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Preface

It has been almost an entire century since Dr. Hermann Holthusen of Hamburg, 
Germany, correctly surmised that the relationship between the probability of tumor 
control and the total dose of radiation delivered can be described by a sigmoid data 
fit on linear scales (Strahlentherapie 57, 254–69, 1936). Similarly, the probability of 
normal tissue complications with increasing dose follows a sigmoid dose–response 
relationship. Achieving nearly 100% tumor control while having a very low likeli-
hood of severe complications remains the quintessential goal of curative radiation 
therapy. Because the maximum dose of radiation that can be safely delivered is 
limited by the radiation tolerance of the normal tissues and organs surrounding the 
tumor, there has been a longstanding interest in combining radiation with drugs that 
can increase radiation-mediated tumor cell kill but without substantially increasing 
normal tissue toxicity. However, treatment combinations of radiation with biologi-
cal sensitizers or enhancers have had very limited clinical success to date. The 
 challenges to successful clinical translation of these agents have served as motiva-
tion for this volume. Here, we provide a comprehensive review by experts in the 
field of key preclinical research components required to identify effective and safe 
radiosensitizing drugs. We sincerely hope that ultimately this text will help harness 
the tremendous opportunities that these drugs offer to increase the likelihood of 
uncomplicated cures in our cancer patients.

We are indebted to all authors for their hard work contributing outstanding 
reviews, despite their busy schedules! It has been a true pleasure to compile the 
chapters and assemble what we believe is a uniquely comprehensive and timely 
overview of this exciting and fast-moving field that the readers will enjoy.

We could not have tackled the task of editing this book without the teachings of 
many mentors and educators in our field, including Michael Baumann, Hans-Peter 
Beck Bornholdt, Norm Coleman, Nils Cordes, Kathy Held, Simon Powell, and 
Herman Suit. A special thanks also goes to Jeff Settleman and the Dana-Farber/
Harvard Cancer Center SPORE in Lung Cancer for inspiring the application of 
precision oncology concepts to the study of radiation/drug combinations more than 
10 years ago.
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We are also intensely grateful for the love and support of our families. Without 
their tolerance for after-hours and weekend work, this project would not have come 
to fruition.

Lastly, we are deeply motivated and inspired by our patients—whose lives we 
saved and whose lives we lost. Biological advances in radiation therapy that will 
extend lives or achieve new cures cannot arrive soon enough.

Boston, MA, USA  Henning Willers 
Stanford, CA, USA   Iris Eke 
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Chapter 1
Introduction to Molecular Targeted 
Radiosensitizers: Opportunities 
and Challenges

Henning Willers and Iris Eke

Abstract The practice of radiation oncology is currently primarily based on precise 
technical delivery of highly conformal, image-guided radiation treatments. The pre-
cision medicine revolution has provided radiation oncologists with tremendous 
opportunities to enhance the anti-tumor effects of radiation therapy, potentially with 
less normal tissue toxicity than traditional chemotherapeutic radiosensitizers. 
However, a large body of preclinical research and clinical investigations on radio-
sensitizers has not yet translated into any meaningful number of FDA-approved 
combinations of radiation with targeted radiosensitizers  ±  chemotherapy. There 
exist distinct challenges to clinical translation of radiation/drug combinations that 
the field is only beginning to appreciate. These considerations have served as moti-
vation for this book, which provides a comprehensive review by experts in the field 
of key preclinical research components required to identify effective and safe 
(chemo-)radiosensitizing drugs. Readers will be provided with a detailed and timely 
insight into the framework of targeted radiosensitizer research coupled with recent 
developments in immuno-oncology. Ultimately, this book will support the identifi-
cation of appropriately validated and biomarker-directed targeted drug/radiation 
combinations that will have a higher likelihood than in the past to be incorporated 
into standard management of human cancers. These developments, coupled with the 
increasing technical power of radiation therapy to safely increase local control for 
many solid tumors, are expected to improve survival outcomes and cure rates for 
our patients.
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1  Opportunities for Targeted Radiosensitizers

Radiation therapy is an important treatment modality that is given to over 50% of 
cancer patients at some time during the course of their disease (Bristow et al. 2018). 
The goal of curative radiation therapy is to sterilize all cancer stem cells (CSC) or 
CSC-like cells that could give rise to a local tumor recurrence while limiting injury 
to normal tissues around the tumor and to the patient (Willers et al. 2019). Curative 
radiation is often combined with surgery or/and chemotherapy depending on cancer 
type, tumor stage, and other factors. In clinical settings where cure is not possible, 
radiation can provide palliation or extend progression-free survival in conjunction 
with systemic therapies. However, in many patients, the dose of radiation that can 
be safely administered is insufficient to achieve high rates of local tumor control 
and cure. In others, normal tissue injury may be a concern even at moderate doses. 
Ideally, in these settings, radiation would be combined with drugs that can enhance 
its tumoricidal effects (local or even abscopal) but without or only little added toxic-
ity (Bristow et al. 2018; Baumann et al. 2016; Kirsch et al. 2018; Lin et al. 2013b).

1.1  Molecular Targeted Drugs

Over the past two decades, cancer therapy has been revolutionized by personalized 
(or precision) medicine, with prominent examples being the use of small molecule 
inhibitors against chronic myeloid leukemia driven by the BCR-ABL fusion protein 
or non-small cell lung cancer (NSCLC) cancers with oncogenic mutations in the 
epidermal growth factor receptor (EGFR) (Cohen et al. 2002; Lynch et al. 2004). 
Molecular targeted therapy can be defined as blocking a target that controls biologi-
cal processes critical to the initiation and maintenance of cancer. Ideally, the target 
should be measurable in the clinic and measurement of the target should correlate 
with clinical benefit following administration of the targeted therapy (Sledge Jr. 
2005). The arrival of targeted therapies has enabled oncologists to try to turn incur-
able cancers into chronic disease, or to at least achieve significant prolongations of 
progression-free survival (Chong and Janne 2013).

Importantly, many of the cellular pathways that promote tumor growth and sur-
vival may also play a role in response to treatment with ionizing radiation, suggest-
ing that their pharmacological inhibition could cause tumor radiosensitization 
(Bristow et al. 2018). For example, while EGFR signaling may drive tumor growth 
in the small subset of NSCLC patients whose tumors harbor activating mutations in 
its tyrosine kinase domain, wild-type EGFR is expressed in the majority of lung and 

H. Willers and I. Eke
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other cancers where it potentially can modulate responses to radiation (Baumann 
et al. 2007). However, targeting EGFR for radiosensitization has only been success-
ful in an unselected population of patients with head and neck squamous cell carci-
nomas treated without chemotherapy and has failed in other clinical settings (Bonner 
et al. 2006; Bradley et al. 2020; Gillison et al. 2019; Ang et al. 2014).

Important differences in the utility of targeted drugs in mono-therapy versus their 
use as radiosensitizer likely exist and are summarized in Fig.  1.1. Traditionally, 
radiosensitizers have been regarded as effective in unselected patients, similar to the 
concept of combining radiation with chemotherapy. However, it appears increas-
ingly possible that this “one-size-fits-all” approach is not viable in the clinic and that 
targeted agents only radiosensitize subsets of tumors, which would require predic-
tive biomarkers to identify those patients who are most likely to benefit. Alternatively, 
biomarkers may be employed to identify radioresistant or radiosensitive strata of 
patients. The use of targeted agents with chemoradiation, which could be associated 
with increased toxicity, may only be justified in patients with radioresistant disease.

1.2  Predictive Biomarkers

Molecular targeted drugs can produce dramatic clinical responses in subsets of 
patients with disseminated cancer. The discovery of these agents has been concur-
rent with the characterization of the molecular genetic changes in an individual’s 
tumor that can play a critical role in determining the clinical response to a particular 

Precision Medicine Precision Radiation Medicine

Endpoint Response Tumor control (kill all CSCs)

Intent Chronic disease Cure

Selectivity Drug effective in a few
Radiosensitizer ideally effective in 
most tumors (similar to radiation 
effect)

Mechanism Drug targets tumor 
dependence

• Radiosensitizing mechanism of 
action may be different from drug 
alone effect

• Ideally not toxic by itself

Target
• Single drug target
• Increasing use of drug 
combos

• Radiation has multiple effects
• Sensitizer may need to hit >1 target 
or a central mechanism (DNA 
repair)

Biomarkers Required for drug effect
• Understudied
• To identify radioresistant tumors,  
or/and predict radiosensitization

Fig. 1.1 Comparison of precision medicine concepts in medical oncology vs radiation oncology 
aka precision radiation medicine. CSCs cancer stem cells

1 Introduction to Molecular Targeted Radiosensitizers: Opportunities and Challenges
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drug. Human cancers vary enormously in their somatic genetic alterations, and it is 
becoming widely accepted that these genetic differences, even in tumors with the 
same basic histological features, are the important determinants of response to these 
targeted drugs. The genomic characterization of human cancers that has been fueled 
by the successes of targeted drugs now also provides a basis for a more rational, 
biologically informed use of radiation therapy, with or without the addition of tar-
geted radiosensitizers (Hall et al. 2018; Eke et al. 2016b; Kamran and Mouw 2018).

Analogous to the concept of precision medicine, “precision radiation medicine” 
may thus leverage genomic information derived from human cancers or preclinical 
tumor models to identify subsets that are sensitive to specific radiation/drug combina-
tions, or radiation alone. Genomic biomarkers of radiosensitization may include onco-
genic driver mutations, as increasingly found in for example lung cancers, or passenger 
mutations that do not affect tumor cell growth/survival in the absence of radiation 
exposure but that become important determinants of survival once cells suffer radia-
tion damage. This remains a vastly understudied area, particularly in comparison with 
recent advances in matching drug-alone sensitivities to oncogenic driver mutations. 
Furthermore, as we are acquiring a deeper understanding of the hallmarks of cancer 
and how they may differ across individual tumors and patients, we will be in a better 
position to identify molecular targets for tumor radiosensitization (Fig. 1.2) (Willers 
et al. 2019). Importantly, many of the hallmarks of cancer are intimately linked to 
effects of radiation, examples being the impact of DNA repair alterations on radiosen-
sitivity and the role of local immune escape on radiation response (Boss et al. 2014).

Hallmarks of Cancer for
Precision Radiation Medicine

Evading Growth
Suppressors

Evading Immune
Suppression

Oxidative 
Stress

Tumor-promoting
Inflammation

Tissue Invasion
& Metastasis

Angiogenesis
Induction

Apoptosis
Evasion

Metabolic
Reprogramming

Self-Sufficient
Growth Signaling

Replicative
Immortality

Genomic Instability
& DNA Damage Stress

Other
Stresses

Impact on radiation responses in tumor vs normal tissues?

Tumor

Fig. 1.2 How do the hallmarks of cancer impact tumor response to radiation treatment? (Redrawn 
from Willers et al. (2019))

H. Willers and I. Eke
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1.3  Targeted Radiosensitizers and Immunotherapy

As we have firmly entered the era of immuno-oncology, what does this mean for the 
preclinical and clinical development of targeted radiosensitizers? In the future, 
immunotherapy rather than targeted radiosensitizers may be used to enhance tumor 
control and cures in many patients with solid tumors. However, it can be assumed 
that immunotherapy will not be of benefit in all cancer patients so that targeted 
radiosensitizers will retain their importance in at least subsets of patients. In addi-
tion, increasing evidence suggests that targeted radiosensitizers, particular DNA 
repair inhibitors, can modulate the immune response (Zhang et  al. 2019; 
Konstantinopoulos et al. 2019; Vendetti et al. 2018). This opens up an exciting area 
for investigation into novel radiation/drug regimens. Lastly, immune checkpoint 
inhibitors may themselves have radiosensitizing properties (Azad et al. 2017; Deng 
et al. 2014; Crittenden et al. 2018).

Taken together, combining molecular targeted and immuno-modulating agents 
with radiation continues to show great promise both to radiosensitize tumors and to 
maximize protection of normal tissues. For many promising targeted agents and 
immune checkpoint inhibitors, one of their greatest impacts in oncology could ulti-
mately rest in their combination with established treatment modalities such as radia-
tion with/without chemotherapy to further cure and survival rates (Bristow et al. 2018).

2  Challenges for Targeted Radiosensitizers

Preclinical and clinical drug development with radiation therapy has been consid-
ered of critical importance to cancer research (Lawrence et al. 2013; Colevas et al. 
2003; Harrington et al. 2011; Katz et al. 2009; Bristow et al. 2018). However, a large 
body of preclinical radiation/drug studies has not translated into an adequate num-
ber of successful radiation trials (Lawrence et al. 2013; Morris and Harari 2014). In 
fact, cetuximab remains to this date the only molecular targeted agent approved by 
the U.S. Food and Drug Administration—for use with radiation therapy in head and 
neck cancers (Bonner et al. 2006). A number of reasons likely exist, many of which 
have been discussed (Higgins et al. 2015; Lawrence et al. 2013; Lin et al. 2013b; 
Morris and Harari 2014; Coleman et al. 2016; Stone et al. 2016). Here, we wish to 
highlight what could be some of the most pressing challenges to the identification 
of successful radiation/drug combinations for the clinic.

2.1  Reproducibility of Preclinical Radiation Data

Preclinical evaluation of radiation effects is challenging due to the need to measure 
loss of replicative tumor cell potential, integrate concurrent chemotherapy which is 
the standard-of-care in many cancer types, and model the impact of the tumor 

1 Introduction to Molecular Targeted Radiosensitizers: Opportunities and Challenges
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microenvironment (Morgan et al. 2014). Furthermore, radiosensitizing drug effects 
in clonogenic survival assays (CSA) are often small with dose enhancement factors 
much below 2. This stands in contrast to the effects of targeted drugs on in vitro 
measures of tumor response, i.e., a reduction in cell number/viability, which is often 
pronounced (Barretina et al. 2012; Garnett et al. 2012).

