
in addition to the tumor cells. These communal interactions in the TME are important to consider
because they can inadvertently affect treatment response [11,32,86].

CAFs have various pro-tumorigenic roles by regulating tumor immunity, ECM, and hypoxia,
among many other factors [66]. One group reported that fibroblast activation protein (FAP)+ CAFs,
one subtype of CAFs, are responsible for suppressing anti-tumor immunity and thus contribute
to uncontrollable tumor growth. Depleting FAP-expressing cells provides some tumor growth
control through a process involving IFNγ and TNFα [159]. In a cervical cancer model, mesenchymal
stromal cells were responsible for immunosuppression through their ability to dampen CD8+ T cell
proliferation, activation, and effector functions. This was found to be mediated by the expression
of CD39 and CD73 ectonucleotidases and the generation of adenosine by the stromal cells [160].
Lastly, CAFs can support tumorigenesis and mediate tumor-enhancing inflammation by enhancing
tumor angiogenesis, proliferation, and invasion. These tumor-promoting characteristics are mediated
by NFκB pathways [161]. These tumor-promoting roles of CAFs, through their modulation of tumor
immunity, may apply to the mechanisms of stromal-mediated radioresistance.

CAFs can control tumor immunity through multiple mechanisms [66,162]. CAFs regulate
both adaptive and innate immune cell functions, including T cell and immunosuppressive myeloid
cells. CAFs can negatively impair the function of CD8+ T cells including cytolytic activity and
cytokine production through the production of soluble factors, such as TGFβ and VEGF, metabolic
reprogramming via indoleamine 2,3-dioxygenase and arginase, and expression of checkpoint inhibitors
like PD-L1 [66,163]. Many of these factors were discussed previously in the other sections as they are
implicated in radioresistance [42,43,51,110]. CAFs can also affect myeloid cell and DC maturation status
and function [164–167]. These immune cells are essential mediators of radiosensitivity [92–95,106].
More importantly, many recent discoveries have shown how targeting the stroma can reawaken
anti-tumor immunity and synergize with immunotherapy [168–170], as reviewed elsewhere [66].
The concept of how stromal interactions with the immune microenvironment affect immunotherapy
response may also hold true for RT responses.

One way by which CAFs regulate the immune TME is through their secreted factors. CAFs secrete
many active factors to the TME which are eventually stored in the ECM reservoir, including the various
MMPs [2,8,10,75]. MMP14 mediates tumor progression through vascular and immune-modulatory
effects. The anti-MMP14 inhibitory antibody can inhibit tumor growth, reduce tissue hypoxia, increase
macrophage number, and shift cell phenotype towards the more anti-tumor M1-like phenotype
due to reduced active TGFβ and SMAD2/3 signaling, hence synergistically enhancing RT effects
(Figure 2) [171]. This example demonstrates that CAF interactions with the ECM and the immune
microenvironment can regulate tumor cell radiosensitivity.

CAFs and the ECM have many immunomodulatory functions, which can control tumor cells’
treatment response, including RT efficacy. Even on their own, CAFs, ECM, and immune cells can
directly confer a radioresistance phenotype to tumor cells, and their interactions among themselves
also affect how tumor cells respond to RT. It is presently unclear how these relationships among the
tumor stroma components are affected by host immune status and vice versa. Similarly, it is not
known how different RT doses and fractionations change these complex interactions and their ensuing
tumor-regulating phenotype. It will be fascinating to see how new technologies such as single-cell
RNA sequencing will help us discover novel stromal and immune cells and shape our understanding
of the immunomodulatory functions of stromal cells in cancers.

7. The Impact of Other Stromal Cells on RT Efficacy

The TME contains other stromal cells present besides CAFs: blood endothelial cells, lymphatic
endothelial cells, adipocytes, mesenchymal stem cells, fibrocytes, pericytes, neurons, etc. Although
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their contribution is small in terms of their numbers in the TME, they still play important roles in
tumor progression, treatment response, treatment resistance, and cancer metastasis [1,7].

Endothelial cells are important players in many different types of cancer. They supply nutrients
for tumor growth, provide routes for metastatic dissemination, and contribute to chemo- and
radioresistance [80,172,173]. Hence, it is important to understand the tumor vasculature to comprehend
endothelial cell-mediated radioresistance. Tumors have two main ways to develop vasculature:
angiogenesis and vasculogenesis. Angiogenesis is the process in which vessels are developed from
nearby endothelial cells, while vasculogenesis is the formation of blood vessels from circulating
cells postulated to come from the bone marrow [80]. It is clear that angiogenesis is an important
process fundamental to treatment refractoriness, but vasculogenesis is especially imperative in RT
resistance due to the fact that local RT abrogates local angiogenesis, forcing tumors to rely heavily
on the vasculogenesis pathway for blood vessel regrowth post-RT. This mechanism poses another
barrier to T cell infiltration. Dysfunctional tumor-associated vasculature has endothelial cells lining
the vessels that suppress T cell activity, target them for destruction, and block entry into the TME [174].
Studies of ablative doses of radiation as high as 25 Gy led to the infiltration of TAMs expressing
immunosuppressive enzymes [175]. Notably, single-fraction ablative doses also induce significant
endothelial cell death, causing reduced vascular flow, hampering T cell recruitment, and inducing
a hypoxic and immunosuppressive TME [176,177]. These ablative doses have been evaluated by
bioinformatic studies, demonstrating that alteration of tumor vasculature post-irradiation accounts
for 20−30% of the radiographic response of brain metastases in stereotactic radiosurgery cases [178].
In contrast, radiation doses <10 Gy have been shown to promote vascular relaxation and increase
tumor oxygenation, with fractionated schedules providing the maximal benefit on tumor growth delay
due to tumor reoxygenation [179,180]. Low-dose radiation also plays a role in the reprogramming
of macrophages, which are important during the angiogenesis process, allowing increased T cell
extravasation in vivo through inducible nitric oxide synthetase [112]. There is an influx of CD11b+

myeloid cells following tumor irradiation, and increased tumor hypoxia increases HIF-1 levels and
subsequently upregulates stromal cell-derived factor 1 (SDF1, also known as CXCL12) to initiate
vasculogenesis [80]. Many angiogenic inhibitors have been used in the clinic and have proven efficacy
as radiosensitizing agents because of multiple different mechanisms related to the “normalization”
of tumor vessels and their subsequent oxygen content and acidity (Figure 2) [2,6,32]. One group
claims that the use of the VEGF receptor inhibitor axitinib radiosensitized tumor endothelium and
enabled tumor control [181]. Another group found that angiogenesis-promoting factors that protect
against endothelial damage can diminish the RT response. Reversing this effect with a VEGF inhibitor
promotes RT-induced endothelial injury through the generation of the second messenger ceramide
through acid sphingomyelinase trafficking to the plasma membrane. This tumor endothelial cell RT
resensitization was shown to mediate tumor control [181]. These studies demonstrated that endothelial
cells are important mediators of tumor radioresistance due to their ability to form vessels and control
tumor oxygen content.

Adipocytes are also active players in the TME that control cancer development, progression,
metastasis, and treatment response, especially in cancers that interact closely with adipose tissue-like
breast cancers [182]. Cancer-associated adipocytes (CAAs) are energetic cells capable of secreting
a heterogeneous group of molecules known as adipokines that include hormones, growth factors,
and cytokines. Some examples of adipokines are leptin, adiponectin, autotaxin, IL-6, TNFα, IGF-1,
and HGF. In addition, CAAs actively participate in metabolic remodeling that supports cancer cell
growth by regulating the fatty acid reservoir to increase mitochondrial β-oxidation. They also interact
closely with CAFs and ECM molecules through ECM remodeling. More importantly, they act as
obstacles to various anti-cancer therapies as they are involved in diverse resistance mechanisms [1,7].

