1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cancer J. Author manuscript; available in PMC 2017 July 01.

-, HHS Public Access
«

Published in final edited form as:
Cancer J. 2016 ; 22(4): 267-273. doi:10.1097/PP0O.0000000000000203.

Opportunities for Radiosensitization in the SBRT Era

Everett J. Moding, MD, PhD12, Yvonne M. Mowery, MD, PhD?, and David G. Kirsch, MD,
PhD1:3
1 Department of Radiation Oncology, Duke University, Durham, NC, 27708, USA

2 Department of Internal Medicine, Moses H. Cone Memorial Hospital, Greensboro, NC, 27401,
USA

3 Department of Pharmacology & Cancer Biology, Duke University, Durham, NC, 27708, USA

Abstract

Stereotactic body radiation therapy (SBRT) utilizing a small number of high dose radiation
therapy fractions continues to expand in clinical application. Though many approaches have been
proposed to radiosensitize tumors with conventional fractionation, how these radiosensitizers will
translate to SBRT remains largely unknown. Here, we review our current understanding of how
SBRT eradicates tumors, including the potential contributions of endothelial cell death and
immune system activation. In addition, we identify several new opportunities for radiosensitization
generated by the move toward high dose per fraction radiation therapy.
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Introduction

With improvements in radiation treatment planning and delivery, it has become possible to
deliver radiation more precisely and accurately to tumors while limiting dose to surrounding
normal tissues. These advancements have given rise to treatment approaches that aim to
deliver a small number (5 or fewer) of highly precise, large doses of radiation to a target in
certain anatomic sites®. These techniques, which have been termed stereotactic body
radiation therapy (SBRT) or stereotactic ablative radiation therapy (SABR) for extracranial
treatment and stereotactic radiosurgery (SRS) for intracranial treatment, are being
increasingly utilized in different clinical settings to improve the local control of cancer?.
SBRT represents a significant change from conventional fractionation, which takes
advantage of several radiobiological principles by delivering smaller daily doses over the
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course of several weeks. This new era in radiation therapy brings an opportunity to
incorporate radiosensitizers to counteract potential radiobiological limitations from a
shortened treatment course to harness the full potential of large dose per fraction SBRT.

To date, most proposed radiosensitizers have been designed for use in combination with
conventionally fractionated radiotherapy. Though the routine clinical application of
radiosensitizers and radioprotectors has been limited, our knowledge of the cellular
mechanisms that regulate tumor and normal tissue response to radiation has continued to
grow, offering new insights into potential targets that may increase the clinical efficacy and
safety of radiation therapy3. Although many of these targets are likely conserved with SBRT,
it is possible that ablative radiation therapy techniques induce different mechanisms of tumor
eradication. Conventional fractionation optimizes the therapeutic ratio based on the “5 R’s”
of classic radiation biology#. The smaller number of high dose fractions delivered with
SBRT may lead to radiobiological trade-offs, but could also provide new opportunities when
combined with targeted drugs. Applying the knowledge that we have already accumulated as
we move forward in the SBRT era will require a better understanding of the mechanisms
underlying tumor eradication by SBRT and how these processes potentially differ from the
effects of conventionally fractionated radiation therapy.

SBRT mechanisms of action

Clinical outcomes with SBRT have been impressive for many tumor types, and these results
are often significantly better than what has been achieved historically with conventional
fractionation?. Although this improvement may be attributed at least in part to the improved
precision and accuracy of SBRT enabling higher doses of radiation to be delivered to
tumors, some have proposed that there are fundamental differences in how tumors and
normal tissues respond to ultra-high dose per fraction radiotherapy given over a small
number of fractions (i.e. oligofractionated radiotherapy). For example, based on results from
preclinical studies, some have proposed that the enhanced tumor response to SBRT results
from endothelial cell death within tumors®. Others have postulated that SBRT activates the
immune system not only to ablate irradiated tumors, but also to attack distant tumors via an
abscopal effect®.