These challenges are compounded by shortcomings in the design and reporting 
of radiation/drug experiments according to a recent review of 125 publications by 
Stone and colleagues (Stone et al. 2016). The authors described a large number of 
instances in which experimental studies contained inadequate or unclear informa-
tion (222 problems in 104 in vitro studies and 109 problems in 51 in vivo experi-
ments). These issues could hamper efforts to replicate or compare the data and 
weaken the evidence for any subsequent clinical trials. Areas needing improvement 
include:

 1. Authentication of cell lines and testing for pathogens such as mycoplasma
 2. Sufficient information on drug source, storage, vehicle, preparation, concentra-

tions, etc.
 3. Description of radiation source, irradiation setup, dosimetry, and other factors, 

including traceability of output verification of X-ray tube to National Standards
 4. Information on in vitro and in vivo drug administration schedules, including 

exact timing and relationship to irradiation, and the underlying rationale
 5. Proper conduct of CSA
 6. Information on number of independent biological repeats performed
 7. Inclusion of full data set in supplement if representative data are shown
 8. Appropriate statistical analysis of results in consultation with a statistician
 9. Blinded counting of colonies and outcome assessments wherever possible
 10. For mouse experiments, detailed descriptions that include tumor size at start of 

treatment, whether treatment was started when tumors reached a given size or 
at a given time after implantation. Tumors should be sufficiently large at the 
start of treatment to have biological properties of established tumors and to 
facilitate accurate measurement. Information on tumor transplantation proce-
dure, site, method and frequency of measurement, etc.

The authors stressed that preclinical radiation/drug studies should meet stan-
dards of design, execution, and interpretation, and report necessary information to 
ensure high quality and reproducibility of studies. These improvements may pro-
vide a more robust basis for prioritizing drugs for clinical radiation therapy trials 
and for the design of such trials.

2.2  Modeling of Clinically Relevant Intertumoral 
Heterogeneity

Established cancer cell lines remain critically important for mechanistic studies of 
radiation/drug interactions, target validation, and in vivo confirmation as xenografts. 
Traditionally, radiation/drug combinations have been studied in limited numbers of 

H. Willers and I. Eke
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cell lines (Kleiman et al. 2013; Lin et al. 2014; Carmichael et al. 1987; Wang et al. 
2001; Lally et al. 2007). However, any radiosensitizing effects in one or a few cell 
lines may not be representative of efficacy in an unselected larger number of geneti-
cally heterogeneous tumors, which may only be revealed when the agent under 
study has entered clinical trials. Historically, the choice of targeted radiosensitizers 
has conformed to a “one-size-fits-all” philosophy, but it is becoming increasingly 
possible that radiosensitizing effects are tumor genotype-dependent, which would 
require predictive biomarkers for appropriate patient selection (Lin et  al. 2013a; 
Das et al. 2010; Liu et al. 2015; Willers and Hong 2015; Wang et al. 2018). Therefore, 
an appropriate number of human cancer-derived cell lines, for a given tumor type, 
may need to mirror the number of cell lines used in previous drug-alone screens, 
i.e., dozens per cancer type, given our emerging knowledge of the considerable 
genetic heterogeneity of tumors even within the same cancer type and histology 
(Cancer Genome Atlas Research Network 2012; Imielinski et al. 2012; Neve et al. 
2006; Sos et al. 2009; Garnett et al. 2012; Barretina et al. 2012; Iorio et al. 2016). A 
larger number of cell lines would be needed to identify potential associations of 
radiosensitization with genomic alterations that have a low but still clinically rele-
vant frequency of, for instance, 10–15% in the population.

The CSA has been considered the gold standard for assessing the cell- inactivating 
effects of radiation in vitro (Puck and Marcus 1956; Katz et al. 2008; Kahn et al. 
2012). However, CSAs are not ideal for the kind of high-throughput screens that are 
needed to match diverse genomic tumor profiles with radiation/drug sensitivities 
owing to the frequently poor colony-forming ability of human cancer cell lines and 
the time it takes to conduct these assays. Short-term cell viability/survival assays, 
on the other hand, are historically not considered to provide appropriate surrogate 
endpoints of clonogenic survival (Lin et al. 2014; Brown and Wouters 1999; Brown 
and Wilson 2003). However, plate formats have been successfully tested and pro-
vide an opportunity for examining larger numbers of genomically characterized 
cancer cell lines and targeted drugs than have been historically pursued (Yard et al. 
2016; Liu et al. 2015; Wang et al. 2014; Lin et al. 2014; Eke et al. 2016a). More 
work is required to validate these different approaches.

2.3  Integration of Experimental Approaches

Coleman and colleagues recently outlined a bench-to-bedside workflow to identify 
the most promising radiation/drug combinations for clinical testing (Coleman et al. 
2016). This workflow involves an initial unbiased screening of cancer cell lines with 
radiation/drug combinations, followed by refinement and validation of “hits,” after 
which tumor efficacy and treatment toxicity are assessed in appropriate animal 
models. An adapted preclinical workflow is shown in Fig. 1.3 and discussed below. 
Preclinical development of radiation/drug combos in such a manner is expected to 
be resource-intensive and time-consuming and requires integration of synergistic 
preclinical tumor models and capabilities of several institutions (e.g., NCI FOA 
PAR-16-111).

1 Introduction to Molecular Targeted Radiosensitizers: Opportunities and Challenges
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2.3.1  In Vitro Screening

As discussed above, initial testing of radiation/drug combinations may employ an 
appropriate number of authenticated cancer cell lines whose genomic and pheno-
typic characteristics are representative of the tumor type being studied. Treatment of 
one or a few cell lines with radiosensitizing agents likely produces biased results 
that will not translate into a more diverse tumor population. Drugs need to be given 
at multiple concentrations that are achievable in patients and have no or little toxic-
ity by itself. Consideration should be given to pursuing more physiologic in vitro 
culturing conditions that better resemble in vivo tumor growth (such as use of 3D 
growth formats, extracellular matrix, physiologic oxygen concentrations, patient- 
derived cell line models and co-cultures). Initial investigations of immunotherapies 
or targeted drugs that interact with the tumor microenvironment have to be con-
ducted in appropriate in vivo models such as genetically engineered mouse models 
(GEMM) (Castle et al. 2017) or perhaps in ex vivo systems (Jenkins et al. 2018).

2.3.2  In Vitro Validation

Screening results should be confirmed with CSA whenever possible. Additional 
assays may consider CSC-like cells that are relevant for radioresistance, for exam-
ple, through the use of tumor spheres. In vitro validation may also include assessing 
the impact of concurrently administered chemotherapeutics on radiosensitizing 
drug effects although laboratory modeling of clinically relevant dosing and timing 
of chemotherapies is not trivial. The inclusion of patient-derived tumor models is 
recommended if the initial screen was done on established cancer cell lines. For 
other tasks, see Fig. 1.3. In general, this step narrows down the number of com-
pounds that will undergo more expensive and time-consuming animal testing.

2.3.3  In Vivo Testing

Initial tumor models may be xenografts derived from genomically characterized cell 
lines used in the in vitro investigation or appropriate PDX models. Assessment of 
efficacy in murine models should consider treatments that are clinically relevant, 
including fractionated radiation and standard-of-care chemoradiation regimens. 
This approach provides initial assessments of drug efficacy, mechanistic insight as 
well as pharmacokinetic/pharmacodynamic measures. However, results from tumor 
growth delay assays may not always be consistent with the results of local control 
(TCD50) assays (Gurtner et al. 2011; Krause et al. 2006). TCD50 assays are per-
formed much less commonly than growth delay assays because of the larger number 
of animals required and higher cost (Coleman et  al. 2016). Nevertheless, before 
clinical trials with curative endpoints are initiated, TCD50 assays, which better 
reflect CSC inactivation, should be considered to reduce the chance of a negative 
trial. Additional animal models such as GEMMs harboring a natural tumor micro-
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environment and an intact immune system are also important components within 
the preclinical pipeline before bringing radiation/drug combos into the clinic (see 
Fig. 1.3).

The above considerations have served as motivation for this book, which pro-
vides a comprehensive review by experts in the field of key preclinical research 
components required to identify effective and safe (chemo-)radiosensitizing drugs. 
Readers are provided with a detailed and timely insight into the framework of tar-
geted radiosensitizer research coupled with recent developments in immuno- 
oncology. Ultimately, this volume will support the identification of appropriately 
validated, and potentially biomarker-directed, targeted drug/radiation combinations 
that will have a higher likelihood than in the past to be incorporated into standard 
management of human cancers. These developments, coupled with the increasing 
technical power of radiation therapy to safely increase local control for many solid 
tumors, are expected to improve survival outcomes and cure rates for our patients.

3  Chapter Overview

Citrin and Camphausen (Chap. 2) provide a comprehensive review on the unique 
challenges that clinical translation and testing of targeted radiosensitizers present. 
These include how to best sequence agents and radiation, establishing biomarkers 
of efficacy, and integration into the current standard of care which includes cyto-
toxic chemotherapy in many settings. The authors conclude that an expanding 
knowledge of the underlying mechanisms of resistance and recurrence after radia-
tion therapy coupled with the growing capacity to molecularly profile tumors pro-
vide great hope for future progress in this field. Abazeed and colleagues (Chap. 3) 
introduce the readers to preclinical studies of radiation responses and targeted sen-
sitizers. They focus on the review our emerging knowledge of tumor and normal 
tissue genomics and their impact on the outcomes after radiation therapy (i.e., the 
“radiogenome”). They emphasize that given this knowledge population-based esti-
mates of treatment effects increasingly cannot be justified. Critically, genomic 
tumor and patient features have considerable potential to serve as predictive bio-
markers that can guide the clinical development of targeted radiosensitizers. 
Because targeted radiosensitizers or chemoradiosensitizers are expected to have 
particular utility in the treatment of radioresistant cancers, we summarize clinically 
relevant mechanisms of radiation resistance (Chap. 4). Of particular interest are 
tumor mutations in KEAP1 as well as KRAS, which define an emerging area of need 
for intensification of radiation-based treatment regimens.

Starting a series of chapters on preclinical models for the study of targeted radio-
sensitizers, Lin and colleagues (Chap. 5) provide a comprehensive overview of pre-
clinical strategies for testing of targeted radiosensitizers with a focus on clonogenic 
and non-clonogenic screening assays. They also review published guidelines and 
recommendations for the conduct of these studies. Three-dimensional (3D) cell cul-
tures are well suited to model the extracellular matrix of tumors and provide more 

H. Willers and I. Eke
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physiological treatment responses than traditional 2D cell cultures, as reviewed by 
Cordes and colleagues (Chap. 6). In particular, radioresistance and the effects of 
radiosensitizing agents are effectively captured by 3D tumor models, which com-
prise an important level of investigation before moving drug testing into animals. 
Baumann and colleagues (Chap. 7) discuss the conduct of radiation and radiation/
drug studies in different mouse models. While every model has advantages and 
disadvantages, the use of genomically defined heterotopic xenograft tumor models 
facilitates testing of clinically relevant radiation dose fractionation schedules and 
assessments of local tumor control. Kirsch and colleagues (Chap. 8) review the 
advantages of genetically engineered mouse models for the study of targeted radio-
sensitizers as well as radiation biology in general. These include preservation of the 
natural tumor microenvironment, ability to assess clinically relevant normal tissue 
injury, precise temporal and spatial control of genetic alterations that may affect 
radiation/drug responses, and lastly, the presence of an intact immune system.

Moving on to clinically promising therapeutic targets, Morgan and colleagues 
(Chap. 9) provide an in-depth review of clinically relevant small molecule inhibitors 
directed against kinases in the cellular DNA damage response (DDR). Of special 
interest is the recently recognized link of DDR targets to immuno-modulation which 
creates opportunities for novel radiation/drug regimens. The promise of targeting 
altered cellular metabolism, a hallmark of cancer, is comprehensively addressed by 
Schwarz, Allen, and colleagues (Chap. 10). Preclinical and clinical evidence sup-
ports the combined use of a number of metabolically targeted agents with radiation 
therapy, including those that affect nucleotide metabolism, glutaminolysis, oxida-
tive stress, or iron metabolism. Hammond and colleagues (Chap. 11) provide an 
overview of tumor hypoxia, long known to limit the effectiveness of radiation ther-
apy. Novel therapeutic approaches are emerging that include targeting oxidative 
metabolism in tumors. The authors emphasize the need for clinical development of 
hypoxia biomarkers without which patients most likely to benefit cannot be selected 
for hypoxia-targeted treatment strategies. Jain and Martin (Chap. 12) describe pio-
neering work on the effects that the altered tumor microenvironment has on cancer 
therapy outcomes including radiation. Novel approaches to inhibit tumor angiogen-
esis and desmoplasia can normalize the tumor microenvironment towards alleviat-
ing hypoxia and reversing radioresistance. The authors stress the need for appropriate 
preclinical models and imaging tools to identify optimal combinations of radiation 
with anti-angiogenic treatments, mechanotherapeutics, chemotherapy, and immune 
checkpoint inhibitors in the context of TME normalization. Lastly, Leeman and 
Schoenfeld (Chap. 13) provide an overview of the rapidly expanding field of radia-
tion combined with immune checkpoint inhibitors, both with regard to enhancing 
local tumor control and eliciting abscopal effects. Because molecular targeted 
agents are being increasingly recognized as having immuno-modulatory effects, 
additional opportunities, as well as challenges, exist for multi-modality approaches 
that employ radiation and systemic combinations of chemotherapy, targeted agents, 
and/or checkpoint inhibitors.