One mechanism of adipocyte-mediated radioresistance is through their secreted adipokines.
Some of these adipokines such as TNFα, IGF-1, and HGF were discussed earlier with regard to their
contributions to stromal-mediated radioresistance (Figure 1) [38,52,110,159]. Another group reported



Cancers 2020, 12, 2916 15 of 25

that these adipokines can increase the gene expression of NFκB and cyclin D to induce anti-apoptotic
transcription and stabilize pro-oncogenic factors such as β-catenin and cyclin-dependent kinases [182].
It was also found that breast cancer cells co-cultured with adipocytes are radioresistant, and the
mechanism is through adipocyte secretion of IL-6 resulting in the phosphorylation of Chk1 associated
with decreased cancer cell death [182,183]. Another mechanism of adipocyte-mediated radioresistance
is the initiation of autotaxin (ATX)–lysophosphatidic acid (LPA) signaling. This group found that CAAs,
which closely interact with adjacent tumor cells, can become inflamed from tumor-derived cytokines,
which results in the stimulation of adipocytes’ ATX secretion and subsequent LPA production. This
further promotes inflammatory cytokine production in a vicious feed-forward cycle. RT-induced
adipocyte injury triggers increased levels of ATX, cyclooxygenase-2 (COX-2), IL-1β, IL-6, IL-10, TNFα,
and LPA1 and LPA2 receptors. This inflammatory response depends on the DNA damage response
pathways ATM, ATR, and PARP-1 and inflammatory mediators COX-2 and NFκB, which can potentially
be inhibited to reverse radioresistance. Induction of LPA signaling enhances lymphocyte invasion and
cytokine and VEGF production to stimulate angiogenesis required for tumor growth [184]. As detailed
earlier, angiogenesis is one factor that contributes to tumor cell radioresistance [8]. These studies
showed that adipocytes are not dormant “fat” cells; they are active contributors to tumor phenotype
through their active metabolism and secreted factors.

Even though endothelial cells and adipocytes do not make up a significant portion of the tumor
stroma, they contribute to tumor radioresistance. Multiple groups have shown that we should not
negate their roles in controlling RT response to prevent the formation of radioresistant cancer cells.
However, the complexity of different RT doses and fractionation regimens has left the field with an
unanswered question regarding their effect on stromal cells present in cancers.

8. Forward Looking Conclusions

Malignant tumor cells that harbor genetic aberrations are in close proximity with the tumor
stroma composed of diverse cellular and non-cellular entities including CAFs, ECM components,
immune cells, endothelial cells, adipocytes, and secreted bioactive molecules. At every step of
the tumor lifecycle, there is reciprocal communication between these malignant cancer cells and
their neighbors. Their highly dynamic interactions control tumor initiation, progression, invasion,
metastasis, and treatment resistance, which complicates cancer therapeutic planning [1–6,8,10–13,185].
Here, we reviewed how the tumor stroma can contribute to cancer radioresistance; many of which
are mediated through secreted factors, cell surface receptors, and downstream pro-survival and/or
anti-apoptotic signaling pathways. The tumor stroma is very diverse, and our current knowledge of
distinct cell types is still lacking. It will be interesting to see how new technologies to discover novel
CAFs and immune cell types will broaden our knowledge of tumor-stromal interactions.

Further complicating the concept of stromal-mediated radioresistance is the fact that with
successive treatments tumor and stromal cells can become more resistant, which could be a problem for
many anti-cancer treatment regimens given in cycles, such as chemo- and radiotherapies. Based on the
potential of these tumor stroma to induce radioresistance, it seems plausible to include stromal-targeted
agents in combination with RT for therapeutic benefit. Multi-directed treatments toward both the
tumor cells and the tumor stroma could help eradicate cancers and prevent therapeutic resistance and
tumor relapse.

Lastly, RT is a rapidly evolving field. Ultra-high dose rate of RT (FLASH-RT) is a new technology
that enables the ultra-fast delivery of doses while sparing normal tissues [186,187]. It will be important
to see how FLASH-RT influences tumor-stroma communications and stromal-mediated radioresistance.
Despite many recent discoveries, there are still many remaining questions in the field to be addressed,
such as how CAF diversity affects radioresistance and how the tumor stroma changes with different
RT dosing and fractionation regimens. Future discoveries about these mechanisms can be used for the
design of novel RT and drug combinations to target stromal-mediated RT resistance.



Cancers 2020, 12, 2916 16 of 25

Author Contributions: V.E.K., J.A.S., J.K.S., and D.G.D. wrote the manuscript; V.E.K. and D.G.D. prepared the
figures. All authors contributed to the writing of the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: V.E.K. was supported by NCI predoctoral fellowship F30CA243233. J.A.S. was supported by RSNA
Research Resident/Fellow Grant RR2062. J.K.S. was supported by NIH R01CA248917, Siteman Investment Program,
and AACR/Bristol Meyers Squibb Female Investigator Award. D.G.D. was supported by NCI R01CA177670,
R01CA244938, R01CA203890, R01CA248917, P50CA196510, and U2CCA223303.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Valkenburg, K.C.; De Groot, A.E.; Pienta, K.J. Targeting the tumour stroma to improve cancer therapy.
Nat. Rev. Clin. Oncol. 2018, 15, 366–381. [CrossRef] [PubMed]

2. Mueller, M.M.; Fusenig, N.E. Friends or foes—Bipolar effects of the tumour stroma in cancer. Nat. Rev.
Cancer 2004, 4, 839–849. [CrossRef] [PubMed]

3. Kalluri, R. The biology and function of fibroblasts in cancer. Nat. Rev. Cancer 2016, 16, 582–598. [CrossRef]
[PubMed]

4. Kalluri, R.; Zeisberg, M. Fibroblasts in cancer. Nat. Rev. Cancer 2006, 6, 392–401. [CrossRef]
5. D’Arcangelo, E.; Wu, N.C.; Cadavid, J.L.; McGuigan, A.P. The life cycle of cancer-associated fibroblasts

within the tumour stroma and its importance in disease outcome. Br. J. Cancer 2020. [CrossRef]
6. Junttila, M.R.; De Sauvage, F.J. Influence of tumour micro-environment heterogeneity on therapeutic response.

Nature 2013, 501, 346–354. [CrossRef]
7. Turley, S.J.; Cremasco, V.; Astarita, J.L. Immunological hallmarks of stromal cells in the tumour

microenvironment. Nat. Rev. Immunol. 2015, 15, 669–682. [CrossRef]
8. Gilkes, D.M.; Semenza, G.L.; Wirtz, D. Hypoxia and the extracellular matrix: Drivers of tumour metastasis.

Nat. Rev. Cancer 2014, 14, 430–439. [CrossRef]
9. Iyer, S.P.; Hunt, C.R.; Pandita, T.K. Cross Talk between Radiation and Immunotherapy: The Twain Shall

Meet. Radiat. Res. 2018, 189, 219–224. [CrossRef]
10. Barcellos-Hoff, M.H.; Park, C.; Wright, E.G. Radiation and the microenvironment—Tumorigenesis and

therapy. Nat. Rev. Cancer 2005, 5, 867–875. [CrossRef]
11. McLaughlin, M.; Patin, E.C.; Pedersen, M.; Wilkins, A.; Dillon, M.T.; Melcher, A.A.; Harrington, K.J.

Inflammatory microenvironment remodelling by tumour cells after radiotherapy. Nat. Rev. Cancer 2020.
[CrossRef] [PubMed]

12. Barker, H.E.; Paget, J.T.E.; Khan, A.A.; Harrington, K.J. The tumour microenvironment after radiotherapy:
Mechanisms of resistance and recurrence. Nat. Rev. Cancer 2015, 15, 409–425. [CrossRef] [PubMed]

13. Weichselbaum, R.R.; Liang, H.; Deng, L.; Fu, Y.X. Radiotherapy and immunotherapy: A beneficial liaison?
Nat. Rev. Clin. Oncol. 2017, 14, 365–379. [CrossRef] [PubMed]

14. Hwang, W.L.; Pike, L.R.G.; Royce, T.J.; Mahal, B.A.; Loeffler, J.S. Safety of combining radiotherapy with
immune-checkpoint inhibition. Nat. Rev. Clin. Oncol. 2018, 15, 477–494. [CrossRef]

15. Schaue, D.; McBride, W.H. Opportunities and challenges of radiotherapy for treating cancer. Nat. Rev.
Clin. Oncol. 2015, 12, 527–540. [CrossRef]

16. Grassberger, C.; Ellsworth, S.G.; Wilks, M.Q.; Keane, F.K.; Loeffler, J.S. Assessing the interactions between
radiotherapy and antitumour immunity. Nat. Rev. Clin. Oncol. 2019, 16, 729–745. [CrossRef]

17. Van Leeuwen, C.M.; Oei, A.L.; Crezee, J.; Bel, A.; Franken, N.A.P.; Stalpers, L.J.A.; Kok, H.P. The alfa and
beta of tumours: A review of parameters of the linear-quadratic model, derived from clinical radiotherapy
studies. Radiat. Oncol. 2018, 13, 96. [CrossRef]

18. Hall, E.; Giaccia, A. Cell survival curves. In Radiobiology for the Radiologist, 7th ed.; Lippincott Williams &
Wilkins: Philadelphia, PA, USA, 2012; pp. 35–53.