Elevated biologically effective dose

Although dose fractionation is unequivocally better for sparing late-responding normal
tissues compared with early-responding tumors’, shortening a radiation therapy course to
five or fewer fractions delivered over less than two weeks dramatically increases the ability
of a given radiation dose to eradicate a tumor. The advent of stereotactic and image-guided
radiation delivery has enabled a shift towards oligofractionation with large doses per fraction
(i.e. hypofractionation) by confining the high dose region to a restricted planning target
volume, thereby limiting the radiation dose to normal tissues. As a result, tumors cells may
accumulate more DNA damage and may have less opportunity to repopulate during the
overall treatment course. When accounting for this shift in fractionation using the classic
linear quadratic model or other models (e.g. universal survival curve) that may be more
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accurate for large radiation doses per fraction, the biologically effective dose (BED)
delivered with SBRT is much higher than with conventional fractionation®: °.

This biologically effective dose escalation alone may be sufficient to account for the
improved clinical outcome with SBRT19, In non-small cell lung cancer, BED calculated
using the linear quadratic model correlates strongly with tumor control probability
regardless of the fractionation scheme®. Similar results have been observed in patients
treated for brain metastases!!. Because the linear quadratic model does not take into account
distinct biological mechanisms at higher radiation doses, these correlative studies do not
support the idea that there are fundamental differences in tumor response to radiation
therapy at the high doses per fraction used for SBRT#. Instead, it appears that SBRT may
simply enable larger doses to be delivered to tumors than can be achieved with conventional
radiation techniques.

Endothelial cell death and revascularization

The initial success of SBRT was paralleled by the reported observation in transplanted
mouse tumor models that radiation sensitivity of tumors to high single dose radiation
treatment is regulated by the death of endothelial cells within tumors via membrane damage-
triggered apoptosis!2. Using transplanted fibrosarcomas and melanomas, the authors
reported a threshold of 8-10 Gy, above which death of CD34-expressing cells was triggered
within 4 to 6 hours after irradiation. Furthermore, decreased growth delay and reduced
probability of tumor cure were observed in acid sphingomyelinase-deficient or Bax-deficient
mice, which lacked this rapid radiation-induced cell death in stromal cells!2 13, While this
was an attractive and timely explanation for the excellent clinical results being reported with
the high dose per fraction used in SBRT4, these conclusions were initially challenged?>: 16,
and alternative interpretations of these data have been proposed?. Indeed, other experiments
with transplanted mouse tumor models suggested that stromal cells are not key targets of
radiation therapyl’-19. However, other groups have also utilized transplanted tumor models
to propose that vascular damage is critical for the response of tumors to SBRT®.

To dissect the role of endothelial cells in primary tumor response to SBRT, we recently
developed a novel genetically engineered mouse model (GEMM) of soft tissue sarcoma
(Figure 1)20: 21 When these primary sarcomas were treated with a single 20 Gy dose, we
observed increased extravasation of dextran out of the vasculature into the tumor.22 Using a
genetic approach called dual recombinase technology (for Flp and Cre recombinases), we
utilized FIp recombinase to initiate primary sarcomas and Cre recombinase to delete Afmor
Bax selectively in the endothelial cells of mice with autochthonous tumors with the goal of
either sensitizing the vasculature to radiation-induced cell death or protecting the vasculature
from the proposed membrane damage-triggered apoptosis, respectively. Interestingly, we did
not observe a rapid wave of endothelial cell apoptosis in our primary sarcoma model, and
deleting Bax from the vasculature did not affect radiation-induced endothelial cell death or
the response of tumors to doses of radiation commonly used in SBRT. In contrast, deletion
of Atmin endothelial cells successfully increased endothelial cell death at 24 hours after
radiation treatment and prolonged tumor regrowth with non-curative single and fractionated
doses of radiation therapy20. However, sensitizing the tumor vasculature to radiotherapy did
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not improve the probability of tumor eradication with curative single or fractionated doses of
radiation2L. Importantly, we also deleted Az specifically within tumor cells in
complementary experiments to demonstrate that sensitizing tumor cells substantially
increases the probability of tumor eradication by radiation therapy. These results in a
primary cancer model system clearly suggest that the increased tumor control observed with
SBRT for many tumors is not due to increased endothelial cell death.