1 Introduction to Molecular Targeted Radiosensitizers: Opportunities and Challenges
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Chapter 2
Translating Targeted Radiosensitizers  
into the Clinic

Deborah E. Citrin and Kevin A. Camphausen

Abstract Radiation therapy is commonly used in the curative treatment of cancer. 
Despite recent progress in the techniques of radiation delivery and treatment, local 
recurrence after radiation remains a pressing clinical concern. A growing capacity 
to molecularly profile tumors, coupled with the development of biologics and small 
molecules that target aspects of signal transduction crucial to tumor cell survival 
after irradiation, has led to the identification of a number of agents that have radia-
tion sensitizing efficacy in preclinical models. Developing clinical trials to evaluate 
the efficacy of radiosensitizers integrated with the current standard of care presents 
many challenges. Herein, we review aspects of clinical trial development with radi-
ation therapy regimens integrating radiosensitizers.

Keywords Biomarkers · Cetuximab · Chemoradiation · Clinical translation · 
Clinical trial · EGFR · Head and neck squamous cell carcinoma · Normal tissue 
toxicity · Radiation therapy · Radiosensitizers · Radiosensitization · Therapeutic 
ratio

1  Introduction

Radiation therapy is commonly used in the definitive and palliative therapy of cancer 
patients, with as many as 50% of patients receiving it at some point in the course of 
their disease. Enhancements in imaging, radiation treatment technology, and integra-
tion of highly conformal and ablative radiation regimens have reduced side effects 
and improved the local and regional cure rates for patients with numerous types of 
cancers. Although radiation therapy used as a single agent can lead to cure in some 
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settings, efforts to improve rates of disease control locally and distantly have also led 
to the delivery of sensitizing chemotherapy during the course of radiation for some 
cancers. Improvements in survival and local control have been realized with this 
approach (Keys et al. 1999; Morris et al. 1999; Rose et al. 1999; Herskovic et al. 
1992; Stupp et al. 2005; Pignon et al. 2009; Calais et al. 1999; Curran Jr. et al. 2011), 
and combined modality regimens with radiation and sensitizing chemotherapy are 
now considered to be the standard of care for a number of disease sites, such as 
squamous cell carcinoma of the head and neck (HNSCC), lung cancers, gastrointes-
tinal malignancies, and several central nervous system tumors.

Although definitive radiation or chemoradiation regimens are potentially cura-
tive, many patients with locally advanced cancers treated with chemoradiation con-
tinue to experience local failure. In some settings, radiation dose escalation has 
offered enhanced cancer control and survival (Kuban et al. 2008), while in others, 
the toxicity of escalation has outweighed any benefits of this approach (Bradley 
et  al. 2015; Minsky et  al. 2002). The continued observation of local recurrence 
despite delivery of maximally tolerable radiation dose with or without sensitizing 
chemotherapy suggests that alternative approaches must be explored.

Over the past two decades, the oncology field has been revolutionized by efforts 
to identify agents capable of targeting specific molecular pathways known to play a 
role in cancer cell growth, metastasis, and immune evasion. Simultaneously, 
advances in genomics and molecular interrogation have begun to offer the opportu-
nity for personalized approaches for therapy targeted to the specific molecular sub-
type, genomic phenotype, or mutational profile of a tumor. The development of 
these molecularly targeted agents and the growth of molecular and genomic pheno-
typing tools has presented a tremendous opportunity for the field of radiation oncol-
ogy, as many of these agents have been found to function as radiation modifiers in 
preclinical studies.

Although a substantial and growing list of agents have been described as radio-
sensitizers, the effective translation of these agents into the clinic has lagged. This 
deficiency is best illustrated by the paucity of FDA-approved radiosensitizers, and 
the continued reliance on cytotoxic chemotherapy as the preferred method to radio-
sensitize tumors. This review will focus on major obstacles, opportunities, and con-
siderations for the clinical translation of radiosensitizers and discuss methods for 
addressing these obstacles.

2  Clinical Translation: Disease-Related Factors

The dose of radiation that can be safely delivered to a tumor and electively treated 
regions is usually derived by a critical evaluation of the therapeutic index. The dose 
is often chosen that will provide the highest chance of local control at an acceptable 
level of toxicity to surrounding normal structures. Rarely is local control achieved in 
all patients with this approach. The use of a radiosensitizer makes logical sense if 
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local control is limited with the current standard approach or if the current standard 
approach results in excessive toxicity. If the radiosensitizer is selective to tumor tis-
sue, the combination would increase the effective dose of radiation while minimizing 
the increased risk to adjacent normal tissues, favorably altering the therapeutic ratio 
(Fig. 2.1). In the setting of the candidate radiosensitizer demonstrating single agent 
activity in the disease of choice or when the investigational agent is  anticipated to 
alter physiology or microenvironment, the effect of a sensitizer may not be purely 
related to an enhancement of radiation dose equivalent. Ideally, investigational radio-
sensitizers would be tested at sites where local failure is common.

For situations in which local control is not difficult to achieve with doses of 
radiation that result in appreciable normal tissue toxicity, the introduction of a 
radiosensitizer could be appropriate with the goal of de-escalating radiation. In this 
situation, the sensitizer should have a clear preference for tumor tissue and the 
expected composite toxicity of the reduced dose radiation and the investigational 
agent should not exceed that of the standard dose radiation.

3  Clinical Translation: Choice of Agent and Biomarkers

The optimal radiosensitizer would have the ability to selectively sensitize tumor 
tissue while having minimal impact on normal tissue response to radiation. In real-
ity, most agents evaluated as radiosensitizers have at least some amount of single 
agent efficacy and single agent toxicity, and thus are more appropriately categorized 
as radiation modifiers. Chemotherapy agents currently used as radiosensitizers are 

Fig. 2.1 Tumor control probability (TCP) and normal tissue complication probability (NTCP) 
with and without systemic drug therapy at different total radiation doses
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in fact radiation modifiers based on these characteristics. The recent development 
of agents targeting signal transduction pathways, the tumor microenvironment, and 
other pathways specific to tumors may provide agents that fit the definition of radio-
sensitizer much more closely due to minimal single agent activity, tumor selectiv-
ity, and the possibility for reduced toxicity.

Another consideration in designing clinical trials testing candidate radiosensitiz-
ing agents relates to the integration into the current standard of care for the specific 
type of cancer of interest. It is important that there is a lack of negative interactions 
in terms of efficacy with the current standard chemotherapy and that there is no or 
minimal overlapping toxicity with the current standard chemotherapy if the radio-
sensitizer will be added to an established regimen. Unless these criteria are met, the 
addition of the new agent to a concurrent chemoradiation regimen may result in a 
prohibitively toxic or less efficacious regimen.

Perhaps most importantly, the target of the sensitizer of interest should be 
expressed or inducible in the tumor type in which the agent will be tested. Further, 
pharmacokinetic and pharmacodynamic studies should demonstrate that the dosing 
of the radiosensitizing agent chosen for clinical translation is capable of inhibiting 
the target of interest at a time in which radiotherapy will be delivered. Clear and 
convincing preclinical studies identifying imaging, tissue based, or circulating bio-
markers predictive of radiosensitizing efficacy of the agent and signaling down-
stream of the target are useful in this regard if there is substantial variability in target 
expression within a histology or tumor type based on molecular phenotype, tumor 
genotype, or tumor physiology. Although the primary endpoint of phase I trials is to 
establish tolerable dosing regimens, evaluation of biomarkers identified in preclini-
cal studies is often included as exploratory endpoints so that preliminary correlation 
of biomarker presence with response can be made. Thus, phase I trials are not pow-
ered to conclusively demonstrate the capacity of a biomarker to predict for efficacy; 
however, they may provide a hint of utility.

In phase II trials, these same biomarkers may be included as exploratory (cor-
relative), integrated, or integral depending on the strength of the evidence of useful-
ness in phase I trials. Integrated biomarkers are measured in all patients but are not 
used for medical decision-making. Thus, integrated biomarkers are testing a hypoth-
esis about how the biomarker relates to the endpoints of the trial. In contrast, inte-
gral biomarkers are critical to the conduct of the trial and are used to determine 
eligibility, stratification, or treatment assignment. Because integral markers are used 
for medical decision-making, there are numerous considerations for their use in 
clinical trials, including analytical validation of the assay, clinical validation of the 
assay, clinical utility of the assay, conduct of the assay in a CLIA-certified labora-
tory, and possible need for an investigational device exception (IDE) from the FDA 
(reviewed in (Schilsky et al. 2012)).
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4  Clinical Translation: Considerations Relating 
to the Current Standard of Care

One of the major challenges in clinical translation of radiosensitizers relates to the 
integration of the new agent into an established standard of care. A variety of charac-
teristics of the agent to be tested, the patient population to be tested, and the current 
standard of care for the disease in question should be taken into account in the devel-
opment of these agents. In several tumor types and stages, combined chemotherapy 
and radiation is standard of care because the combination of the two agents provides 
increased local control, survival, or both compared to the use of radiation alone. 
Unfortunately, the current standard chemoradiation regimens often have sizable tox-
icity rates for some disease sites, such as HNSCC. Potentially increasing the toxicity 
of these regimens by adding in another agent may result in decreased quality of life, 
functional impairment, morbidity necessitating treatment breaks or delays, the need 
for medical intervention, or mortality when evaluated in an investigational setting or 
extrapolated to a broader subset of patients (Fig. 2.2).

An example of this phenomenon is the integration of cetuximab into chemora-
diation for anal cancer. In the ECOG-ACRIN E3205 trial, cetuximab was integrated 
into a cisplatin, 5-fluorouracil (5-FU), radiation regimen for immunocompetent 
patients with Stage I-III squamous cell carcinoma of the anal canal. Although the 
addition of cetuximab in this study was found to reduce local failure relative to his-
torical controls, Grade 4 toxicity occurred in 32% of participants, and Grade 5 tox-
icities (death) in 5% (Garg et al. 2017). A simultaneously reported AIDS Malignancy 
Consortium trial that integrated cetuximab with radiation, 5-FU, and cisplatin in 
patients with HIV infection and anal carcinoma demonstrated reduced locoregional 

Challenges to adding a targeted radiosensitizer to 
standard-of-care chemoradiation:

Radiation

Chemotherapy
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Fig. 2.2 Schematic of how targeted therapy can interfere with standard-of-care chemoradiation
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failure compared to historical controls with 26% Grade 4 toxicity and 4% treatment- 
related deaths (Sparano et al. 2017). Thus, despite evidence of improvement in local 
control with the addition of cetuximab in these trials, the rate of high-grade toxicity 
results in a regimen that is at or above the limit of acceptable toxicity (Glynne-Jones 
and Harrison 2017). In a similar fashion, in the setting of concurrent cisplatin and 
accelerated radiation therapy for oropharynx cancers and in lung cancers, the addi-
tion of cetuximab was found to increase the need for treatment breaks and increase 
acute toxicity without an observed benefit in regard to local control or survival (Ang 
et al. 2014; Bradley et al. 2015).

Thus, in a situation in which the current standard chemoradiation regimen is at 
the limits for acceptable toxicity, the options for adding a radiosensitizer become 
either lowering the sensitizing chemotherapy intensity, using an alternate chemo-
therapy, or omitting the sensitizing chemotherapy altogether. Lowering chemother-
apy dose or intensity is an option if there is evidence that these reduced intensity 
dosing regimens are efficacious in this setting. However, in the absence of these 
data, patients are exposed to the toxicity of the chemotherapy, albeit possibly 
reduced, with the prospect of no added benefit over radiation therapy alone with the 
addition of the sensitizer. Although sensitizing chemotherapy is often given at doses 
that are considered less than that which has systemic efficacy, in some cases, the 
lack of systemic exposure to chemotherapy for the duration of radiation therapy is 
also a consideration with this approach.

Omission of chemotherapy from established regimens when integrating a poten-
tial radiosensitizer in a clinical trial is a controversial concept. The development of 
the current standard of care for regimens including chemoradiation has typically 
progressed through phase I trials to phase III trials such that the current standard of 
care represents the maximum tolerated dose (MTD) of the chemotherapy and radia-
tion combination. Because adding an additional agent to an established standard 
regimen may have overlapping toxicities, particularly if it is effective at sensitizing 
(local toxicities), it can be expected that adding this agent to a combination that is 
already delivered at the MTD may be excessively toxic or at least limit the delivery 
of the investigational agent to the extent that it has minimal or no efficacy.

Omitting the sensitizing chemotherapy allows testing of the new agent with the 
ability to more accurately distinguish toxicities and activity attributable to the inves-
tigational agent, however may not provide adequate treatment if there is no suffi-
cient sensitizing effect with the investigational agent. In addition, patients exposed 
to the lower doses of the agent in a phase I trial might be considered to be receiving, 
in the worst case, a regimen similar to radiation alone which is not considered as 
effective as the current standard of care. In addition, similar concerns exist about 
lack of systemic therapy if the investigational agent has no single agent efficacy. For 
tumors in which a potentially curative standard of care that includes chemotherapy 
and radiation exists, this is unlikely to be an acceptable approach without extensive 
efficacy data from other trials combining radiation with the agent in settings where 
concurrent chemotherapy with radiation is not the current standard.