19. Papiez, L.; Timmerman, R. Hypofractionation in radiation therapy and its impact. Med. Phys. 2008, 35,
112–118. [CrossRef]

20. Mahajan, A.; Ahmed, S.; McAleer, M.F.; Weinberg, J.S.; Li, J.; Brown, P.; Settle, S.; Prabhu, S.S.; Lang, F.F.;
Levine, N.; et al. Post-operative stereotactic radiosurgery versus observation for completely resected brain
metastases: A single-centre, randomised, controlled, phase 3 trial. Lancet Oncol. 2017, 18, 1040–1048.
[CrossRef]

http://dx.doi.org/10.1038/s41571-018-0007-1
http://www.ncbi.nlm.nih.gov/pubmed/29651130
http://dx.doi.org/10.1038/nrc1477
http://www.ncbi.nlm.nih.gov/pubmed/15516957
http://dx.doi.org/10.1038/nrc.2016.73
http://www.ncbi.nlm.nih.gov/pubmed/27550820
http://dx.doi.org/10.1038/nrc1877
http://dx.doi.org/10.1038/s41416-019-0705-1
http://dx.doi.org/10.1038/nature12626
http://dx.doi.org/10.1038/nri3902
http://dx.doi.org/10.1038/nrc3726
http://dx.doi.org/10.1667/RR14941.1
http://dx.doi.org/10.1038/nrc1735
http://dx.doi.org/10.1038/s41568-020-0246-1
http://www.ncbi.nlm.nih.gov/pubmed/32161398
http://dx.doi.org/10.1038/nrc3958
http://www.ncbi.nlm.nih.gov/pubmed/26105538
http://dx.doi.org/10.1038/nrclinonc.2016.211
http://www.ncbi.nlm.nih.gov/pubmed/28094262
http://dx.doi.org/10.1038/s41571-018-0046-7
http://dx.doi.org/10.1038/nrclinonc.2015.120
http://dx.doi.org/10.1038/s41571-019-0238-9
http://dx.doi.org/10.1186/s13014-018-1040-z
http://dx.doi.org/10.1118/1.2816228
http://dx.doi.org/10.1016/S1470-2045(17)30414-X


Cancers 2020, 12, 2916 17 of 25

21. Qiu, H.; Moravan, M.J.; Milano, M.T.; Usuki, K.Y.; Katz, A.W. SBRT for Hepatocellular Carcinoma: 8-Year
Experience from a Regional Transplant Center. J. Gastrointest. Cancer 2018, 49, 463–469. [CrossRef]

22. Kishan, A.U.; King, C.R. Stereotactic Body Radiotherapy for Low- and Intermediate-Risk Prostate Cancer.
Semin. Radiat. Oncol. 2017, 27, 268–278. [CrossRef] [PubMed]

23. Aridgides, P.; Bogart, J. Stereotactic Body Radiation Therapy for Stage I Non-Small Cell Lung Cancer.
Thorac. Surg. Clin. 2016, 26, 261–269. [CrossRef] [PubMed]

24. Mole, R.H. Whole body irradiation; radiobiology or medicine? Br. J. Radiol. 1953, 26, 234–241. [CrossRef]
[PubMed]

25. Dewan, M.Z.; Galloway, A.E.; Kawashima, N.; Dewyngaert, J.K.; Babb, J.S.; Formenti, S.C.; Demaria, S.
Fractionated but not single-dose radiotherapy induces an immune-mediated abscopal effect when combined
with anti-CTLA-4 antibody. Clin. Cancer Res. 2009, 15, 5379–5388. [CrossRef] [PubMed]

26. Lee, Y.; Auh, S.L.; Wang, Y.; Burnette, B.; Wang, Y.; Meng, Y.; Beckett, M.; Sharma, R.; Chin, R.; Tu, T.; et al.
Therapeutic effects of ablative radiation on local tumor require CD8+ T cells: Changing strategies for cancer
treatment. Blood 2009, 114, 589–595. [CrossRef]

27. Reits, E.A.; Hodge, J.W.; Herberts, C.A.; Groothuis, T.A.; Chakraborty, M.; Wansley, E.K.; Camphausen, K.;
Luiten, R.M.; de Ru, A.H.; Neijssen, J.; et al. Radiation modulates the peptide repertoire, enhances MHC
class I expression, and induces successful antitumor immunotherapy. J. Exp. Med. 2006, 203, 1259–1271.
[CrossRef]

28. Reynders, K.; Illidge, T.; Siva, S.; Chang, J.Y.; De Ruysscher, D. The abscopal effect of local radiotherapy: Using
immunotherapy to make a rare event clinically relevant. Cancer Treat. Rev. 2015, 41, 503–510. [CrossRef]

29. Riaz, N.; Morris, L.; Havel, J.J.; Makarov, V.; Desrichard, A.; Chan, T.A. The role of neoantigens in response to
immune checkpoint blockade. Int. Immunol. 2016, 28, 411–419. [CrossRef]

30. Leroi, N.; Lallemand, F.; Coucke, P.; Noel, A.; Martinive, P. Impacts of ionizing radiation on the different
compartments of the tumor microenvironment. Front. Pharmacol. 2016, 7, 1–9. [CrossRef]

31. Straub, J.M.; New, J.; Hamilton, C.D.; Lominska, C.; Shnayder, Y.; Thomas, S.M. Radiation-induced fibrosis:
Mechanisms and implications for therapy. J. Cancer Res. Clin. Oncol. 2015, 141, 1985–1994. [CrossRef]

32. Arnold, K.M.; Flynn, N.J.; Raben, A.; Romak, L.; Yu, Y.; Dicker, A.P.; Mourtada, F.; Sims-Mourtada, J.
The Impact of Radiation on the Tumor Microenvironment: Effect of Dose and Fractionation Schedules.
Cancer Growth Metastasis 2018, 11. [CrossRef] [PubMed]

33. Penney, D.P.; Wayne, A.; Rosenkrans, J. Cell-Cell Matrix Interactions in Induced Lung Injury: I. The Effects of
X-Irradiation on Basal Laminar Proteoglycans. Radiat. Res. 1984, 99, 410–419. [CrossRef] [PubMed]

34. Barcellos-Hoff, M.H. Radiation-induced Transforming Growth Factor β and Subsequent Extracellular Matrix
Reorganization in Murine Mammary Gland. Cancer Res. 1993, 53, 3880–3886. [PubMed]

35. Remy, J.; Wegrowski, J.; Crechet, F.; Martin, M.; Daburon, F. Long-Term Overproduction of Collagen in
Radiation-Induced Fibrosis. Radiat. Res. 1991, 125, 14–19. [CrossRef]

36. Chargari, C.; Clemenson, C.; Martins, I.; Perfettini, J.-L.; Deutsch, E. Understanding the functions of tumor
stroma in resistance to ionizing radiation: Emerging targets for pharmacological modulation. Drug Resist.
Updat. 2013, 16, 10–21. [CrossRef]

37. Kamochi, N.; Nakashima, M.; Aoki, S.; Uchihashi, K.; Sugihara, H.; Toda, S.; Kudo, S. Irradiated
fibroblast-induced bystander effects on invasive growth of squamous cell carcinoma under cancer-stromal
cell interaction. Cancer Sci. 2008, 99, 2417–2427. [CrossRef]

38. Ohuchida, K.; Mizumoto, K.; Murakami, M.; Qian, L.W.; Sato, N.; Nagai, E.; Matsumoto, K.; Nakamura, T.;
Tanaka, M. Radiation to Stromal Fibroblasts Increases Invasiveness of Pancreatic Cancer Cells through
Tumor-Stromal Interactions. Cancer Res. 2004, 64, 3215–3222. [CrossRef]

39. Tommelein, J.; Verset, L.; Boterberg, T.; Demetter, P.; Bracke, M.; De Wever, O. Cancer-Associated Fibroblasts
Connect Metastasis-Promoting Communication in Colorectal Cancer. Front. Oncol. 2015, 5, 1–11. [CrossRef]

40. Wang, Z.; Tang, Y.; Tan, Y.; Wei, Q.; Yu, W. Cancer-associated fibroblasts in radiotherapy: Challenges and
new opportunities. Cell Commun. Signal. 2019, 17, 1–12. [CrossRef]