Our findings do not exclude the vasculature as a possible target for radiosensitizers used in
combination with SBRT. Although endothelial cell death does not appear to contribute to
local control following SBRT, establishing and maintaining a blood supply are critical
hallmarks of cancer3. In fact, the ability of tumors to re-establish their vasculature
following SBRT may explain why endothelial cell death is not a critical target to cure
cancers with radiotherapy. Although numerous studies have shown tumor vasculature
damage and dysfunction following typical SBRT doses® 24, tumors have also been reported
to employ local angiogenesis that may be supported by the recruitment of bone marrow
derived cells, vasculogenesis through the recruitment of endothelial progenitor cells, and
vascular mimicry to maintain adequate blood flow2>: 26, The relative contribution of these
mechanisms in human tumors following radiation treatment requires further investigation24;
however, targeting any of these processes alone or in combination could potentially improve
local tumor control with SBRT. Furthermore, as we will describe later, tumor hypoxia can
represent a significant hurdle for SBRT that could potentially be overcome with vascular
normalization strategies.

Priming the immune system

As tumors develop, they must evolve to evade surveillance by the immune system?’, and
through this process, they often develop an immunosuppressive microenvironment28,
Numerous studies have demonstrated that irradiation can effectively activate the immune
system by triggering the release of pro-inflammatory molecules, exposing new tumor
antigens through cross-presentation, and upregulating MHC-1 and death receptor expression
on tumor cells2® 30, Accordingly, tumor-specific immune responses have been shown to
develop during the course of radiation therapy in both animal models and humans31-33,
Furthermore, there have been case reports of local irradiation leading to tumor regression
outside of the radiation field34-36, and animal studies have demonstrated that T cells mediate
this abscopal effect3”. These observations have led to enthusiasm that focal radiation therapy
could act as an /n situ vaccine leading to systemic immune responses38. Preclinical
observations have typically concluded that hypofractionation and higher radiation doses are
more effective than conventional fractionation at triggering immune responses3®. However,
there remains debate over whether a large single dose of radiation or fractionated
radiotherapy is more effective33: 40-42,

The ability of the immune system to detect cancer cells as “non-self” relies on the
recognition of tumor antigens. Tumor antigens can be highly tumor-specific if they arise
from mutant proteins that are only expressed in tumor cells or if proteins that are normally
confined to germline cells are expressed in cancer cells. Alternatively, tumor antigens can be
less tumor-specific, such as tumor expression of tissue-specific proteins or overexpression of
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endogenous genes important for tumor growth?3. Specific T cell responses to tumors could
potentially arise from overexpression of endogenous (i.e. wild-type) genes if tumor cells
exceed a threshold level of antigen expression required for T cell recognition. Many
preclinical studies examining the impact of radiotherapy on the immune system have relied
on the overexpression of artificial exogenous antigens such as ovalbumin to monitor tumor-
specific immune responses*4. How these results will translate to patients where antigens are
generated from mutations or overexpression of endogenous genes remains to be elucidated.
Evidence to date indicates great variability in tumor immunogenicity®°, and the effectiveness
with which radiation triggers immune responses will likely depend on the tumor type.
Although preclinical studies with transplanted tumors in mice suggest that the immune
system helps to clear tumors following SBRT#!, the impact of immune response to the
success of SBRT in primary tumors remains to be defined relative to the contribution of
increased tumor cell kill from dose escalation.

Although SBRT alone may be unable to overcome tumor-induced immunosuppression and
may even enhance the immunosuppressive microenvironment in some cases*®, there is
tremendous excitement that SBRT could act synergistically with immunotherapies (Figure
2). A variety of clinical approaches to activate the immune system have previously been
employed to treat tumors, including administration of cytokines or bacteria and the
generation of tumor vaccines*’: 48, The clinical response rate with these approaches has
typically been low, but patients who do respond often have dramatic and durable disease
regression. More recently, evidence has mounted that blocking inhibitory immune
checkpoints using antibodies against cytotoxic T-lymphocyte associated antigen 4 (CTLA-4)
and programmed cell death protein 1 (PD-1)/PD-L1 may be a more potent approach to
trigger anti-tumor immunity4°. The combination of immune checkpoint blockade and
radiation treatment has been shown to be synergistic in preclinical models®9-54. As a result,
several clinical trials are underway combining SBRT with a variety of immunotherapies®®.
Early results appear promising3?, and the abscopal effect on distant disease outside of the
radiation field has been observed clinically in patients treated with a combination of immune
checkpoint inhibition and SBRT52 56-58 However, additional preclinical and clinical trials
are necessary to optimize the timing of immunotherapies relative to radiation treatment and
to determine the ideal fractionation schemes to activate the immune system.