When developing clinical trials integrating a candidate radiosensitizer into a 
standard chemoradiation regimens, the potential pharmacokinetic and pharmacody-
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namic interactions of the two agents must be considered (Fig. 2.2). If prior studies 
have not demonstrated the tolerability and pharmacokinetic effects of combining 
the chemotherapy and investigational agent, and any interaction is anticipated, these 
studies must be integrated into the planned trial. For example, a standard chemo-
therapy may alter the metabolism of the investigational agent or decrease/alter the 
target of the investigational agent resulting in decreased efficacy. Alternatively, the 
targeted agent could result in changes that decrease the efficacy of chemotherapy. 
For example, if the targeted agent is known to induce a quiescent state in tumor cells 
(G0 or G1 cell cycle arrest), this could potentially alter the sensitivity of the cells to 
chemotherapeutics that rely on tumor cell cycling. An example of a negative interac-
tion with simultaneous use of a targeted agent and chemotherapy has been demon-
strated preclinically and in clinical trials for epidermal growth factor receptor 
(EGFR) tyrosine kinase inhibitors combined with chemotherapy (reviewed in 
(Davies et al. 2006)). Any interaction such as these would result in the possibility of 
increased toxicity with no therapeutic gain or decreased efficacy when the investi-
gational agent is added. In the setting in which these interactions are identified in 
preclinical studies, the options for clinical development would include testing the 
agent in a tumor site that allows a different chemotherapy that does not interact, or 
to omit the chemotherapy.

Finally, translational endpoints may be more difficult to interpret when multiple 
agents are used in combination with radiation. This becomes especially problematic 
if agents target pathways that may be modified by both chemotherapy and radiation, 
as it may be difficult to distinguish the relative contribution of each agent on the 
observed effect on tumor response and biomarkers. In the setting of a pathway that 
is activated in a specific tumor type, a lead in phase may be employed, in which the 
investigational agent alone is tested in the absence of radiation ± chemotherapy for 
a short period of time to allow pharmacodynamic assessments.

5  Phase I Trials of Radiosensitizers: Trial Design

Phase I trials of chemotherapeutic combinations or targeted agents in combination 
with chemotherapy have traditionally been designed to assess the safety of a com-
bination, to determine the optimal dose of the investigational agent for further test-
ing, and to identify toxicities associated with the combination. When radiation 
therapy or chemoradiation is the backbone to which the investigational agent is to 
be added, there are numerous considerations to trial design that uniquely apply to 
this context (Harrington et al. 2011).

When an investigational agent is tested in combination with an established che-
motherapy regimen in phase I trials, the new agent is often combined in escalating 
doses with the established agent at a fixed dose in a cohort of patients with a variety 
of tumor types. This allows an appreciation of toxicity and tolerability of each dose 
level, which should not vary based on the histology of the tumor or the location of 
the tumor in the body. When an agent is added to a radiation regimen, in contrast, it 
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is highly likely that the site of the body being irradiated may alter the tolerability of 
the combination regimen, as there is a risk of more severe local reactions if the agent 
sensitizes normal tissue to any degree. Thus, while the systemic toxicities may be 
similar when the investigational agent is added to similar chemoradiation regimens, 
the local toxicities may vary based on the degree to which the in-field normal tissues 
are sensitized.

Recently, there has been interest in developing phase I trials of radiosensitizers 
in combination with radiation for palliation. Part of the interest in this approach has 
been to minimize the risk of a severe toxicity in a patient being treated with  definitive 
therapy resulting in a treatment interruption or discontinuation. This method results 
in the capacity to test an agent combined with radiation in the absence of concurrent 
chemotherapy. An additional benefit of this approach is the capacity to evaluate for 
signals of efficacy in a mixed group of tumor histologies although given the small 
numbers of patients included in each dose level, this is usually preliminary evi-
dence. Similarly, preliminary signals suggested of unexpectedly severe toxicity in 
certain sites of the body may also be evident. The limitations of this approach 
include the possibility that the tolerated dose may be higher when radiation occurs 
at one body site versus another, which may be obscured by this design. In addition, 
most patients will not be able to be followed for late toxicity as they will proceed on 
to other systemic therapies or will be unavailable for long-term follow-up due to 
disease progression.

In phase I trials, testing combinations of chemotherapeutic agents and/or tar-
geted agents, dose-limiting toxicity is generally assessed during the first cycle(s) of 
therapy, during active treatment, or for several weeks after treatment is concluded. 
When radiation is delivered as a component of a definitive or palliative therapy, this 
assessment should, at a minimum, include the entire course of radiation and the time 
in which acute toxicity should resolve. Thus, in patients receiving a 6- to 7-week 
course of radiation, an additional period of time, such as 4 weeks, must be added to 
allow for resolution of toxicities before assessment can be complete. This requires 
as much as 12 weeks including treatment and assessment of the last patient before 
escalation can proceed, resulting in pauses in accrual until this time has passed 
without untoward toxicity.

One method to avoid this pause in accrual is to evaluate multiple agents simulta-
neously in different arms in the same patient population, in a fashion similar to a 
platform trial (Berry et  al. 2015). By accruing to multiple arms simultaneously, 
there is always a trial option during periods of pause for escalation of one agent. An 
example of such an approach is the “intertwined trial design” used to test two dif-
ferent investigational agents when combined with chemoradiation for the treatment 
of rectal cancer prior to surgery. Each agent was combined with standard therapy, 
and while accrual for one agent was paused to allow assessment of toxicity before 
escalating further, the other agent could be tested, allowing efficient accrual (Marti 
et al. 2019).

An additional challenge in trial design for radiation/drug combinations is how to 
best capture late toxicity related to the treatment, which may take months to years 
to manifest (Fig. 2.2). Therefore, requiring full assessment of late toxicities prior to 
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dose escalation is not feasible due to the length of time required after completion of 
accrual at a specific drug dose to assess these toxicities and to allow progression to 
the next dose level. Thus, one consideration in designing phase I trials combining 
radiation with investigational agents is how best to include late toxicity assessment 
in a fashion that can inform dose escalation and minimize risk yet still allow a rea-
sonable pace of accrual.

This challenge has been addressed in several different ways, including using trial 
designs that diverge from the classic dose escalation format. One possibility is to 
limit assessment of dose-limiting toxicities to those that are acute, while collecting 
data on late toxicities as they arise. Criteria to halt escalation based on observed late 
toxicities can be added to the escalation rules. However, it is probable that the dose 
may have been escalated far beyond the level at which the patient exhibiting the 
severe late toxicity was treated. This simplifies the process of dose escalation and 
speeds accrual but presents a risk of observing unexpectedly severe late toxicities.

Additional methods to incorporate late toxicity include the time to event contin-
ual reassessment model, which may be particularly well suited to radiation/drug 
combinations (Normolle and Lawrence 2006). In this model, trials are open to 
accrual continuously. The largest acceptable probability of toxicity is defined, and 
as events occur, estimates of probability of toxicity are recalculated, allowing a 
selection of a target dose. One concern with his approach is that the observed inci-
dence of toxicity may increase over time, resulting in changes in probability esti-
mates that allow substantial accrual at levels with higher than acceptable toxicity in 
the setting of rapid accrual. Additionally, the Bayesian dose finding methods used to 
incorporate late follow-up requires robust statistical support in an ongoing fashion 
to continuously re-estimate the probability of toxicity (Polley 2011). In contrast, the 
method reduces the number of patients accrued as subtherapeutic doses (Polley 2011).

6  Phase I Trials of Radiosensitizers: Methods of Escalation

There are numerous methods to integrate agents into an established radiation or 
chemoradiation therapy regimen for escalation purposes. The classic method of 
dose escalation of the investigational agent allows the current standard therapy to 
serve as the backbone to which the investigational agent is added. One concern with 
this approach is that if toxicity is observed early in the treatment course, the patient 
may not complete the regimen with proven efficacy or may complete it with a delay 
if a treatment break is required. This design often mimics phase I trials that have 
already incorporated the agent with the chemotherapy that is part of the regimen, so 
may reduce the need for pharmacokinetic studies. The design also maximizes expo-
sure to the investigational agent during the radiation treatment.

Similarly, exposure to the investigational agent can be increased by increasing 
the proportion of the overall treatment during which the investigational agent is 
given. This may be a useful design if the anticipated effective dose is likely to cause 
at least moderate toxicity. This approach may also reduce the likelihood that defini-

2 Translating Targeted Radiosensitizers into the Clinic



26

tive treatment would be interrupted or discontinued prematurely. Escalation of the 
duration would begin with the investigational agent for the first or the last portion of 
treatment with progressively increasing duration of exposure using the same 
drug dose.

A third hybrid model could be envisioned in which the duration is first escalated, 
followed by the dose of the investigational agent. These sorts of approaches are 
likely to minimize risk to the patients in terms of early discontinuation of treatment 
or treatment breaks, but may result in the need for larger numbers of participants.

A major consideration for developing radiation combinations trials incorporating 
radiosensitizers is defining the appropriate starting dose of the investigational agent. 
If prior trials combining the chemotherapy of interest have identified an acceptable 
dose of combined therapy, a similar, or slightly reduced dose may be chosen. In 
many cases, the chemotherapy dosing used for chemoradiation combinations may 
be different than those utilized for systemic therapy regimens, and these data may 
not exist. Simultaneously, care must be taken to avoid an unexpected severe toxicity 
if the agent is effective as a sensitizer of both normal and tumor tissue. Incorporation 
of a lead in phase of the investigational agent alone in combination with chemo-
therapy (if it is part of the backbone) with pharmacodynamic assessments will pro-
vide valuable evidence of target engagement at the dose delivered.

7  Phase II Trials of Radiosensitizers

The conduct of phase II trials of novel radiosensitizers may present different chal-
lenges than those associated with phase I trials. As the goal of phase II trials is typi-
cally to describe efficacy and to identify regimens for testing in randomized phase 
III trials, the endpoints chosen are paramount. Well-designed phase II trial end-
points may provide a greater capacity to predict eventual success in randomized 
trials. For example, the improved survival that was demonstrated with the addition 
of temozolomide to radiation in patients with glioblastoma multiforme (GBM) 
phase II trial (Stupp et al. 2002) was later confirmed in a large phase III trial (Stupp 
et al. 2005). Comparatively, phase II studies of bevacizumab had shown improved 
outcomes only in the setting of recurrent GBM (Kreisl et al. 2009), with phase II 
studies failing to demonstrate evidence of improved overall survival in newly diag-
nosed patients (Lai et al. 2011). Consequently, two large randomized phase III trials 
found that while bevacizumab improved progression-free survival in the newly 
diagnosed setting, this did not translate into an overall survival benefit (Chinot et al. 
2014; Gilbert et al. 2014). Thus, the efficacy of regimens demonstrated in phase II 
trials might be able to predict phase III success.

As phase II trials serve as a method of selecting agents for further study in phase 
III trials, challenges in selecting agents from phase II trials for further study often 
relate to comparing trials in regards to outcome, as endpoints may not be consis-
tently reported across trials. For example, even when similar groups of patients are 
accrued, endpoints of phase II trials may include overall survival, progression-free 
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survival, or local control. Further, these endpoints may be reported at a specific 
timepoint or as a median. Thus, although direct comparisons cannot be made across 
separate trials, consistency of outcome measures in a specific disease setting would 
allow an opportunity to select the highest performing regimens for further study.

Because phase I trials may only enroll small numbers of patients at each dose 
level, or in some cases may include a small expansion at the MTD, another challenge 
in the development of phase II trials of radiosensitizers is that additional or less com-
mon toxicities may only become evident when phase II trials are conducted, as they 
enroll larger numbers of subjects and may have relaxed inclusion criteria compared 
to phase I trials. Careful recording of these toxicities is critical in determining if the 
combination is reasonable to consider for phase III testing, and to determine if there 
is evidence that specific comorbidities may predict for unreasonable toxicity.

Similar to disease outcome endpoints, toxicity reporting across phase II trials of 
radiosensitizers often lacks consistency. As previously noted, most trials of radio-
sensitizers only report acute toxicities, but even these can be challenging to compare 
across trials. Reporting can include cumulative rates, worst grade experienced, and 
raw numbers of events versus number of patients with the event. In some cases, the 
worst grade of toxicity may not change, but the toxicity may occur sooner or last 
longer, impacting the tolerability of the regimen or introducing unplanned treatment 
breaks. Reporting such aspects of toxicity are critical to the assessment of tolerabil-
ity of the regimen.

In summary, if the outcomes of overall survival, progression-free survival, and 
local control are reported in addition to both acute and late toxicities for every phase 
II radiosensitizer trial, more effective phase III trials can be planned and executed.

8  Normal Tissue Toxicity Assessments in Clinical Trials 
of Radiosensitizers

One of the greatest challenges in toxicity assessment in trials of radiosensitizers is 
attribution of expected radiation toxicities. Often, trials are written in a fashion that 
expected radiation toxicities are not attributed to the investigational agents. However, 
if the agent functions as a radiosensitizer of normal tissue to any degree, expected 
radiation toxicities may occur at a greater rate, with greater severity, or longer dura-
tion. As many phase II studies add the sensitizer to the current standard of care 
chemoradiation regimen, it is important to note the number of delays, dose reduc-
tions, or discontinuations of components of the standard of care with the addition of 
the new agent. In a patient cohort expected to have a reasonable chance of local 
control and favorable rates of survival, it may be unethical to continue to use an 
agent that prevents the patient from obtaining uninterrupted standard therapy.

Although phase I trials invariably incorporate toxicity assessments, and these 
assessments are collected in phase II and phase II trials, these are generally col-
lected as physician-defined adverse events using standardized criteria. Commonly 
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used toxicity scoring criteria were designed for use in a diverse set of interventions, 
and thus may be challenging to use for scoring radiation-related toxicities. Further, 
there has been growing appreciation within the clinical research community of the 
importance of patient-reported measures (Basch 2010; Basch et  al. 2014; Dueck 
et al. 2015; Movsas et al. 2011), which are generally not incorporated as an escala-
tion criteria in phase I trials.