41. Boelens, M.C.; Wu, T.J.; Nabet, B.Y.; Xu, B.; Qiu, Y.; Yoon, T.; Azzam, D.J.; Twyman-Saint Victor, C.;
Wiemann, B.Z.; Ishwaran, H.; et al. Exosome transfer from stromal to breast cancer cells regulates therapy
resistance pathways. Cell 2014, 159, 499–513. [CrossRef]

http://dx.doi.org/10.1007/s12029-017-9990-1
http://dx.doi.org/10.1016/j.semradonc.2017.02.006
http://www.ncbi.nlm.nih.gov/pubmed/28577834
http://dx.doi.org/10.1016/j.thorsurg.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27427521
http://dx.doi.org/10.1259/0007-1285-26-305-234
http://www.ncbi.nlm.nih.gov/pubmed/13042090
http://dx.doi.org/10.1158/1078-0432.CCR-09-0265
http://www.ncbi.nlm.nih.gov/pubmed/19706802
http://dx.doi.org/10.1182/blood-2009-02-206870
http://dx.doi.org/10.1084/jem.20052494
http://dx.doi.org/10.1016/j.ctrv.2015.03.011
http://dx.doi.org/10.1093/intimm/dxw019
http://dx.doi.org/10.3389/fphar.2016.00078
http://dx.doi.org/10.1007/s00432-015-1974-6
http://dx.doi.org/10.1177/1179064418761639
http://www.ncbi.nlm.nih.gov/pubmed/29551910
http://dx.doi.org/10.2307/3576383
http://www.ncbi.nlm.nih.gov/pubmed/6463214
http://www.ncbi.nlm.nih.gov/pubmed/8358713
http://dx.doi.org/10.2307/3577976
http://dx.doi.org/10.1016/j.drup.2013.01.001
http://dx.doi.org/10.1111/j.1349-7006.2008.00978.x
http://dx.doi.org/10.1158/0008-5472.CAN-03-2464
http://dx.doi.org/10.3389/fonc.2015.00063
http://dx.doi.org/10.1186/s12964-019-0362-2
http://dx.doi.org/10.1016/j.cell.2014.09.051


Cancers 2020, 12, 2916 18 of 25

42. Hwang, R.F.; Moore, T.; Arumugam, T.; Ramachandran, V.; Amos, K.D.; Rivera, A.; Ji, B.; Evans, D.B.;
Logsdon, C.D. Cancer-associated stromal fibroblasts promote pancreatic tumor progression. Cancer Res.
2008, 68, 918–926. [CrossRef] [PubMed]

43. Hardee, M.E.; Marciscano, A.E.; Medina-Ramirez, C.M.; Zagzag, D.; Narayana, A.; Lonning, S.M.;
Barcellos-Hoff, M.H. Resistance of glioblastoma-initiating cells to radiation mediated by the tumor
microenvironment can be abolished by inhibiting transforming growth factor-β. Cancer Res. 2012, 72,
4119–4129. [CrossRef] [PubMed]

44. Wang, Y.; Gan, G.; Wang, B.; Wu, J.; Cao, Y.; Zhu, D.; Xu, Y.; Wang, X.; Han, H.; Li, X.; et al. Cancer-associated
Fibroblasts Promote Irradiated Cancer Cell Recovery Through Autophagy. EBioMedicine 2017, 17, 45–56.
[CrossRef] [PubMed]

45. Acharyya, S.; Oskarsson, T.; Vanharanta, S.; Malladi, S.; Kim, J.; Morris, P.G.; Manova-Todorova, K.;
Leversha, M.; Hogg, N.; Seshan, V.E.; et al. A CXCL1 paracrine network links cancer chemoresistance and
metastasis. Cell 2012, 150, 165–178. [CrossRef]

46. Zhang, H.; Yue, J.; Jiang, Z.; Zhou, R.; Xie, R.; Xu, Y.; Wu, S. CAF-secreted CXCL1 conferred radioresistance
by regulating DNA damage response in a ROS-dependent manner in esophageal squamous cell carcinoma.
Cell Death Dis. 2017, 8, e2790. [CrossRef]

47. Downward, J. Targeting RAS signalling pathways in cancer therapy. Nat. Rev. Cancer 2003, 3, 11–22.
[CrossRef]

48. Dhillon, A.S.; Hagan, S.; Rath, O.; Kolch, W. MAP kinase signalling pathways in cancer. Oncogene 2007, 26,
3279–3290. [CrossRef]

49. Cordes, N. Integrin-mediated cell-matrix interactions for prosurvival and antiapoptotic signaling after
genotoxic injury. Cancer Lett. 2006, 242, 11–19. [CrossRef]

50. Mantoni, T.S.; Lunardi, S.; Al-Assar, O.; Masamune, A.; Brunner, T.B. Pancreatic stellate cells radioprotect
pancreatic cancer cells through β1-integrin signaling. Cancer Res. 2011, 71, 3453–3458. [CrossRef]

51. Al-Assar, O.; Demiciorglu, F.; Lunardi, S.; Gaspar-Carvalho, M.M.; McKenna, W.G.; Muschel, R.M.;
Brunner, T.B. Contextual regulation of pancreatic cancer stem cell phenotype and radioresistance by
pancreatic stellate cells. Radiother. Oncol. 2014, 111, 243–251. [CrossRef]

52. Chen, W.J.; Ho, C.C.; Chang, Y.L.; Chen, H.Y.; Lin, C.A.; Ling, T.Y.; Yu, S.L.; Yuan, S.S.; Louisa Chen, Y.J.;
Lin, C.Y.; et al. Cancer-associated fibroblasts regulate the plasticity of lung cancer stemness via paracrine
signalling. Nat. Commun 2014, 5. [CrossRef] [PubMed]

53. Osuka, S.; Sampetrean, O.; Shimizu, T.; Saga, I.; Onishi, N.; Sugihara, E.; Okubo, J.; Fujita, S.; Takano, S.;
Matsumura, A.; et al. IGF1 receptor signaling regulates adaptive radioprotection in glioma stem cells.
Stem Cells 2013, 31, 627–640. [CrossRef] [PubMed]

54. Hawsawi, N.M.; Ghebeh, H.; Hendrayani, S.F.; Tulbah, A.; Al-Eid, M.; Al-Tweigeri, T.; Ajarim, D.; Alaiya, A.;
Dermime, S.; Aboussekhra, A. Breast carcinoma-associated fibroblasts and their counterparts display
neoplastic-specific changes. Cancer Res. 2008, 68, 2717–2725. [CrossRef] [PubMed]

55. Tang, F.R.; Loke, W.K. Molecular mechanisms of low dose ionizing radiation-induced hormesis, adaptive
responses, radioresistance, bystander effects, and genomic instability. Int. J. Radiat. Biol. 2015, 91, 13–27.
[CrossRef]

56. Sun, Y.; Campisi, J.; Higano, C.; Beer, T.M.; Porter, P.; Coleman, I.; True, L.; Nelson, P.S. Treatment-induced
damage to the tumor microenvironment promotes prostate cancer therapy resistance through WNT16B.
Nat. Med. 2012, 18, 1359–1368. [CrossRef]

57. Tsai, K.K.C.; Stuart, J.; Chuang, Y.-Y.E.; Little, J.B.; Yuan, Z.-M. Low-Dose Radiation-Induced Senescent
Stromal Fibroblasts Render Nearby Breast Cancer Cells Radioresistant. Radiat. Res. 2009, 172, 306–313.
[CrossRef]

58. Pazolli, E.; Alspach, E.; Milczarek, A.; Prior, J.; Piwnica-Worms, D.; Stewart, S.A. Chromatin remodeling
underlies the senescence- associated secretory phenotype of tumor stromal fibroblasts that supports cancer
progression. Cancer Res. 2012, 72, 2251–2261. [CrossRef]

59. Li, D.; Qu, C.; Ning, Z.; Wang, H.; Zang, K.; Zhuang, L.; Chen, L.; Wang, P.; Meng, Z. Radiation promotes
epithelial-to-mesenchymal transition and invasion of pancreatic cancer cell by activating carcinoma-associated
fibroblasts. Am. J. Cancer Res. 2016, 6, 2192–2206.

http://dx.doi.org/10.1158/0008-5472.CAN-07-5714
http://www.ncbi.nlm.nih.gov/pubmed/18245495
http://dx.doi.org/10.1158/0008-5472.CAN-12-0546
http://www.ncbi.nlm.nih.gov/pubmed/22693253
http://dx.doi.org/10.1016/j.ebiom.2017.02.019
http://www.ncbi.nlm.nih.gov/pubmed/28258923
http://dx.doi.org/10.1016/j.cell.2012.04.042
http://dx.doi.org/10.1038/cddis.2017.180
http://dx.doi.org/10.1038/nrc969
http://dx.doi.org/10.1038/sj.onc.1210421
http://dx.doi.org/10.1016/j.canlet.2005.12.004
http://dx.doi.org/10.1158/0008-5472.CAN-10-1633
http://dx.doi.org/10.1016/j.radonc.2014.03.014
http://dx.doi.org/10.1038/ncomms4472
http://www.ncbi.nlm.nih.gov/pubmed/24668028
http://dx.doi.org/10.1002/stem.1328
http://www.ncbi.nlm.nih.gov/pubmed/23335250
http://dx.doi.org/10.1158/0008-5472.CAN-08-0192
http://www.ncbi.nlm.nih.gov/pubmed/18413739
http://dx.doi.org/10.3109/09553002.2014.937510
http://dx.doi.org/10.1038/nm.2890
http://dx.doi.org/10.1667/RR1764.1
http://dx.doi.org/10.1158/0008-5472.CAN-11-3386