Harnessing the 5 R’s with SBRT

Over the past century, radiobiologists have identified several factors that govern the radiation
response of tumors and normal tissues to fractionated radiotherapy. The most critical factors
have classically been called the five R’s of radiation therapy, which include repair of
sublethal cellular damage, redistribution of cells within the cell cycle, reoxygenation of
surviving cells, repopulation of cells after irradiation, and the radiosensitivity intrinsic to the
cells®. These factors can work in favor or against tumor eradication depending on context
and whether they are applied to tumor cells or normal tissues. Classic approaches to
radiosensitize tumors have generally targeted these factors to widen the therapeutic window.
Below we consider how the 5 R’s can influence local control with SBRT and how targeting
these factors could further increase the efficacy of SBRT (Figure 3).
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Repair of sublethal cellular damage

Though some groups have suggested that high dose radiation therapy may cause cell death
via damage to the cell membrane or other cellular compartments!3, the high dose per
fraction of SBRT can kill cells by DNA damage similar to conventional fractionation®0.
Larger radiation dose fractions delivered over a shorter time period will increase the amount
of DNA damage and may lead to more complex alterations that are more difficult to repair.
The response of cells to DNA damage varies depending on cell type, type of damage, and
cell cycle phase, but targeting the many arms of the DNA damage response has been shown
to potently sensitize cells to irradiation®?: 62, Given the significant redundancy in the DNA
damage response, synergistic radiosensitization may be achieved by targeting multiple DNA
damage response proteins simultaneously.

A promising approach may be to target the PI3K-like kinase (PI3KK) family. This family
includes several serine/threonine kinases with catalytic domains that have homology to PI3K
and play a role in DNA damage response. These proteins include mTOR, which is critical
for regulating cellular growth, proliferation, and survival, along with ATM, DNA-PKcs, and
ATR®3, Due to the homology of these proteins, one drug can inhibit multiple or all members
of the PI3KK family, and many PI3K inhibitors are currently in clinical trials without
concurrent radiation treatment54. One such drug, NVP-BEZ235, has shown efficacy as a
radiosensitizer in preclinical models®5-67. Though DNA repair is critical for both tumors and
normal tissues, we have recently shown that targeting ATM preferentially radiosensitizes
rapidly dividing endothelial cells in mice following doses typically used in SBRTZC,
Furthermore, we demonstrated that NVVP-BEZ235 preferentially radiosensitizes primary
mouse sarcomas lacking p53, but not cardiac tissue?!, suggesting that targeting the PI3KK
family may improve the therapeutic ratio for tumors that arise from slowly proliferating
normal tissues such as sarcomas or central nervous system tumors.

Redistribution of cells within the cell cycle

The sensitivity of cells to radiation treatment varies with their position in the cell cycle8.
During conventional fractionation, tumor cells progress through the cell cycle between
fractions, increasing the probability that they will be in a sensitive phase during delivery of
one or more of the fractions. With oligofractionation or single doses, this effect is less
pronounced, and some tumor cells may be in resistant phases of the cell cycle during
radiation delivery. Interestingly, the high doses used for SBRT may lead to prolonged
engagement of cell cycle checkpoints and interphase death89. This suggests that SBRT may
be more effective at killing tumor cells in non-radiation sensitive cell cycle phases compared
to conventional fractionation, but further investigation is necessary.