As described above, continued evaluation of clinical trial participants beyond the 
acute toxicity window and for months to years after treatment with ongoing adverse 
event assessment is critical to understanding the toxicity of radiosensitizer combi-
nations. The importance of this element has been demonstrated with trials of con-
current chemotherapy (Machtay et  al. 2008). Although resource intense, the 
inclusion of long-term assessment of trial participants allows a more accurate esti-
mation of regimen toxicity.

9  Radiosensitizer Example: Cetuximab

It is informative to review the clinical development and current status of cetuximab, 
which strikingly remains the only FDA-approved targeted radiosensitizer to date. 
Cetuximab is a chimeric monoclonal antibody that binds to and inhibits EGFR, a 
growth factor receptor frequently upregulated or mutated in cancer such as squa-
mous cell carcinomas of the head and neck and non-small cell lung cancer. The 
EGFR/RAS/MAPK pathway is known to enhance tumor cell proliferation, survival, 
and DNA repair (Cuneo et al. 2015) (Fig. 2.3). Further, the pathway is rapidly acti-
vated by radiation and has been suggested as a contributor to radiation-induced 
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Fig. 2.3 Epidermal growth factor receptor (EGFR) regulates critical cell functions such as cellular 
survival, DNA repair, and proliferation and can be targeted with antibodies or tyrosine kinase 
inhibitors. In squamous cell carcinoma of the head and neck (HNSCC), positive results have been 
obtained in combination with radiation therapy alone, but not as an addition to chemoradiation or 
as a substitute for chemotherapy
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accelerated repopulation (Schmidt-Ullrich et al. 1997). A large body of preclinical 
work has demonstrated that inhibiting EGFR signaling is capable of enhancing 
radiosensitivity (Wang et  al. 2011; Raben et  al. 2005; Milas et  al. 2004; Nasu 
et al. 2001).

Initial clinical translation of cetuximab was promising, which led to the con-
duct of a landmark phase III clinical trial by Bonner et al. (Bonner et al. 2006; 
Bonner et al. 2010). This trial demonstrated an overall survival benefit with the 
addition of cetuximab to radiation versus radiation alone in patients with locore-
gionally advanced HNSCC. Similarly, a survival benefit was demonstrated when 
cisplatin- based chemotherapy was combined with radiation compared to radiation 
alone (Pignon et al. 2000, 2009), solidifying that approach as standard of care and 
raising the question of how to integrate cetuximab into chemoradiation treatment 
regimens.

With the known advantage of both chemotherapy and cetuximab combined with 
radiation, later trials tested the combination of cetuximab and cisplatin with radia-
tion therapy in HNSCC. These studies have demonstrated an increase in acute tox-
icities with the addition of cetuximab without evidence of a survival benefit (Ang 
et al. 2014). The remaining question of the equivalence of cetuximab and cisplatin 
as radiosensitizers in HNSCC was addressed by a small randomized trial that sug-
gested inferiority of cetuximab relative to cisplatin when combined with radiation 
in patients with locoregionally advanced disease (Magrini et al. 2016). Two recently 
reported large randomized trials addressed this question more definitively. In the 
De-ESCALaTE Human Papilloma Virus (HPV trial), patients with low-risk HPV- 
positive oropharyngeal cancer were randomized to receipt of cisplatin versus cetux-
imab with radiation. Patients treated with cetuximab were demonstrated to have 
higher rates of local recurrence and lower overall survival (Mehanna et al. 2019). In 
the recently reported RTOG 1016 trial, patients with HPV-positive oropharyngeal 
cancer were randomized to radiation with concurrent cisplatin versus cetuximab. 
Patients treated with cetuximab had significantly lower rates of locoregional control 
and overall survival compared to cisplatin (Gillison et al. 2019). As noted previ-
ously in this chapter, the addition of cetuximab to other chemoradiation combina-
tions has resulted in increased toxicity, in most cases without evidence for enhanced 
local control or survival compared to the chemoradiation backbone (Ang et  al. 
2014; Bradley et al. 2015; Garg et al. 2017; Mehanna et al. 2019). As a result of 
these trials, the future of EGFR inhibition combined with radiation remains uncer-
tain, despite FDA approval for cetuximab in HNSCC.

In aggregate, the data are consistent with the notion that EGFR inhibition may 
only be successful in subsets of patients, thus requiring predictive biomarkers to 
select patients most like to benefit from combination therapy (Fig. 2.2). In addition, 
the data point to the need for more thorough preclinical evaluation of combining 
targeted drugs not only with radiation but also with chemoradiation.
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10  Conclusions and Future Directions

Numerous candidate radiosensitizers have been studied and found effective in pre-
clinical model systems. Clinical translation and testing of radiosensitizers present 
unique challenges, including sequencing of agents, establishing biomarkers of effi-
cacy, and integration into the current standard of care. The development of radiosen-
sitizers offers a unique opportunity to reduce toxicity of therapy by selectively 
sensitizing cancer tissues relative to normal tissue. Recent developments in molecu-
lar profiling of tumors may allow selection of sensitizers tailored to the signaling 
and mutational profile of a tumor, which in turn may increase the likelihood of 
efficacy. Although few targeted radiosensitizers have effectively been integrated 
into clinical practice to date, an expanding knowledge of the underlying mecha-
nisms of resistance and recurrence after radiation therapy coupled with the growing 
capacity to profile the molecular phenotype of tumors provides great hope for future 
progress in this field.
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Chapter 3
Mapping the Radiogenome of Human 
Cancers

Priyanka Gopal, Jessica A. Castrillon, and Mohamed E. Abazeed

Abstract Precision oncology enables  individualized treatment decisions on the 
basis of patient - and tumor-specific features. Despite growing evidence that inter- 
patient variation in tumor genomes affects treatment responses after radiation ther-
apy, patients receiving these treatments continue to be treated with the same or 
similar doses. Herein, we discuss past, contemporary, and potential future forays 
into the mapping of the radiogenome of humans and their tumors. We contend that 
the incorporation of genomic information into radiation treatment approaches rep-
resents a critical step toward the individualization of radiation dose, which consid-
ers both treatment-related toxicity as well as tumor control probability. Specifically, 
we describe the role of somatic and germline genetic features on radiation tumor 
sensitivity and normal tissue toxicity. We also discuss potential barriers for the 
implementation of genomic predictors in clinical practices and strategies to over-
come these barriers. The following discourse seeks to inform and guide the future 
use of genotype-directed radiation dose delivery and targeted radiosensitization.
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1  Introduction

In clinical radiation therapy, the ability to maneuver incident beams to conform to 
the shape of target tumors has reached asymptotic precision. Juxtaposed with this 
technical precision, however, are widely used generic dose schemas converged upon 
after decades of population toxicity data and communal consensus of “acceptable” 
toxicity risk (Marks et al. 2010). In the post-comprehensive genome sequencing era, 
it is increasingly evident that there exists significant genetic variation across patients 
and their tumors (Hoadley et  al. 2018). Genetic variation, a priori, suggests that 
doses optimized for populations of patients rather than individuals can lead to sig-
nificant under- or over-treatment. Similarly, the clinical utility of radiosensitizing 
targeted agents may be impacted by inter-tumoral genetic differences. Such pre-
scriptive imprecision limits the efficacy of radiation therapy and  radiation/drug 
combinations and could also lead to potentially avoidable normal tissue toxicity. 
The failure to predict treatment efficacy using genetic variables represents one of 
the most significant obstacles to the personalization of radiation-based treatment 
regimens (Dancey Janet et al. 2012; Yard et al. 2015).

The profiling of the genomes of several solid tumors has led to the tailoring of 
drug treatments on the basis of specific genetic alterations or other biomarkers (De 
Palma and Hanahan 2012; Tripathy et al. 2014). The identification and cataloguing 
of genes associated with oncogenesis and tumor phenotypes has led to drug treat-
ments that are guided by individual (e.g., BRAF V600E) or categories of mutations 
(e.g., hypermorphic mutations in EGFR) (Demetri et al. 2002; Druker et al. 2001; 
King et al. 1985). Despite this, the genetic features that determine whether a tumor 
is more or less likely to be sensitive to radiation therapy remain poorly understood. 
This is mainly due to a dearth of studies on the functional genomics of radiation 
sensitivity in cells, animals, and humans.

Prior to embarking on a daunting mission to map the radiogenomes of patients 
and their tumors, the probability of culling data that can guide clinical predictions is 
worthy of some discussion. Cancers represent complex systems, comprising a large 
number of potentially interacting variables (Fig. 3.1). Some of these variables may 
be encoded in the genome and others may be epi- (“near”) or dis- (“apart”) genetic 
(Schwab and Pienta 1996). A salient feature of a complex system is that its behavior 
cannot be easily implied from its parts. Therefore, it is critical that models that cap-
ture the inherent  complexity are utilized. This recommends the use of primary 
human samples or translational systems that approximate those tumors (e.g., 
patient-derived models like xenografts or organoids) (Williams 2018; Nagle et al. 
2018). Alternatively, reductionist approaches that serve as scaffolds for building 
toward greater complexity have been shown to provide some value (Amundson 
et al. 2008; Yard et al. 2016).

Typically, the interacting components of a complex system form a network. 
Networks are useful because they can describe the state of the system as a collection 
of discrete objects and relationships between them (e.g., gene expression regulatory 
networks) (Conte et al. 2020). Another common feature of a complex system is its 
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emergent properties, which is the appearance of properties (genotypes) and/or 
behaviors (phenotypes) that are difficult to predict from the original or limited parts 
of the system (Finzer 2017). Since tumors are inherently genetically unstable, their 
properties can also be dynamic. This can be manifested by tumor subclones (geneti-
cally diverse sub-population of cells) that emerge or collapse on the basis of adapta-
tion to flux in the environment or selective pressure (e.g., therapeutic stress) 
(McGranahan and Swanton 2017). This has implications for biomarker studies 
since models that capture patients’ tumors at fixed time points (pre-therapy biopsy) 
are not likely to capture the full extent of the tumor’s dynamism and emergent prop-
erties. Lastly, and perhaps the most challenging property from the perspective of 
predicting efficacy, is that complex systems have relationships that are nonlinear. 
That is, small perturbation in the input variables may cause a large effect on out-
comes. Since the survival of a small number of clonogenic cells after radiation ther-
apy can lead to tumor recurrence, this nonlinearity is particularly important when 
predicting a binary outcome (local failure v. control) (Cutanda Henriquez and 
Vargas Castrillon 2011) .

The extent that tumors display each of these features: complexity, network rela-
tionships, dynamism, emergence, and non-linearity, can confound our ability to 
construct useful models and predict behavior. Contributing to this uncertainty is the 
conditional ability of sparsely ionizing radiation to cause lethal cellular damage due 
to the orientation of the DNA, its compactness, and the probabilistic trajectories of 

Tumor

Immune

Network Non-linear 

Stromal

Open

Emergent

Spontaneous Order

Dynamic

Fig. 3.1 Tumors are composed of many components that interact with each other, suggesting that 
they may abide the behaviors of a complex system. Each feature is described in detail in the main 
text. The vasculature depicted in the property of emergence suggests that tumors in situ represent 
“open” versus “closed” complex systems, allowing for exchange of components with another sys-
tem (i.e. circulation)
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the ionization tracks (Goodhead 1989, 1994; Howard-Flanders 1958). Nevertheless, 
it is increasingly evident that there is a genetic basis for the vulnerability of many 
cancers to radiation therapy (Yard et al. 2016). Furthermore, acquiring comprehen-
sive genomic information (DNA, RNA, protein, metabolites, etc.) on primary and 
longitudinal models of cancer coupled with the use of facile cellular systems that 
lend themselves to genetic manipulation represent critical steps toward capturing 
complexity, accounting for “noise,” and predicting system-wide behaviors.

A countervailing perspective to the gene-centric view for predicting the radio- 
phenotype is that the tumor environment may be substantially more important than 
the genes encoded by the host or the tumor (Barker et al. 2015). A discussion con-
cerning the relative contribution of genetic features on radiation sensitivity is, there-
fore, warranted. For example, intra-tumoral dynamic phenotypic states, attributed to 
epi-genetic “switches,” have been shown to impact treatment responses although 
they have not been fully studied (Creighton et al. 2009). In addition, many other 
host and tumor factors that represent sources of additional heterogeneity have been 
identified. To the extent that these variables are dis-genetic, an exclusively gene- 
centric model could fail to capture their influences. However, there appears to a be 
a genetic basis for at least some of these variables (e.g., epigenome (Barker et al. 
2015), histopathology (Tizhoosh and Pantanowitz 2018), hypoxia (Bhandari et al. 
2019), metabolism (Ward et al. 2010; Tang et al. 2014), or image features (Aerts 
et al. 2014)). Therefore, future predictive models that use genome-guided markers 
as a surrogate marker of these and other features is still possible and desirable, 
reducing the debate of the influences of gene versus environment, in part, to 
pedagogy.

This chapter will discuss past, contemporary, and potential future forays into 
mapping the radiogenome of humans and their tumors. It contends that the incorpo-
ration of genetic information into radiation treatment planning represents a critical 
step toward the individualization of radiation dose probability. Specifically, we 
describe the role of germline and somatic genetic features on radiation tumor sensi-
tivity and normal tissue toxicity annotated to date and pending efforts that seek to 
expand this information capability. We also discuss potential barriers for the imple-
mentation of genomic predictors in clinical practices and strategies to overcome 
these barriers. Together, these considerations form a critical basis for the future use 
of genotype-directed targeted radiosensitizers.