Cancers 2020, 12, 2916 19 of 25

60. Hellevik, T.; Pettersen, I.; Berg, V.; Winberg, J.O.; Moe, B.T.; Bartnes, K.; Paulssen, R.H.; Busund, L.T.;
Bremnes, R.; Chalmers, A.; et al. Cancer-associated fibroblasts from human NSCLC survive ablative doses of
radiation but their invasive capacity is reduced. Radiat. Oncol. 2012, 7. [CrossRef]

61. Özdemir, B.C.; Pentcheva-Hoang, T.; Carstens, J.L.; Zheng, X.; Wu, C.C.; Simpson, T.R.; Laklai, H.;
Sugimoto, H.; Kahlert, C.; Novitskiy, S.V.; et al. Depletion of carcinoma-associated fibroblasts and fibrosis
induces immunosuppression and accelerates pancreas cancer with reduced survival. Cancer Cell 2014, 25,
719–734. [CrossRef]

62. Rhim, A.D.; Oberstein, P.E.; Thomas, D.H.; Mirek, E.T.; Palermo, C.F.; Sastra, S.A.; Dekleva, E.N.; Saunders, T.;
Becerra, C.P.; Tattersall, I.W.; et al. Stromal elements act to restrain, rather than support, pancreatic ductal
adenocarcinoma. Cancer Cell 2014, 25, 735–747. [CrossRef] [PubMed]

63. Biffi, G.; Oni, T.E.; Spielman, B.; Hao, Y.; Elyada, E.; Park, Y.; Preall, J.; Tuveson, D.A. IL1-Induced JAK/STAT
Signaling Is Antagonized by TGFβ to Shape CAF Heterogeneity in Pancreatic Ductal Adenocarcinoma.
Cancer Discov. 2019, 9, 282. [CrossRef] [PubMed]

64. Elyada, E.; Bolisetty, M.; Laise, P.; Flynn, W.F.; Courtois, E.T.; Burkhart, R.A.; Teinor, J.A.; Belleau, P.;
Biffi, G.; Lucito, M.S.; et al. Cross-species single-cell analysis of pancreatic ductal adenocarcinoma reveals
antigen-presenting cancer-associated fibroblasts. Cancer Discov. 2019. [CrossRef] [PubMed]

65. Öhlund, D.; Handly-Santana, A.; Biffi, G.; Elyada, E.; Almeida, A.S.; Ponz-Sarvise, M.; Corbo, V.; Oni, T.E.;
Hearn, S.A.; Lee, E.J.; et al. Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic
cancer. J. Exp. Med. 2017, 214, 579–596. [CrossRef]

66. Jiang, H.; Hegde, S.; DeNardo, D.G. Tumor-associated fibrosis as a regulator of tumor immunity and response
to immunotherapy. Cancer Immunol. Immunother. 2017, 66, 1037–1048. [CrossRef]

67. Lu, P.; Weaver, V.M.; Werb, Z. The extracellular matrix: A dynamic niche in cancer progression. J. Cell Biol.
2012, 196, 395–406. [CrossRef]

68. Poltavets, V.; Kochetkova, M.; Pitson, S.M.; Samuel, M.S. The Role of the Extracellular Matrix and Its
Molecular and Cellular Regulators in Cancer Cell Plasticity. Front. Oncol. 2018, 8, 431. [CrossRef]

69. Weichselbaum, R.R.; Ishwaran, H.; Yoon, T.; Nuyten, D.S.A.; Baker, S.W.; Khodarev, N.; Su, A.W.; Shaikh, A.Y.;
Roach, P.; Kreike, B.; et al. An interferon-related gene signature for DNA damage resistance is a predictive
marker for chemotherapy and radiation for breast cancer. Proc. Natl. Acad. Sci. USA 2008, 105, 18490–18495.
[CrossRef]

70. Puthawala, K.; Hadjiangelis, N.; Jacoby, S.C.; Bayongan, E.; Zhao, Z.; Yang, Z.; Devitt, M.L.; Horan, G.S.;
Weinreb, P.H.; Lukashev, M.E.; et al. Inhibition of integrin αvβ6, an activator of latent transforming growth
factor-β, prevents radiation-induced lung fibrosis. Am. J. Respir. Crit. Care Med. 2008, 177, 82–90. [CrossRef]

71. Park, C.C.; Zhang, H.; Pallavicini, M.; Gray, J.W.; Baehner, F.; Park, C.J.; Bissell, M.J. B1 Integrin Inhibitory
Antibody Induces Apoptosis of Breast Cancer Cells, Inhibits Growth, and Distinguishes Malignant from
Normal Phenotype in Three Dimensional Cultures and in Vivo. Cancer Res. 2006, 66, 1526–1535. [CrossRef]

72. Park, C.C.; Zhang, H.J.; Yao, E.S.; Park, C.J.; Bissell, M.J. B1 Integrin Inhibition Dramatically Enhances
Radiotherapy Efficacy in Human Breast Cancer Xenografts. Cancer Res. 2008, 68, 4398–4405. [CrossRef]
[PubMed]

73. Cordes, N.; Seidler, J.; Durzok, R.; Geinitz, H.; Brakebusch, C. B1-Integrin-Mediated Signaling Essentially
Contributes to Cell Survival After Radiation-Induced Genotoxic Injury. Oncogene 2006, 25, 1378–1390.
[CrossRef] [PubMed]

74. Biswas, S.; Freeman, M.L.; Arteaga, C.L.; Biswas, S.; Guix, M.; Rinehart, C.; Dugger, T.C.; Chytil, A.;
Moses, H.L.; Freeman, M.L.; et al. Inhibition of TGF Beta with neutralizing antibodies prevents
radiation-induced acceleration of metastatic cancer progression Find the latest version: Inhibition of
TGF- β with neutralizing antibodies prevents radiation-induced acceleration of metastatic. J. Clin. Investig.
2007, 117, 1305–1313. [CrossRef] [PubMed]

75. Hellevik, T.; Martinez-Zubiaurre, I. Radiotherapy and the tumor stroma: The importance of dose and
fractionation. Front. Oncol. 2014, 4, 1–12. [CrossRef]

76. Chetty, C.; Bhoopathi, P.; Rao, J.S.; Lakka, S.S. Inhibition of matrix metalloproteinase-2 enhances
radiosensitivity by abrogating radiation-induced FoxM1-mediated G2/M arrest in A549 lung cancer cells.
Int. J. Cancer 2009, 124, 2468–2477. [CrossRef]

77. Bertout, J.A.; Patel, S.A.; Simon, M.C. The impact of O2 availability on human cancer. Nat. Rev. Cancer 2008,
8, 967–975. [CrossRef]

http://dx.doi.org/10.1186/1748-717X-7-59
http://dx.doi.org/10.1016/j.ccr.2014.04.005
http://dx.doi.org/10.1016/j.ccr.2014.04.021
http://www.ncbi.nlm.nih.gov/pubmed/24856585
http://dx.doi.org/10.1158/2159-8290.CD-18-0710
http://www.ncbi.nlm.nih.gov/pubmed/30366930
http://dx.doi.org/10.1158/2159-8290.CD-19-0094
http://www.ncbi.nlm.nih.gov/pubmed/31197017
http://dx.doi.org/10.1084/jem.20162024
http://dx.doi.org/10.1007/s00262-017-2003-1
http://dx.doi.org/10.1083/jcb.201102147
http://dx.doi.org/10.3389/fonc.2018.00431
http://dx.doi.org/10.1073/pnas.0809242105
http://dx.doi.org/10.1164/rccm.200706-806OC
http://dx.doi.org/10.1158/0008-5472.CAN-05-3071
http://dx.doi.org/10.1158/0008-5472.CAN-07-6390
http://www.ncbi.nlm.nih.gov/pubmed/18519702
http://dx.doi.org/10.1038/sj.onc.1209164
http://www.ncbi.nlm.nih.gov/pubmed/16247454
http://dx.doi.org/10.1172/JCI30740
http://www.ncbi.nlm.nih.gov/pubmed/17415413
http://dx.doi.org/10.3389/fonc.2014.00001
http://dx.doi.org/10.1002/ijc.24209
http://dx.doi.org/10.1038/nrc2540


Cancers 2020, 12, 2916 20 of 25

78. Gray, L.H.; Conger, A.D.; Ebert, M.; Hornsey, S.; Scott, O.C.A. The Concentration of Oxygen Dissolved in
Tissues at the Time of Irradiation as a Factor in Radiotherapy. Br. J. Radiol. 1953, 26, 638–648. [CrossRef]

79. Brown, J.M. The hypoxic cell: A target for selective cancer therapy—Eighteenth Bruce F. Cain Memorial
Award Lecture. Cancer Res. 1999, 59, 5863–5870.