Numerous targeted therapies have been developed that can either trigger or halt progression
through the cell cycle’® 71, It may be beneficial to manipulate the cell cycle phase of tumor
cells or their ability to trigger cell cycle checkpoints to increase radiosensitivity. For
example, cells are most sensitive to irradiation during mitosis, and blocking the critical
G2/M checkpoint by inhibiting the WEE1 G2 checkpoint kinase may radiosensitize cells by
triggering mitotic catastrophe’2: 73, Inhibiting more than one cell cycle checkpoint is likely
critical, since blocking either the G1/S or G2/M cell cycle checkpoint alone was not shown
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to increase cellular radiosensitivity in vitro’* 7. However, many cancer cells have mutations
in the p53 pathway causing altered G1/S cell cycle arrest. Targeting the G2/M checkpoint in
these cells may therefore be sufficient to trigger radiosensitization’8. In addition, targeting
cell cycle checkpoints may lead to increased radiosensitization in the setting of deficient
DNA repair given that the radiosensitizing effect of targeting ATM appears to rely on cell
cycle progression20,

Reoxygenation of surviving cells

Tumor hypoxia has long been believed to decrease the efficacy of radiation therapy’”.
Hypoxia can be transient due to fluctuations in tumor blood flow or chronic due to increased
demand for oxygen within tumors and the irregularity of tumor vasculature’8. Transient
hypoxia during radiation therapy can be offset by radiation fractionation, which allows
surviving cells to be reoxygenated between fractions. As a result, oligofractionation has been
predicted to lead to reduced cell killing in hypoxic tumors compared with conventional
fractionation’®. It has been theorized that the benefits of fractionation for reoxygenation are
maximized after approximately 7 fractions8, so in some tumors hypoxic cells may prove to
be critical targets for radiosensitizers during SBRT. Many approaches have been utilized to
account for and lessen the impact of tumor hypoxia on radiation therapy, including
increasing oxygen delivery, selectively sensitizing hypoxic cells to radiation, and killing
hypoxic cells directly with cytotoxins8L. In addition, the application of vascular
normalization strategies with antiangiogenic drugs warrants further investigation82, Despite
many years of investigation in this area, the clinical benefit of modifying tumor hypoxia is
small when applied to all radiation oncology patients, and no clinical approach targeting
tumor hypoxia has consistently improved outcomes after conventional radiotherapy. Aside
from its influence on radiation therapy efficacy, tumor hypoxia could also adversely impact
oncologic outcomes through a direct effect that renders tumor cells more likely to become
metastatic or through a stromal effect that stimulates angiogenesis, indirectly leading to
tumor regrowth. Regardless, the move to oligofractionation warrants revisiting both the
potential challenges of tumor hypoxia and opportunities for new therapeutic combinations in
the SBRT era with a fresh perspective. For example, doranidazole, a hypoxic cell
radiosensitizer, improved 3-year survival for pancreatic cancer treated with intraoperative
radiation therapy using a single 25 Gy fraction83, which is a dose used for SBRT.

Repopulation of cells after radiation

As overall treatment time decreases, tumor cells have less time to divide during the course of
therapy, suggesting the role of repopulation could be negligible in single fraction or
oligofraction SBRT. However, recent studies have suggested that cell death could trigger
tumor cell repopulation following radiation therapy. In this “Phoenix Rising” pathway,
executioner caspases activated by the apoptotic machinery in dying cancer cells trigger
growth signals such as prostaglandin E2 that stimulate repopulation by surviving tumor
cells84. Furthermore, signaling through caspase 3 in dying tumor cells may also stimulate
angiogenesis to re-establish tumor vasculature following radiation®5. Given the extensive
cell death triggered by SBRT, blocking these mechanisms of tumor repopulation has the
potential to increase tumor control. Indeed, caspase inhibitors have demonstrated an ability
to augment radiation therapy in preclinical tumor models86: 87,
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Intrinsic radiosensitivity

Although the intrinsic radiosensitivity of tumor cells is defined as a fixed characteristic of a
given tumor, vast variation in tumor cell radiosensitivity exists across different tumor types
and from patient to patient88: 89, Additionally, single-cell sequencing has identified multiple
genetically unique populations within a given tumor, and these distinct clones likely vary
in radiation sensitivity. Recent studies have suggested that certain populations of cells within
tumors are critical for tumor propagation and regrowth following therapy®1-93. These tumor
propagating cells or cancer stem cells may be particularly resistant to radiation due to their
location in hypoxic regions of tumors, enhanced DNA repair, and/or quiescence94. These
factors may lead to resistance to SBRT alone. Because the probability of tumor cure relies
upon the eradication of tumor clonogens, finding novel approaches to disrupt the stem cell
niche or target cancer stem cells directly may improve the efficacy of SBRT.