2  Biomarkers

A biomarker is a measurable biological signal whose presence is indicative of some 
phenomenon. Biomarkers can be used for early cancer detection, risk stratification, 
prediction of therapeutic responses, and the monitoring of recurrences (Dienstmann 
et al. 2013). Accordingly, biomarkers can be diagnostic, prognostic, and/or predic-
tive. Some obstacles in validating and implementing biological biomarkers for 

P. Gopal et al.



39

therapeutic predictions include sample accessibility (e.g., tumor biopsy, surgery), 
intra-tumoral heterogeneity (e.g., tumor geographic stratification of the putative 
biomarker) (Biswas et al. 2019), the stability of the measurement (e.g., labile nature 
of gene expression networks) (Domany 2014), demonstration of biological plausi-
bility, and confirmation in several external validation cohorts (Domany 2014). 
Moreover, there are multiple non-genetic determinants that impact radiation sensi-
tivity and resistance (e.g., total treatment dose, fractionation, clinical variables) that 
must be accounted for when measuring isoeffects.

Despite these limitations, elucidating genomic determinants of radiation sensi-
tivity is vital to developing biologically guided dose optimization strategies for a 
patient’s tumor. These strategies can inform decisions of definitive radiation therapy 
versus alternative strategies (i.e., surgery or systemic therapies). In addition, since 
radiation therapy is unique among cancer therapies in that the dose of treatment can 
be calibrated on the basis of the probability of local tumor failure, such predictive 
assays could represent a unique opportunity to modulate dose in granular incre-
ments of Gray or combinations with tumor-specific radiosensitizers.

Efforts to translate biomarker-guided radiation therapy into clinical practice have 
had limited success to date (Hall et al. 2018). Optimization is needed for the unbi-
ased selection of candidate radiation biomarkers as well as the design and quality of 
preclinical studies that seek to validate them. A goal that has been articulated is to 
accelerate the discovery, translational speed, and success of clinical studies that 
seek to utilize biomarker-driven stratification to tailor radiation prescriptions and 
schedules. To effect this goal, an integrated laboratory and clinical effort for radia-
tion biomarker development should have several key features, including: (1) in vitro 
studies using a large panel of cell lines, (2) validation of the biomarker in an in vivo 
model, (3) elucidation of mechanistic details that indicate biological relevance, (4) 
the use of patient-derived models that better reflect tumoral mutational burden, het-
erogeneity, and transcriptional fidelity, (5) preclinical evaluation of clinically rele-
vant treatment schedules, (6) the use of local tumor control as a clinical end point 
rather than surrogates (progression-free survival or overall survival), (7) rigorous 
standards for the reproducibility of biomarker data, (8) integrative omic diagnostics 
that measure both pathway alterations and activity, accounting for the distinct func-
tional consequence for categories of mutations in genes of interest, and (9) large- 
scale correlative clinical studies in distinct and large populations of patients. The 
implementation of these features is poised to improve success rates in biomarker- 
driven or -stratified clinical trials in radiation oncology (Baumann et al. 2016).

3  Experimental Models and Approaches

There are several model systems with distinct attributes and ranges of facility and 
relevance to human tumors in situ (Fig. 3.2).
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3.1  2D Cellular Models

Most studies to date that have examined genetic determinants of radiation sensitivity 
have relied on two-dimensional (2D) culture systems. 2D cellular models have advan-
tages including rapid growth, amenability for high-content profiling, and genetic 
manipulation potential. As such, cell lines grown in vitro have served as a valuable 
resource to identify tumor intrinsic determinants of radiation sensitivity (Yard et al. 
2016; Amundson et al. 2008). However, cells derived from patients are immortalized 
and cultured over time, inducing phenotypic changes and inevitable selection of cell 
subpopulations. Cells are also grown in medium that contain high concentrations of 
serum and in an abundance of oxygen, which are distinct from the nutrient- and oxy-
gen-challenged microenvironments of a tumor in situ. Moreover, 2D models lack 
the  three-dimensional organization of  tumors in  vivo (Griffith and Swartz 2006; 
Hutmacher et al. 2009). Altogether, these differences have direct implications for the 
identification of genetic features that may be more or less prevalent in patients.

3.2  High-Content Profiling of Cancer Cell Lines

The first large-scale cancer cell line radiation profiling effort measured radiation 
survival across the NCI-60 panel of cell lines, which represented nine tumor types 
(breast, central nervous system, colon, leukemia, lung, melanoma, ovarian, prostate, 
and renal) (Amundson et al. 2008). The study, which focused on basal and induced 
gene expression patterns across sensitive and resistance cell lines, revealed patterns 
of induced gene expression that seemed to be unaffected by the genetic variation 
across the collection of cells. 

The largest analysis to date of cancer cell line survival after irradiation com-
prised the profiling of 533 cancer cell lines from 26 distinct cancer types (Yard et al. 
2016). The source of the cell lines used in this study was the Cancer Cell Line 
Encyclopedia (CCLE), a large panel of comprehensively characterized human can-
cer models including a compilation of gene expression, copy number, and massively 
parallel sequencing data (Barretina et al. 2012). The high-content irradiation plat-
form used a 384-well plate format and relied on delayed time to read out of prolif-
eration measures as a surrogate for clonogenicity. The study used new statistical 
methodology to correlate radiation sensitivity and genomic parameters, identifying 
single-nucleotide variants (SNVs), copy number alterations, and gene expression 
changes associated with radiation survival.

3.3  3D Cellular Models

Modeling relevant genotype-phenotype associations can be challenging in 2D cul-
ture systems because adherence on a flat surface does not mimic in vivo cell shapes, 
which can influence biophysical cues (Kenny et  al. 2007). In addition, 
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homogeneous access to medium (immediately above the cells in 2D cultures) can 
result in homogeneous growth. Three dimensional (3D) systems can provide both 
structure and orientation that mimic in  vivo spatial organization. Some of these 
platforms, also referred to as spheroids (Khaitan et al. 2006) or organoids (Drost 
et al. 2016), have been shown to be more capable of representing in vivo-like cells 
fates and cellular phenotypes including cell growth rate, drug response, and 
differentiation.

3.4  In Vivo Models

A major contributor to the high clinical trial failure rate for biomarkers is the 
 apparent discordance between the promising activities observed in cellular-based 
preclinical systems and clinical outcomes (Johnson et al. 2001; Kung 2007). This is 
attributed, in part, to biological differences between cell line-derived models  
and the original tumors from which they were developed. In contrast, patient-
derived xenograft (PDX) models faithfully recapitulate their tumors of origin by 
histology and transcriptomic, proteomic, and genomic parameters, and in some 
cases have been shown to have comparable treatment responses to those observed 
clinically (Bertotti et al. 2011; Daniel et al. 2009; Fichtner et al. 2008; Hidalgo et al. 
2014; Hidalgo et al. 2011; Julien et al. 2012; Vargas et al. 2018). These models are 
poised to serve as powerful tools to enhance prediction and, ultimately, clinical trial 
success.

The use of NOD-SCID gamma (NSG) mice has facilitated the development of 
PDX models. Fresh human tissue obtained via biopsy or surgery is processed and 
injected into the subcutaneous tissue or, in some cases orthotopically, into the ani-
mal (Hidalgo et al. 2011). The engrafted tumor can then be harvested and stored for 
downstream applications. The practice of using PDXs to guide treatment decisions 
can be limited by implant geographic stratification bias and genetic divergence in 
the rodent host (usually after serial passages) (Ben-David et al. 2017). Despite this, 
previous work has suggested that the approach is possible and can potentially cor-
relate with patient responses (Vargas et  al. 2018). Due to their genetic diversity, 
PDX studies should be conducted on a larger scale, hence capturing the inter- 
tumoral variation of target patient populations (Gao et  al. 2015). Although such 
studies have been completed for anti-cancer drugs, large-scale radiation studies of 
PDXs have yet to be reported. Such a profiling effort, especially when integrated 
with orthogonal data including clinical, image, and omic outputs, can provide both 
tumor intrinsic and microenvironmental variables that regulate radiation sensitivity 
as well as the response to radiosensitizing drugs.

Genetically engineered mouse model (GEMM) can also inform our ability to 
predict tumor responses to irradiation (Kersten et  al. 2017). GEMMs enable the 
conditional expression of a genetic variant at the endogenous locus, mainly within 
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the target tissue, and in an immunocompetent host (Huijbers et al. 2011; Sinn et al. 
1987; Sutherland et al. 2011). Experiments conducted using these models can have 
predictive utility if assessing a variant in unary systematic fashion (one variant at a 
time). However, a major limitation to GEMMs is the lack of genetic complexity 
frequently observed in human tumors. Moreover, new GEMMs require significant 
lead-time and can be costly to develop and maintain. Lastly, it is not clear how 
GEMMs can be used to validate the multitude of putative genetic variants nomi-
nated by forward or reverse genetic approaches at scale. 

4  The Use of Genetics to Guide Radiation Therapy 
in the Clinical Setting

Although the challenges of integrating genomic testing into radiation treatment 
decisions are wide-ranging and complex, there is a scientific and ethical imperative 
to realize the benefits of personalized cancer medicine given the overwhelming bur-
den of cancer and the unprecedented opportunities for advancements in outcomes 
for patients. There is a growing appreciation for the influences of germline and 
tumor genetics on patient outcomes after radiation and chemoradiation, including 
estimates of the risk of radiation toxicity, radiation-induced secondary malignan-
cies, and tumor response estimates (Bergom et  al. 2019). Advances in genomic 
sequencing have enabled cataloguing of cancer genes into categories of cancer sus-
ceptibility genes and passenger mutations. Such advances, however, have outpaced 
clinical interpretation and utility. Variants identified via genomic testing should pro-
vide some information about the functional nature of the variant in question. 
Clinically, it is vital to distinguish driver variants, which have phenotypic conse-
quences, from functionally neutral alterations. Hence, classification is nuanced and 
requires information beyond binary annotation. Moreover, actionability is likely to 
require expert interpretation and recommendations (Leichsenring et al. 2019).

4.1  Germline Testing and Potential Impact 
on the Therapeutic Ratio

Germline pathogenic variants, either inherited from previous generations or de 
novo, can increase the susceptibility to develop cancer. These variants are omnipres-
ent (in every cell within an affected individual). Despite this, not every cell mani-
fests the functional loss or gain of a particular pathogenic variant. Mechanisms that 
result in manifestations of the variant (e.g., development of cancer) include loss of 
heterozygosity or somatic uniparental disomy. This distinction is critical as it relates 
directly to haplosufficient variants and the therapeutic ratio: the tumor may manifest 
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the functional alteration but the neighboring normal tissue may not (Bergom 
et al. 2019).

Several tests exist to assess the germline predisposition to cancer development in 
many genes. Some well-known genes for germline mutations include: PTEN 
(Cowden), TP53 (Li-Fraumeni), CDH1 (Diffuse Gastric Cancer Syndrome), STK1 
(Peutz-Jeghers), and BRCA1/2 (hereditary breast and ovarian cancer) (Liaw et al. 
1997; Malkin et al. 1990; Berx et al. 1998; Jenne et al. 1998; Petrucelli et al. 2010). 
Germline mutations in specific genes resulting in mono- or bi-allelic inactivation 
can predispose to hereditary forms of cancer, which could impact radiation and 
radiation/drug sensitivity. These particular alterations affect patients with ataxia tel-
angiectasia (AT), ataxia telangiectasia-like disorder, Nijmegen breakage syndrome 
(NBS), NBS-like syndrome, RIDDLE syndrome, DNA ligase IV deficiency, 
Cornelia de Lange syndrome, and Fanconi anemia (FA) (Pollard and Gatti 2009). 
Correlation of clinical features, prior annotation of a pathogenic variant or a func-
tional assay that measures gene function could help parse the relevance of variant 
identification. It must be noted that a significant number of variants in these mainly 
large (in kilobases) genes remain categorized as variants of unknown significance 
(see below).

4.2  Somatic Genetic Testing

There are >19,000 genes in the human genome. Despite the mutation burden in 
solid human cancers, only some of the altered genes have validated or putative 
associations with cancer development and/or phenotypes. Accordingly, cancer 
gene panels have been used to genotype cancers for the purpose of diagnosis [e.g., 
cancers of unknown origin or cancer subtyping (squamous v. adenocarcinoma)] or 
to guide therapies. In the United States, FDA-approved tests include FoundationOne 
by Foundation Medicine (Cambridge, MA, USA), Oncomine by ThermoFisher 
(Waltham, MA, USA), and MSK-IMPACT by Memorial Sloan Kettering Cancer 
Center (New York, NY, USA) (Zehir et al. 2017; Nagahashi et al. 2019). While 
these panels could lead to actionable targets, they only capture limited coverage of 
the genome. Whole genome sequencing (WGS) or whole exome sequencing 
(WES) represent more comprehensive strategies for the identification of function-
ally relevant variants that may be missed by panel sequencing. Their benefits 
extend to the scientific community at large since a cataloguing of less common 
alterations can better inform large-scale association studies and, ultimately, treat-
ment predictions. Moreover, there are some indications that WGS/WES result in 
cost saving and shorter time-to-test results compared to gene panel sequencing 
(Pennell et al. 2019).
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5  Genetic Variants that Impact the Radiation 
Sensitivity Phenotype

The genetic composition of tumors is forged by environmental genotoxins (e.g., 
tobacco) and/or inherent genetic instability leading to sequence alterations that are 
pruned by clonal selection. The consequences of these processes result in variants 
in critical or non-critical (passenger) positions in the genome. Somatic mutations in 
proto-oncogenes lead to dysregulated cell growth and proliferation (Dixon and 
Kopras 2004). Frequent alterations in genes that encode for growth factors (e.g., 
EGFR), signal transduction pathways (e.g., NRAS), or nuclear transcription factors 
(e.g., NFE2L2) often represent recurrent and frequent alterations resulting in muta-
tional “hot spots.” The net effect of activation of these proto-oncogenes is the stimu-
lation of cell proliferation, leading to the expansion of the transformed cell 
population and augmenting the effects of loss of tumor suppressor function. The 
latter represents another hallmark of cancer, the evasion of growth suppressors 
(Hanahan and Weinberg 2011). Cancer cells must also inactivate well-conserved 
programs that are designed to limit tumor growth and proliferation. Prototypical 
tumor suppressor genes like TP53 and RB1 are frequently inactivated via copy loss 
and/or functionally disruptive variants. Annotating functional variants of unknown 
significance in tumor suppressor genes is more challenging since they have a lower 
propensity for amino acid hot spots. This is especially true for larger genes that can 
accumulate sequence alterations over time (Lawrence et al. 2014).