80. Brown, J.M. Vasculogenesis: A crucial player in the resistance of solid tumours to radiotherapy. Br. J. Radiol.
2014, 87. [CrossRef]

81. Frérart, F.; Sonveaux, P.; Rath, G.; Smoos, A.; Meqor, A.; Charlier, N.; Jordan, B.F.; Saliez, J.; Noel, A.; Dessy, C.;
et al. The acidic tumor microenvironment promotes the reconversion of nitrite into nitric oxide: Towards a
new and safe radiosensitizing strategy. Clin. Cancer Res. 2008, 14, 2768–2774. [CrossRef]

82. Mitchell, J.B.; Wink, D.A.; DeGraff, W.; Gamson, J.; Keefer, L.K.; Krishna, M.C. Hypoxic mammalian cell
radiosensitization by nitric oxide. Cancer Res. 1993, 53, 5845–5848. [PubMed]

83. Winkler, F.; Kozin, S.V.; Tong, R.T.; Chae, S.-S.; Booth, M.F.; Garkavtsev, I.; Xu, L.; Hicklin, D.J.; Fukumura, D.;
di Tomaso, E.; et al. Kinetics of vascular normalization by VEGFR2 blockade governs brain tumor response
to radiation. Cancer Cell 2004, 6, 553–563. [CrossRef] [PubMed]

84. Ansiaux, R.; Baudelet, C.; Jordan, B.F.; Beghein, N.; Sonveaux, P.; De Wever, J.; Martinive, P.;
Grégoire, V.; Feron, O.; Gallez, B. Thalidomide radiosensitizes tumors through early changes in the
tumor microenvironment. Clin. Cancer Res. 2005, 11, 743–750.

85. Crokart, N.; Radermacher, K.; Jordan, B.F.; Baudelet, C.; Cron, G.O.; Grégoire, V.; Beghein, N.; Bouzin, C.;
Feron, O.; Gallez, B. Tumor radiosensitization by antiinflammatory drugs: Evidence for a new mechanism
involving the oxygen effect. Cancer Res. 2005, 65, 7911–7916. [CrossRef] [PubMed]

86. Demaria, S.; Formenti, S.C. Radiation as an immunological adjuvant: Current evidence on dose and
fractionation. Front. Oncol. 2012, 2, 1–7. [CrossRef]

87. Formenti, S.C.; Rudqvist, N.P.; Golden, E.; Cooper, B.; Wennerberg, E.; Lhuillier, C.; Vanpouille-Box, C.;
Friedman, K.; Ferrari de Andrade, L.; Wucherpfennig, K.W.; et al. Radiotherapy induces responses of lung
cancer to CTLA-4 blockade. Nat. Med. 2018, 24, 1845–1851. [CrossRef]

88. Golden, E.B.; Frances, D.; Pellicciotta, I.; Demaria, S.; Helen Barcellos-Hoff, M.; Formenti, S.C. Radiation
fosters dose-dependent and chemotherapy-induced immunogenic cell death. Oncoimmunology 2014, 3,
e28518. [CrossRef]

89. Harding, S.M.; Benci, J.L.; Irianto, J.; Discher, D.E.; Minn, A.J.; Greenberg, R.A. Mitotic progression following
DNA damage enables pattern recognition within micronuclei. Nature 2017, 548, 466–470. [CrossRef]

90. Dillon, M.T.; Bergerhoff, K.F.; Pedersen, M.; Whittock, H.; Crespo-Rodriguez, E.; Patin, E.C.; Pearson, A.;
Smith, H.G.; Paget, J.T.E.; Patel, R.R.; et al. ATR Inhibition Potentiates the Radiation-induced Inflammatory
Tumor Microenvironment. Clin. Cancer Res. 2019, 25, 3392–3403. [CrossRef]

91. Mackenzie, K.J.; Carroll, P.; Martin, C.A.; Murina, O.; Fluteau, A.; Simpson, D.J.; Olova, N.; Sutcliffe, H.;
Rainger, J.K.; Leitch, A.; et al. cGAS surveillance of micronuclei links genome instability to innate immunity.
Nature 2017, 548, 461–465. [CrossRef]

92. Blair, T.C.; Bambina, S.; Alice, A.F.; Kramer, F.; Medler, T.R.; Baird, J.R.; Broz, M.L.; Tormoen, G.W.; Troesch, V.;
Crittenden, M.R.; et al. Dendritic Cell Maturation Defines Immunological Responsiveness of Tumors to
Radiation Therapy. J. Immunol. 2020, 204. [CrossRef] [PubMed]

93. Gupta, A.; Probst, H.C.; Vuong, V.; Landshammer, A.; Muth, S.; Yagita, H.; Schwendener, R.; Pruschy, M.;
Knuth, A.; van den Broek, M. Radiotherapy Promotes Tumor-Specific Effector CD8 + T Cells via Dendritic
Cell Activation. J. Immunol. 2012, 189, 558–566. [CrossRef] [PubMed]

94. Gerber, S.A.; Sedlacek, A.L.; Cron, K.R.; Murphy, S.P.; Frelinger, J.G.; Lord, E.M. IFN-γ mediates the antitumor
effects of radiation therapy in a murine colon tumor. Am. J. Pathol. 2013, 182, 2345–2354. [CrossRef]
[PubMed]

95. Filatenkov, A.; Baker, J.; Mueller, A.M.S.; Kenkel, J.; Ahn, G.O.; Dutt, S.; Zhang, N.; Kohrt, H.; Jensen, K.;
Dejbakhsh-Jones, S.; et al. Ablative tumor radiation can change the tumor immune cell microenvironment to
induce durable complete remissions. Clin. Cancer Res. 2015, 21, 3727–3739. [CrossRef]

96. Sharabi, A.B.; Nirschl, C.J.; Kochel, C.M.; Nirschl, T.R.; Francica, B.J.; Velarde, E.; Deweese, T.L.; Drake, C.G.
Stereotactic radiation therapy augments antigen-specific PD-1-mediated antitumor immune responses via
cross-presentation of tumor antigen. Cancer Immunol. Res. 2015, 3, 345–355. [CrossRef]

http://dx.doi.org/10.1259/0007-1285-26-312-638
http://dx.doi.org/10.1259/bjr.20130686
http://dx.doi.org/10.1158/1078-0432.CCR-07-4001
http://www.ncbi.nlm.nih.gov/pubmed/8261391
http://dx.doi.org/10.1016/j.ccr.2004.10.011
http://www.ncbi.nlm.nih.gov/pubmed/15607960
http://dx.doi.org/10.1158/0008-5472.CAN-05-1288
http://www.ncbi.nlm.nih.gov/pubmed/16140962
http://dx.doi.org/10.3389/fonc.2012.00153
http://dx.doi.org/10.1038/s41591-018-0232-2
http://dx.doi.org/10.4161/onci.28518
http://dx.doi.org/10.1038/nature23470
http://dx.doi.org/10.1158/1078-0432.CCR-18-1821
http://dx.doi.org/10.1038/nature23449
http://dx.doi.org/10.4049/jimmunol.2000194
http://www.ncbi.nlm.nih.gov/pubmed/32341058
http://dx.doi.org/10.4049/jimmunol.1200563
http://www.ncbi.nlm.nih.gov/pubmed/22685313
http://dx.doi.org/10.1016/j.ajpath.2013.02.041
http://www.ncbi.nlm.nih.gov/pubmed/23583648
http://dx.doi.org/10.1158/1078-0432.CCR-14-2824
http://dx.doi.org/10.1158/2326-6066.CIR-14-0196


Cancers 2020, 12, 2916 21 of 25

97. Yoshimoto, Y.; Suzuki, Y.; Mimura, K.; Ando, K.; Oike, T.; Sato, H.; Okonogi, N.; Maruyama, T.; Izawa, S.;
Noda, S.E.; et al. Radiotherapy-induced anti-tumor immunity contributes to the therapeutic efficacy of
irradiation and can be augmented by CTLA-4 blockade in a mouse model. PLoS ONE 2014, 9, e92572.
[CrossRef]

98. Gerber, S.A.; Lim, J.Y.H.; Connolly, K.A.; Sedlacek, A.L.; Barlow, M.L.; Murphy, S.P.; Egilmez, N.K.; Lord, E.M.
Radio-responsive tumors exhibit greater intratumoral immune activity than nonresponsive tumors. Int. J.
Cancer 2014, 134, 2383–2392. [CrossRef]