Some intrinsic tumor factors may be amenable to selective targeting via synthetic lethality8.
For example, inhibiting poly ADP ribose polymerase (PARP), a protein involved in DNA
base excision repair, causes synthetic lethality in BRCA-mutant tumors®7: 98 and appears to
selectively radiosensitize cells with defects in DNA double-strand break repair®. Similarly,
the idea of synthetic lethality can be applied to cell cycle checkpoint inhibitors in p53-
mutant cancers or cytotoxins that target hypoxic cancer cells as described above. Just as
certain mutations can determine the radiosensitivity of cells and their susceptibility to
synthetic lethality, they also likely affect how cells respond to altered fractionation. A better
understanding of the molecular underpinnings that determine the radiation dose-response
relationship in tumor cells will enable us to understand how tumor genotype impacts local
control following SBRT and may lead to new targets for radiosensitization.

Summary

The remarkable early clinical success of SBRT for numerous cancers has opened the door
for an increasing number of clinical applications, and the move to 1 to 5 treatments with
high dose per fraction represents more than a passing trend in radiation oncology. This
approach heralds a change from radiobiological sparing of normal tissues via fractionation
to harnessing advances in radiation treatment planning and delivery to shrink target volumes
and selectively irradiate tumors. The dose escalation afforded by SBRT comes with inherent
difficulties in killing hypoxic tumors and cells in resistant phases of the cell cycle due to
reduced fraction number. While some targets for radiosensitization from conventional
radiotherapy like DNA repair, hypoxia, and cell cycle manipulation remain promising with
SBRT, it is likely that new approaches such as immunomodulation will play an increasing
role in combination with SBRT.
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Figure 1. Tumor cells, not endothelial cells, mediate tumor eradication by SBRT
A) Using a novel mouse model of primary soft tissue sarcoma, endothelial cells were

selectively sensitized to radiation via deletion of Afm. However, there was no effect on local
control following high, single dose radiation therapy (50 Gy x 1). Similar results were
obtained with 20 Gy x 4, which is similar to dose schedules typically used for SBRT. B) A
reciprocal experiment deleted A#m specifically from the tumor cells in primary sarcomas. In
contrast to endothelial cells, radiosensitizing tumor cells significantly improved tumor
eradication. Adapted with permission?1.
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Figure 2. Combining SBRT with immune checkpoint inhibitors
lonizing radiation increases the release of cytokines and pro-inflammatory molecules from

tumor cells that recruit antigen presenting cells and immune effector cells to the tumor
microenvironment. In addition, ionizing radiation increases the release and presentation of
tumor antigens that can trigger tumor-specific immune responses. Immune checkpoint
inhibitors such as anti-PD-1 and anti-CTLA-4 antibodies synergize with radiation by
blocking T cell inhibitory signals. Immune cells can help to kill tumors at the site of
radiation, and radiation may trigger systemic tumor-specific immune responses that could
lead to regression of metastatic disease outside of the radiation field.
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Figure 3. Targeting the 5 R’s of radiation biology
A) Non-homologous end joining (NHEJ), homologous recombination (HR), and single-
strand break repair (SSBR) are critical for repairing double-strand and single-strand DNA
breaks caused by SBRT. Targeting the proteins involved in each of these responses alone or
in combination leads to radiosensitization. B) Blocking cell cycle checkpoints such as the
G2/M transition may lead to mitotic catastrophe following SBRT. These effects are likely
increased in tumor cells deficient in other checkpoints due to mutations or altered gene
expression. C) Hypoxic cells are resistant to radiation. Targeting these cells could increase
local control with SBRT. D) Dying cells may secrete growth factors that lead to the
proliferation of surviving tumor cells. Blocking the formation of these factors or their
interaction with surviving cells may prevent repopulation of tumor cells following SBRT. E)
The radiosensitivity of tumor cells and their ability to regenerate following radiation therapy
vary within a tumor. Targeting so-called cancer stem cells, which may be particularly
radioresistant, could increase tumor eradication with SBRT.
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