5.1  Categories of Mutations

Since oncogenesis requires the activation of some genes and the inactivation of oth-
ers, a cataloguing of functional variants into categories can be instructive. Mutations, 
or pathogenic variants, are classified by their phenotypic consequence compared to 
the wild-type allele as follows:

Loss of function: The mutant allele has less or no function compared to wild-type.
Gain of function: The mutant allele has increased levels of activity compared to 

wild-type.
Amorphic (dominant negative): These mutations result in a transformed gene 

product that acts antagonistically to the wild-type allele as a result of altered 
molecular function.

Neomorphic: These mutations result in a changed activity in the gene product com-
pared the wild-type gene product as a result of altered molecular function (e.g., 
IDH1/2 mutations).

Variant of unknown significance: These variants result in a transformed gene 
product but it is unclear whether it affects gene function.
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Functionally silent: These variants result in a transformed gene product that does 
not alter gene function. This category is distinguished from genetically silent 
mutations, which do not result in a subsequent change in the amino acid of the 
overall protein.

5.2  Variant Allele Frequency and Clonal Architecture

The prevalence of a gene variant in a tumor can be estimated by the variant allele 
frequency (VAF). The VAF is calculated by dividing the number of reads (contigu-
ous sequence output from next-generation sequencing data) with the variant allele 
divided by the total number of reads generated. If the sample is purely tumoral (no 
contaminating stromal or immune cells) and the ploidy is 2n, then the VAF of a 
heterozygous variant present in all tumor cells is 0.50. If the VAF is <0.50 under the 
same criteria (purity and ploidy), then the variant or the cluster of variants with that 
VAFs are considered subclonal and a subclone, respectively. This approach allows 
the identification of genetic spatial heterogeneity in a tumor. Several algorithms 
have been used to calculate VAFs corrected for purity and ploidy (Deshwar et al. 
2015; Roth et al. 2014; Carter et al. 2012). These, coupled with other computational 
approaches to deconvolute the clonal architecture of tumors from bulk sequencing 
data have provided significant insight into the extent and content of intra-tumoral 
genetic heterogeneity. Despite these advances, there has been little work describing 
the clonal evolution of tumors under ionizing radiation stress (Kamran et al. 2019; 
Gopal et al. 2019). Therefore, it remains unclear to what extent subclonal frequen-
cies, which can encode emergent properties (genotypes and phenotypes), rise and 
fall during irradiation.

5.3  Cell Cycle and DNA Repair

Ionizing radiation generates distinct types of DNA alterations, with double-strand 
breaks (DSBs) representing the principal lethal lesions (Vignard et al. 2013; Jackson 
and Bartek 2009). DSBs initiate a cascade of events that include cell cycle arrest, 
DNA repair or abrogation of repair, and induction of cellular death (Ciccia and 
Elledge 2010). Somatic alterations in cell cycle and DNA repair pathways are fre-
quently found in several cancer types. This is likely attributed to etiology since 
challenges to genomic integrity via loss of DNA repair capacity increases the prob-
ability that cells acquire the requisite complement of alterations that drive uncon-
trollable growth. Bi-allelic germline or somatic loss of ATM, ATR, TP53, TP53BP1, 
RAD51, and other genes have been shown to confer radiation sensitivity in tumor 
cells with those alterations. Despite this, the extent that individual variants in these 
critical genes regulate radiation sensitivity remains unclear.
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TP53 encodes a nucleophosphoprotein that acts as a transcriptional regulator of 
cell division, proliferation, and many other cellular functions. Upon irradiation or 
other exposures resulting in DNA damage, p53 is induced resulting in the transcrip-
tional activation of a program of genes that regulate cell cycle arrest and DNA 
repair. TP53 can undergo inactivation via single base substitution, loss of heterozy-
gosity, or viral inactivation (Tommasino et al. 2003). Somatic alterations of TP53 
are commonly seen in many cancers including those of the upper aerodigestive tract 
and were nominated as possible biomarkers for local regional recurrence following 
radiation therapy for head and neck cancers (Alsner et al. 2001; Koch et al. 1996). 
Loss of p53 function generally does not affect cellular radiation sensitivity (Dahm- 
Daphi et al. 2005) but some studies have shown that individual TP53 mutations can 
confer distinct sensitivities to radiation (Okaichi et al. 2011; Cuddihy and Bristow 
2004). Hence, the role of individual TP53 alterations in radiation sensitivity is far 
from clear.

5.4  Pathway Modulators

Distinct signaling pathways can alter the sensitivity of tumors to radiation treat-
ments. Active signaling pathways, based on gene set enrichment analyses, suggest 
that several cellular receptors including RAS/RAF, EGFR, c-MYC, transforming 
growth factor-β (TGF-β), NFκB, AKT, FGFR, HER2, MEK, and Wnt/β-catenin can 
confer resistance to radiation (Yard et al. 2016). Although some work on select vari-
ants and genes demonstrate that hypermorphic mutations confer resistance to radia-
tion, it remains unclear whether the vast majority of individual alterations in these 
genes (or others) regulate radiation sensitivity.

5.4.1  KRAS

The Ras family of GTPases comprises three members: KRAS, HRAS, and NRAS 
(Simanshu et al. 2017). Activation of the Ras GTPases result in the activation of a 
cascade of downstream molecules that play essential role in cellular proliferation 
and differentiation. KRAS is the most commonly mutated oncogene among the RAS 
family with high incidences in colorectal, pancreatic, and lung cancers (Cox and 
Der 2010). Mutations in KRAS constitutively activate the GTPase, independent of 
ligand binding, resulting in the activation of downstream signals. Alterations in 
KRAS often lead to poor prognosis, in part attributed to treatment resistance (Edkins 
et al. 2006; Bournet et al. 2016; Cserepes et al. 2014; Izar et al. 2014; Eberhard et al. 
2005). Recent data in non-small cell lung carcinoma (NSCLC) has shown that cells 
with KRAS mutations can have stem-like tumor initiating properties, consisting of a 
subpopulation within KRAS-mutated tumors that are enriched with co-occurring 
mutations in TP53 and CDKN2A (Wang et al. 2017). Moreover, specific mutations 
in KRAS, namely KRASG12V and KRASG12C, appear to be associated with both poor 
response rate in NSCLC patients with brain metastasis (Renaud et al. 2016).
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5.4.2  BRAF

BRAF encodes for a serine/threonine protein kinase that controls cell survival and is 
a key effector in the MAPK pathway (Xue et al. 2017). Mutations in BRAF leads to 
constitutive activation of the kinase, resulting in increased cell survival and prolif-
eration. BRAF mutations occur at a frequency of 8% across all tumors, including 
melanoma, papillary thyroid cancer, colorectal cancer, and NSCLC (Cancer 
Genome Atlas Research Network 2014b; Davies et al. 2002; Cancer Genome Atlas 
Network 2012; The Cancer Genome Atlas Network 2015).

BRAFV600E is the most commonly occurring mutation with a highest incidence in 
melanomas and thyroid cancers (Shain et  al. 2015; Robb et  al. 2019). However, 
other mutations have a higher incidence in other cancers (e.g., BRAFD594H in colorec-
tal cancer and BRAFG466V in lung adenocarcinomas). BRAF-driven cancers can be 
effectively treated using BRAF and/or MEK inhibitors although in many cases 
resistance to treatment ultimately develops. Recent studies in lung adenocarcinoma 
have identified non-canonical BRAF-driven cancers with mutations in the highly 
conserved kinase domain as strongly associated with resistance to radiation (Gopal 
et al. 2019). Relatedly, BRAF mutant PDX models demonstrated BRAF mutant sub-
clonal enrichment after radiation therapy, suggesting a putative mechanism of sub-
clonal emergence resulting in treatment failures. In addition to these findings, 
BRAFV600E-driven thyroid cancer cell lines were associated with resistance to radia-
tion, and BRAF inhibition selectively radiosensitized these cells by modulating 
DNA repair (Robb et al. 2019). Studies to assess different classes of BRAF muta-
tions and the efficacy of sequencing treatments using targeted therapies and radia-
tion are poised to add greater clarity to the interaction between targeted agents and 
radiation in a genotype-specific manner.

5.4.3  PIK3CA

Structural and substrate specificity distinguishes the PI3Ks into three classes  
(Yu et al. 2015). PIK3CA belongs to class I PI3Ks and plays an important role in 
oncogenesis with links to receptor tyrosine kinases (RTKs), G protein-coupled 
receptors and other oncogenes including RAS (Vanhaesebroeck et  al. 2012). 
PIK3CA signaling has been associated with mediating important biological func-
tions such as cell survival, differentiation, and proliferation. Mutations in PIK3CA 
commonly occur across several cancer lineages including breast, colorectal, and 
pancreatic (Sanchez- Vega et al. 2018). PIK3CA mutations have been known to be 
associated with radiation resistance (Krasilnikov et al. 1999; Zhang et al. 2010). 
Specifically, in glioblastomas PIK3CA activating mutations with amino acid 
change at amino acid positions 88, 542–546, and 1047 have been associated with 
resistance to radiation.
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5.4.4  EGFR

The epidermal growth factor receptor (EGFR) is a transmembrane protein that 
belong to the ERB family of genes that when active promotes cell survival, migra-
tion, and proliferation. Gene amplification and overexpression of EGFR have been 
observed in glioblastomas (Brennan et al. 2013), NSCLC (Cancer Genome Atlas 
Research Network 2014b), head and neck cancers (Cancer Genome Atlas Network 
2015), bladder cancers (Cancer Genome Atlas Research Network 2014a), and 
colorectal cancers. EGFR mutational status correlates with radiation sensitivity in 
NSCLC cell lines (Das et al. 2006) Mechanistically, EGFR mutations may promote 
NSCLC apoptosis in response to irradiation through the upregulation of proapop-
totic proteins and the DNA-dependent protein kinase catalytic subunit. In addition, 
phosphorylated histone (γ-H2AX) foci assay showed that EGFR mutations sus-
tained irradiation-induced DNA damage (Xie et al. 2018). In a clinical study of head 
and neck cancer, EGFR overexpression was associated with higher failure rates 
after conventional radiation therapy (Chang et al. 2002). It remains unclear whether 
this correlative study represent mere association without causation or in fact there 
exists  a functional role for EGFR in modulating radiation sensitivity in cells 
and tumors.

The above list is not intended to be exhaustive. There are additional variants that 
alter radiation sensitivity (Abazeed et al. 2013; Jeong et al. 2017). However, the vast 
majority of currently established associations are derived from hypothesis-directed 
research. A comprehensive and unbiased profiling of cancer-relevant genes for radi-
ation sensitivity in several cellular contexts has yet to be conducted.

6  The Therapeutic Index and Radiation-Related Toxicities

The relation between the probability of tumor control (TCP) and the normal tissue 
complication probability (NTCP) provides estimates of the therapeutic ratio and 
guides radiotherapeutic interventions (Baumann and Petersen 2005). The oncolo-
gist seeks to deliver a dose that maximizes the TCP and minimizes NTCP, the inves-
tigator seeks to discover interventions that result in optimal separation of the two 
probabilities, and the annotation of the radiogenome of patients and their tumors 
seeks to delimit the dose relationship for individual patients in order to better cali-
brate dose. Late effects of tissue toxicity, for example, due to release of reactive 
oxygen species and pro-inflammatory cytokines, impair tissue remodeling by stro-
mal cells that have been damaged (Kim et al. 2014), ultimately leading to fibrosis. 
Examples of late onset radiation effects include damage to blood vessels, central 
nervous system, heart (valvular defect and atherosclerosis), and lung (De Ruysscher 
et al. 2019). However, measurements of toxicity do not merely reflect the biological 
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variation in the irradiated population, but can also depend on the type, form, and 
means by which radiation therapy is delivered.

The genetic basis for toxic effects during and after radiation treatments remains 
poorly defined. The rate of late effects of radiation in peritumoral organs increases 
as a function of time. However, these rates can be confounded by several variables 
including a competing risk of death, tumor recurrence, other treatments (i.e., che-
motherapy), somatic acquisition of genetic variations, iatrogenic risks (i.e., proce-
dures), and other epidemiological risks (i.e., tobacco consumption). Moreover, 
additional factors related to treatment administration (e.g., dosimetric accuracy, 
organ motion, poor treatment localization, and poor radiation quality assurance) can 
impact the probability of late toxicity. Notwithstanding these mainly dis-genetic 
variables, some germline genetic variants (or single nucleotide polymorphisms due 
to their prevalence in the population) have been shown to be associated with 
toxicities.