99. Vanpouille-Box, C.; Diamond, J.M.; Pilones, K.A.; Zavadil, J.; Babb, J.S.; Formenti, S.C.; Barcellos-Hoff, M.H.;
Demaria, S. TGFβ Is a Master Regulator of Radiation Therapy-Induced Antitumor Immunity. Cancer Res.
2015, 75, 2232–2242. [CrossRef]

100. Deng, L.; Liang, H.; Burnette, B.; Beckett, M.; Darga, T.; Weichselbaum, R.R.; Fu, Y.X. Irradiation and
anti-PD-L1 treatment synergistically promote antitumor immunity in mice. J. Clin. Investig. 2014, 124,
687–695. [CrossRef]

101. Dovedi, S.J.; Adlard, A.L.; Lipowska-Bhalla, G.; McKenna, C.; Jones, S.; Cheadle, E.J.; Stratford, I.J.; Poon, E.;
Morrow, M.; Stewart, R.; et al. Acquired resistance to fractionated radiotherapy can be overcome by
concurrent PD-L1 blockade. Cancer Res. 2014, 74, 5458–5468. [CrossRef]

102. Park, S.S.; Dong, H.; Liu, X.; Harrington, S.M.; Krco, C.J.; Grams, M.P.; Mansfield, A.S.; Furutani, K.M.;
Olivier, K.R.; Kwon, E.D. PD-1 Restrains Radiotherapy-Induced Abscopal Effect. Cancer Immunol. Res. 2015,
3, 610–619. [CrossRef] [PubMed]

103. Formenti, S.C.; Demaria, S. Systemic effects of local radiotherapy. Lancet Oncol. 2009, 10, 718–726. [CrossRef]
104. Shaverdian, N.; Lisberg, A.E.; Bornazyan, K.; Veruttipong, D.; Goldman, J.W.; Formenti, S.C.; Garon, E.B.;

Lee, P. Previous radiotherapy and the clinical activity and toxicity of pembrolizumab in the treatment of
non-small-cell lung cancer: A secondary analysis of the KEYNOTE-001 phase 1 trial. Lancet Oncol. 2017, 18,
895–903. [CrossRef]

105. Kang, J.; Demaria, S.; Formenti, S. Current clinical trials testing the combination of immunotherapy with
radiotherapy. J. Immunother. Cancer 2016, 4, 51. [CrossRef] [PubMed]

106. Milas, L. Tumor Bed Effect in Murine Tumors: Relationship to Tumor Take and Tumor Macrophage Content.
Radiat. Res. 1990, 123, 232. [CrossRef] [PubMed]

107. Vatner, R.E.; Formenti, S.C. Myeloid-derived cells in tumors: Effects of radiation. Semin. Radiat. Oncol. 2015,
25, 18–27. [CrossRef] [PubMed]

108. Xu, J.; Escamilla, J.; Mok, S.; David, J.; Priceman, S.; West, B.; Bollag, G.; McBride, W.; Wu, L. CSF1R signaling
blockade stanches tumor-infiltrating myeloid cells and improves the efficacy of radiotherapy in prostate
cancer. Cancer Res. 2013, 73, 2782–2794. [CrossRef]

109. Ceradini, D.J.; Kulkarni, A.R.; Callaghan, M.J.; Tepper, O.M.; Bastidas, N.; Kleinman, M.E.; Capla, J.M.;
Galiano, R.D.; Levine, J.P.; Gurtner, G.C. Progenitor cell trafficking is regulated by hypoxic gradients through
HIF-1 induction of SDF-1. Nat. Med. 2004, 10, 858–864. [CrossRef]

110. Meng, Y.; Beckett, M.A.; Liang, H.; Mauceri, H.J.; Van Rooijen, N.; Cohen, K.S.; Weichselbaum, R.R.
Blockade of tumor necrosis factor α signaling in tumor-associated macrophages as a radiosensitizing strategy.
Cancer Res. 2010, 70, 1534–1543. [CrossRef]

111. Prakash, H.; Klug, F.; Nadella, V.; Mazumdar, V.; Schmitz-Winnenthal, H.; Umansky, L. Low doses of gamma
irradiation potentially modifies immunosuppressive tumor microenvironment by retuning tumor-associated
macrophages: Lesson from insulinoma. Carcinogenesis 2016, 37, 301–313. [CrossRef]

112. Klug, F.; Prakash, H.; Huber, P.E.; Seibel, T.; Bender, N.; Halama, N.; Pfirschke, C.; Voss, R.H.; Timke, C.;
Umansky, L.; et al. Low-dose irradiation programs macrophage differentiation to an iNOS+/M1 phenotype
that orchestrates effective T cell immunotherapy. Cancer Cell 2013, 24, 589–602. [CrossRef] [PubMed]

113. Chiang, C.S.; Fu, S.Y.; Wang, S.C.; Yu, C.F.; Chen, F.H.; Lin, C.M.; Hong, J.H. Irradiation promotes an m2
macrophage phenotype in tumor hypoxia. Front. Oncol. 2012, 2, 89. [CrossRef] [PubMed]

114. Okubo, M.; Kioi, M.; Nakashima, H.; Sugiura, K.; Mitsudo, K.; Aoki, I.; Taniguchi, H.; Tohnai, I. M2-polarized
macrophages contribute to neovasculogenesis, leading to relapse of oral cancer following radiation. Sci. Rep.
2016, 6, 27548. [CrossRef] [PubMed]

115. Seifert, L.; Werba, G.; Tiwari, S.; Giao Ly, N.N.; Nguy, S.; Alothman, S.; Alqunaibit, D.; Avanzi, A.; Daley, D.;
Barilla, R.; et al. Radiation Therapy Induces Macrophages to Suppress T-Cell Responses Against Pancreatic
Tumors in Mice. Gastroenterology 2016, 150, 1659–1672. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0092572
http://dx.doi.org/10.1002/ijc.28558
http://dx.doi.org/10.1158/0008-5472.CAN-14-3511
http://dx.doi.org/10.1172/JCI67313
http://dx.doi.org/10.1158/0008-5472.CAN-14-1258
http://dx.doi.org/10.1158/2326-6066.CIR-14-0138
http://www.ncbi.nlm.nih.gov/pubmed/25701325
http://dx.doi.org/10.1016/S1470-2045(09)70082-8
http://dx.doi.org/10.1016/S1470-2045(17)30380-7
http://dx.doi.org/10.1186/s40425-016-0156-7
http://www.ncbi.nlm.nih.gov/pubmed/27660705
http://dx.doi.org/10.2307/3577551
http://www.ncbi.nlm.nih.gov/pubmed/2389010
http://dx.doi.org/10.1016/j.semradonc.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25481262
http://dx.doi.org/10.1158/0008-5472.CAN-12-3981
http://dx.doi.org/10.1038/nm1075
http://dx.doi.org/10.1158/0008-5472.CAN-09-2995
http://dx.doi.org/10.1093/carcin/bgw007
http://dx.doi.org/10.1016/j.ccr.2013.09.014
http://www.ncbi.nlm.nih.gov/pubmed/24209604
http://dx.doi.org/10.3389/fonc.2012.00089
http://www.ncbi.nlm.nih.gov/pubmed/22888475
http://dx.doi.org/10.1038/srep27548
http://www.ncbi.nlm.nih.gov/pubmed/27271009
http://dx.doi.org/10.1053/j.gastro.2016.02.070
http://www.ncbi.nlm.nih.gov/pubmed/26946344


Cancers 2020, 12, 2916 22 of 25

116. Crittenden, M.R.; Cottam, B.; Savage, T.; Nguyen, C.; Newell, P.; Gough, M.J. Expression of NF-κb p50
in tumor stroma limits the control of tumors by radiation therapy. PLoS ONE 2012, 7, e39295. [CrossRef]
[PubMed]

117. Shiao, S.L.; Ruffell, B.; DeNardo, D.G.; Faddegon, B.A.; Park, C.C.; Coussens, L.M. TH2-polarized CD4+ T
Cells and macrophages limit efficacy of radiotherapy. Cancer Immunol. Res. 2015, 3, 518–525. [CrossRef]

118. Chen, H.M.; Ma, G.; Gildener-Leapman, N.; Eisenstein, S.; Coakley, B.A.; Ozao, J.; Mandeli, J.; Divino, C.;
Schwartz, M.; Sung, M.; et al. Myeloid-derived suppressor cells as an immune parameter in patients with
concurrent sunitinib and stereotactic body radiotherapy. Clin. Cancer Res. 2015, 21, 4073–4085. [CrossRef]
[PubMed]

119. Ko, J.S.; Zea, A.H.; Rini, B.I.; Ireland, J.L.; Elson, P.; Cohen, P.; Golshayan, A.; Rayman, P.A.; Wood, L.;
Garcia, J.; et al. Sunitinib mediates reversal of myeloid-derived suppressor cell accumulation in renal cell
carcinoma patients. Clin. Cancer Res. 2009, 15, 2148–2157. [CrossRef]

120. Persa, E.; Balogh, A.; Sáfrány, G.; Lumniczky, K. The effect of ionizing radiation on regulatory T cells in
health and disease. Cancer Lett. 2015, 368, 252–261. [CrossRef]

121. Facciabene, A.; Motz, G.T.; Coukos, G. T-Regulatory cells: Key players in tumor immune escape and
angiogenesis. Cancer Res. 2012, 72, 2162–2171. [CrossRef]

122. Kachikwu, E.L.; Iwamoto, K.S.; Liao, Y.P.; Demarco, J.J.; Agazaryan, N.; Economou, J.S.; McBride, W.H.;
Schaue, D. Radiation enhances regulatory T cell representation. Int. J. Radiat. Oncol. Biol. Phys. 2011, 81,
1128–1135. [CrossRef] [PubMed]

123. Qinfeng, S.; Depu, W.; Xiaofeng, Y.; Shah, W.; Hongwei, C.; Yili, W. In situ observation of the effects of
local irradiation on cytotoxic and regulatory T lymphocytes in cervical cancer tissue. Radiat. Res. 2013, 179,
584–589. [CrossRef] [PubMed]

124. Komatsu, N.; Hori, S. Full restoration of peripheral Foxp3+ regulatory T cell pool by radioresistant host cells
in scurfy bone marrow chimeras. Proc. Natl. Acad. Sci. USA 2007, 104, 8959–8964. [CrossRef] [PubMed]

125. Schaue, D.; Xie, M.W.; Ratikan, J.A.; McBride, W.H. Regulatory T cells in radiotherapeutic responses.
Front. Oncol. 2012, 2, 90. [CrossRef] [PubMed]

126. Bos, P.D.; Plitas, G.; Rudra, D.; Lee, S.Y.; Rudensky, A.Y. Transient regulatory T cell ablation deters
oncogene-driven breast cancer and enhances radiotherapy. J. Exp. Med. 2013, 210, 2435–2466. [CrossRef]
[PubMed]

127. Oweida, A.J.; Darragh, L.; Phan, A.; Binder, D.; Bhatia, S.; Mueller, A.; Court, B.V.; Milner, D.; Raben, D.;
Woessner, R.; et al. STAT3 Modulation of Regulatory T Cells in Response to Radiation Therapy in Head and
Neck Cancer. J. Natl. Cancer Inst. 2019, 111, 1339–1349. [CrossRef] [PubMed]

128. Oweida, A.; Hararah, M.K.; Phan, A.; Binder, D.; Bhatia, S.; Lennon, S.; Bukkapatnam, S.; Van Court, B.;
Uyanga, N.; Darragh, L.; et al. Resistance to Radiotherapy and PD-L1 Blockade Is Mediated by TIM-3
Upregulation and Regulatory T-Cell Infiltration. Clin. Cancer Res. 2018, 24, 5368–5380. [CrossRef] [PubMed]

129. Bhatia, S.; Oweida, A.; Lennon, S.; Darragh, L.B.; Milner, D.; Phan, A.V.; Mueller, A.C.; Van Court, B.;
Raben, D.; Serkova, N.J.; et al. Inhibition of EphB4-Ephrin-B2 Signaling Reprograms the Tumor Immune
Microenvironment in Head and Neck Cancers. Cancer Res. 2019, 79, 2722–2735. [CrossRef]

130. Schaue, D.; Ratikan, J.A.; Iwamoto, K.S.; McBride, W.H. Maximizing tumor immunity with fractionated
radiation. Int. J. Radiat. Oncol. Biol. Phys. 2012, 83, 1306–1310. [CrossRef]

131. Lugade, A.A.; Moran, J.P.; Gerber, S.A.; Rose, R.C.; Frelinger, J.G.; Lord, E.M. Local radiation therapy of B16
melanoma tumors increases the generation of tumor antigen-specific effector cells that traffic to the tumor.
J. Immunol. 2005, 174, 7516–7523. [CrossRef]

132. Apetoh, L.; Ghiringhelli, F.; Tesniere, A.; Obeid, M.; Ortiz, C.; Criollo, A.; Mignot, G.; Maiuri, M.C.;
Ullrich, E.; Saulnier, P.; et al. Toll-like receptor 4-dependent contribution of the immune system to anticancer
chemotherapy and radiotherapy. Nat. Med. 2007, 13, 1050–1059. [CrossRef] [PubMed]

133. Demaria, S.; Golden, E.B.; Formenti, S.C. Role of Local Radiation Therapy in Cancer Immunotherapy.
JAMA Oncol. 2015, 1, 1325–1332. [CrossRef] [PubMed]

134. Obeid, M.; Tesniere, A.; Ghiringhelli, F.; Fimia, G.M.; Apetoh, L.; Perfettini, J.L.; Castedo, M.; Mignot, G.;
Panaretakis, T.; Casares, N.; et al. Calreticulin exposure dictates the immunogenicity of cancer cell death.
Nat. Med. 2007, 13, 54–61. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0039295
http://www.ncbi.nlm.nih.gov/pubmed/22761754
http://dx.doi.org/10.1158/2326-6066.CIR-14-0232
http://dx.doi.org/10.1158/1078-0432.CCR-14-2742
http://www.ncbi.nlm.nih.gov/pubmed/25922428
http://dx.doi.org/10.1158/1078-0432.CCR-08-1332
http://dx.doi.org/10.1016/j.canlet.2015.03.003
http://dx.doi.org/10.1158/0008-5472.CAN-11-3687
http://dx.doi.org/10.1016/j.ijrobp.2010.09.034
http://www.ncbi.nlm.nih.gov/pubmed/21093169
http://dx.doi.org/10.1667/RR3155.1
http://www.ncbi.nlm.nih.gov/pubmed/23510275
http://dx.doi.org/10.1073/pnas.0702004104
http://www.ncbi.nlm.nih.gov/pubmed/17494743
http://dx.doi.org/10.3389/fonc.2012.00090
http://www.ncbi.nlm.nih.gov/pubmed/22912933
http://dx.doi.org/10.1084/jem.20130762
http://www.ncbi.nlm.nih.gov/pubmed/24127486
http://dx.doi.org/10.1093/jnci/djz036
http://www.ncbi.nlm.nih.gov/pubmed/30863843
http://dx.doi.org/10.1158/1078-0432.CCR-18-1038
http://www.ncbi.nlm.nih.gov/pubmed/30042205
http://dx.doi.org/10.1158/0008-5472.CAN-18-3257
http://dx.doi.org/10.1016/j.ijrobp.2011.09.049
http://dx.doi.org/10.4049/jimmunol.174.12.7516
http://dx.doi.org/10.1038/nm1622
http://www.ncbi.nlm.nih.gov/pubmed/17704786
http://dx.doi.org/10.1001/jamaoncol.2015.2756
http://www.ncbi.nlm.nih.gov/pubmed/26270858
http://dx.doi.org/10.1038/nm1523


Cancers 2020, 12, 2916 23 of 25

135. Ghiringhelli, F.; Apetoh, L.; Tesniere, A.; Aymeric, L.; Ma, Y.; Ortiz, C.; Vermaelen, K.; Panaretakis, T.;
Mignot, G.; Ullrich, E.; et al. Activation of the NLRP3 inflammasome in dendritic cells induces
IL-1beta-dependent adaptive immunity against tumors. Nat. Med. 2009, 15, 1170–1178. [CrossRef]
[PubMed]

136. Gulley, J.L.; Arlen, P.M.; Bastian, A.; Morin, S.; Marte, J.; Beetham, P.; Tsang, K.Y.; Yokokawa, J.; Hodge, J.W.;
Ménard, C.; et al. Combining a recombinant cancer vaccine with standard definitive radiotherapy in patients
with localized prostate cancer. Clin. Cancer Res. 2005, 11, 3353–3362. [CrossRef]

137. Schaue, D.; Comin-Anduix, B.; Ribas, A.; Zhang, L.; Goodglick, L.; Sayre, J.W.; Debucquoy, A.;
Haustermans, K.; McBride, W.H. T-cell responses to survivin in cancer patients undergoing radiation
therapy. Clin. Cancer Res. 2008, 14, 4883–4890. [CrossRef]
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