Genome-wide association studies (GWAS) analysis allows for the identification 
of common polymorphisms enriched in cases of late onset radiation toxicity. In 
order to confidently identify loci and ameliorate spurious associations, however, a 
significant number of samples are required. The REQUITE international prospec-
tive toxicity profiling effort, initiated by The Radiogenomics Consortium, com-
prises the largest study to date aimed at identifying common single nucleotide 
polymorphisms (SNPs) associated with clinical radiation toxicity (West et al. 2014; 
Kerns et al. 2020). Importantly, this effort has led to the creation of a centralized 
database which includes clinical information including treatment, dosimetry, toxic-
ity, and genome-wide SNP genotyping data.

The first study using genome-wide association evaluated toxicity in patients with 
prostate cancer. SNPs TANC1 locus 2q24.1, KDM3B 5q31.2, and DNAH5 5p15.2 
were found to be associated with the development of erectile dysfunction, urinary 
symptoms, and proctitis, respectively (Kerns et  al. 2013; Kerns et  al. 2010). 
Additionally, a meta-analysis comprising six separate cohorts assessed radiation- 
related late complications in prostate cancer and identified common SNVs associ-
ated with rectal bleeding, decreased urinary stream, and hematuria (Kerns et  al. 
2020). The same study further validated the KDM3B, ATM, and TANC1 loci and the 
association with respective toxicities.

These represent initial forays into the annotation of human variation and its role 
in radiation-related toxicities. In some aspects, the study of toxicity is substantially 
more challenging than the study of the tumor-associated genetic determinants. In 
addition to challenges in the clinical annotation of toxicities, other challenges 
include the relatively low genetic variation between patients compared to the varia-
tion between their tumors, the relatively low number of events (low late toxicity 
rates), and the lack of clinical follow-up compared to tumor recurrence (clinical 
follow-up and the  use of medical images is the highest peri-diagnosis  and after 
treatment completion, tapering significantly overtime).

P. Gopal et al.



51

7  Conclusions

Patient and tumor phenotypes are encoded by germline and somatic genomes, 
respectively. Analogously, therapies, including radiation therapy and radiation/drug 
combinations, are likely to vary based on the identity and interaction of these genetic 
determinants. Population-based estimates of treatment-related effects increasingly 
cannot be justified considering the extensive and detailed annotations of the genetic 
landscapes of humans and their cancers. Although additional variables beyond the 
genome may influence estimates of the probabilities of treatment successes, the lack 
of incorporation of genetic variables in radiation treatment deliveries represents a 
significant unmet clinical need. Current and future efforts, using varied methodolo-
gies and reviewed herein, are poised to chart the patient and tumor radiogenomes. 
These ambitious efforts are poised to reveal actionable information that can guide 
radiation treatments and the use of targeted radiosensitizers.
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Abstract Predictive biomarkers that allow rational selection of treatments for indi-
vidual patients have played a central role in precision oncology. While such bio-
markers have transformed approaches for systemic drug-based therapies, few 
markers are currently available clinically for aiding therapeutic decisions involving 
radiation therapy and radiation/drug combination. Given the considerable heteroge-
neity of tumor responses to radiation and chemoradiation in the clinic, there exists 
a critical need to establish biomarkers for stratifying tumors according to their rela-
tive treatment sensitivity/resistance. This will aid the development of radiation/drug 
combinations which to date have largely followed the historical “one-size-fits-all” 
approach. The use of targeted radiosensitizers may be especially beneficial for 
radioresistant cancers where pure radiation dose escalation may be limited by the 
radiation tolerance of the normal tissues surrounding a tumor. In particular, the ther-
apeutic index could be widened if radiosensitizers take aim at molecular targets that 
are present or overexpressed in the tumor but not normal tissues. Here, we review 
not only established radiobiological parameters that impact clinical radioresistance 
but also genomic tumor alterations such as mutations in KEAP1/NFE2L2 or KRAS 
that are emerging as clinically useful biomarkers in this regard. There exists tremen-
dous opportunity to realize the precision radiation medicine concept in the clinic 
through the rational development of radiation/drug or chemoradiation/drug combi-
nations that are guided by these biomarkers.
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1  Introduction

In radiation oncology, clonogenic tumor cells have been historically defined as cells 
that have the capacity to produce an expanding family of daughter cells and form 
colonies following irradiation in an in vitro assay or give rise to a locally recurrent 
tumor in in  vivo models (Willers et  al. 2019). To what extent clonogenic cells 
resemble cancer stem cells (CSC) or CSC-like cells is poorly understood but the 
terms have been used interchangeably (Baumann et al. 2016; Krause et al. 2011, 
2017; Willers et al. 2013). To eradicate or locally control a tumor, all CSCs have to 
be inactivated. Treatment may fail if only one CSC survives because that cell can 
regenerate the tumor. The success rate of radiation therapy is determined by the 
fraction of tumors that are without any surviving CSCs after the final radiation dose 
is delivered. At first approximation, CSC inactivation by radiation is both random 
and logarithmic (Willers and Held 2006). Logarithmic cell inactivation translates 
into a sigmoid dose-response curve, i.e., a curve of tumor control probability (TCP) 
(Fig.  4.1a). It follows that increasing the radiation dose—for a given number of 
CSCs—will increase the probability that a CSC is lethally injured, thereby decreas-
ing the number of surviving CSCs. This dose-response relationship suggests that 
absolute radioresistance does not exist. Any number of tumor cells can be eradi-
cated as long as the total dose of radiation is high enough. However, the radiation 
tolerance of normal organs and tissues surrounding a tumor restricts the maximum 
amount of radiation that can be safely administered to a patient (Willers et al. 2013).

Based on experimental evidence and clinical observations, it can be assumed that 
in a population of cancer patients, a spectrum of dose-response curves exists (Krause 
et al. 2017). Figures 4.1b and c depict hypothetical individual TCP curves to illus-
trate this concept. In clinical practice, the TCP curve for a patient population is 
flatter than in individual patients because of underlying inter-patient and inter- 
tumoral heterogeneity (Fig. 4.1c). Thus, the more heterogeneous a patient popula-
tion is, the flatter the average TCP curve becomes and the more difficult it is to 
detect an improvement in treatment outcome with increasing radiation dose. 
Therefore, it is difficult to apply the dose-response findings observed in a popula-
tion accurately to a given individual patient whose individual tumor dose-response 
curve is unknown. Here, predictive biomarkers would be extremely useful, if not to 
identify individual patient curves but at least to stratify tumors into radiosensitive, 
radioresistant, and intermediate bins (Krause et al. 2017). Within most cancer types 
tumors exist that are (relatively) resistant to radiation or concurrent chemoradiation 
therapy. For these tumors, approaches other than pure radiation dose escalation may 
be needed to increase the TCP, for instance, through the addition of molecular tar-
geted radiosensitizers.

Historically, the framework of the so-called five “R’s” of Radiation Therapy has 
been used to try to explain the sensitivity of tumors and normal tissues to fraction-
ated radiation treatment: Recovery, Repopulation, Reoxygenation, Redistribution, 
and Radiosensitivity (reviewed in (Willers and Held 2006; Willers et  al. 2019)). 
However, these factors have only partial clinical relevance, especially with regard to 
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Fig. 4.1 Illustration of tumor control probability curves assumed to exist in humans of (a) an 
individual tumor, (b) several individual tumors with varying radiosensitivity, and (c) of a popula-
tion-based dose response curve
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the characterization of radioresistant tumors. In this chapter, we review mechanisms 
and biomarkers of tumor radioresistance that are of clinical significance. Readers 
are also referred to excellent recent reviews on this topic (Baumann et  al. 2016; 
Kirsch et al. 2018). We will expand on emerging genomic biomarkers such as muta-
tions in KEAP1, NFE2L2, and KRAS, which may be able to impact clinical practice 
in the not too distant future. For a discussion of hypoxia, tumor microenvironment, 
and immune response, and their relationship to tumor radioresistance, readers are 
referred to Chaps. 11–13.

2  Intrinsic or Cellular Radioresistance

Despite advances in radiation therapy leading to more efficient eradication of cancer 
and improved patient outcomes, a significant percentage of tumors are still able to 
withstand treatment which eventually leads to recurrent disease. In addition to 
extrinsic or microenvironmental factors such as hypoxia (reviewed in Chap. 11), 
tissue stiffness or the composition of the extracellular matrix, intrinsic, or cellular 
characteristics, such as DNA repair capacity or pro-survival signaling, constitute an 
important determinant of a tumor’s ability to survive irradiation (Kirsch et al. 2018).

Analyzing in vitro survival curves, Fertil and Malaise found that cell lines derived 
from human cancer patients vary in their radiosensitivity, in particular in the low 
dose range which could not be explained by external or technical parameters (Fertil 
and Malaise 1981). Comparison between the surviving fraction after 2 Gy (SF2) 
and clinical data of different cancer types revealed a significant association between 
high in vitro radiosensitivity and a low radiation dose necessary to obtain a 95% 
tumor control probability (TCD 95%). These results were confirmed by Deacon and 
colleagues who showed that the initial slope of the survival curve correlates with 
clinical radiosensitivity but not clonogenic survival at higher doses (Deacon et al. 
1984). Although attempts to use the SF2 as well as the colony-forming efficiency of 
tumors to predict local control and patient survival after radiation therapy showed 
encouraging prognostic value (Björk-Eriksson et al. 2000; Buffa et al. 2001), these 
parameters have not been implemented into standard clinical care. Reasons for this 
included the challenges to establish an easy-to-perform, automated, and observer- 
independent assay to measure clonogenic survival as well as the long time which is 
required to allow the colonies to grow, making this approach impracticable for clini-
cal routine.

An alternative, genomics-based method has been pursued by Torres-Roca and 
others (Eschrich et al. 2009; Torres-Roca 2012; Hall et al. 2018). These investiga-
tors determined clonogenic SF2 values in a panel of 48 annotated human cancer cell 
lines. A gene expression signature consisting of 10 genes was identified and used to 
build a rank-based linear regression algorithm to predict a radiosensitivity index 
(RSI) where high index signals are relative to radioresistance. Eschrich et al. showed 
in a retrospective analysis that RSI correlates with 5-year disease-free survival of 
breast cancer patients treated with radiation therapy but has no association with 
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survival of patients treated without irradiation (Eschrich et al. 2012). Further, RSI 
was found to be an independent predictor for the clinical outcome of radiation 
treated-patients suffering from a number of different cancer types including radio-
resistant glioblastoma, pancreatic adenocarcinoma, triple-negative breast cancer, 
and metastatic colon cancer (Ahmed et  al. 2015a, b, 2019; Strom et  al. 2015). 
Recently, a genomic-adjusted radiation dose (GARD) was derived from the RSI and 
linear quadratic model. A patient-specific GARD served as a marker for the expected 
individual tumor sensitivity to radiation and was found to be associated with sur-
vival and local control endpoints (Ahmed et al. 2019; Scott et al. 2017). This data 
strongly suggests that a one-size-fits-all radiation dose prescription is suboptimal 
for at least some patients given the genomic heterogeneity in intrinsic radiosensitiv-
ity observed.

Thus, there exists accumulating evidence that assessing the intrinsic radiosensi-
tivity of tumors may be useful to identify radioresistant tumors and select those 
patients for intensified multimodal cancer therapy including treatment with targeted 
radiosensitizers. Nevertheless, prospective studies are warranted to confirm that use 
of these methods for treatment planning results in a significant benefit in clinical 
outcome.

3  Cancer Stem Cells and Radioresistance

In recent years, the significance of CSCs, or CSC-like cells, for radiation and che-
motherapy resistance resulting in treatment failure and disease relapse has emerged. 
Because CSCs have a capability for unlimited cell division and are able to differen-
tiate into heterogeneous cancer cell types, one surviving CSC can potentially rebuild 
a complete tumor (Fig. 4.2) (Clarke et al. 2006). Therefore, as the goal for success-
ful curative therapy is to eradicate all CSCs, a lot of effort has been made to develop 
novel treatment strategies that specifically target CSCs. A preferred method to iden-
tify and isolate CSCs in tumors for studying their unique molecular characteristics 
is using the expression of cell surface markers and proteins. For example, the cluster 
of differentiation (CD)133 has been linked to CSC-like behavior of glioblastoma 
and colon cancer cells (Singh et al. 2004; O’Brien et al. 2007), while tumorigenic 
breast cancer cells exhibit a combination of high CD44 and low CD24 levels 
(Al-Hajj et al. 2003). Moreover, it has been shown that CSCs of several cancer types 
have an enhanced activity of aldehyde dehydrogenase 1 (ALDH1) which is why 
measuring the enzymatic activity of ALDH1 can be exploited to identify CSC-like 
cells (Huang et al. 2009).

A variety of different mechanisms have been reported to promote the radioresis-
tance of CSCs. For instance, CSCs of breast cancers have lower concentrations of 
reactive oxygen species (ROS) than non-tumorigenic cells by overexpression of free 
radical scavenging systems (Diehn et al. 2009). Since ROS are crucial for the effi-
cacy of ionizing radiation, CSCs exhibited less radiation-induced DNA damage, 
while inhibition of ROS scavengers resulted in radiosensitization of CSCs. Similarly, 
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Chang and colleagues found that squamous cell carcinoma cells of the head and 
neck with low ROS levels frequently expressed CSC markers and had high tumori-
genicity (Chang et al. 2014). Further, there have been studies showing increased 
DNA repair in CSCs which may also contribute to the observed radioresistance 
(Bao et al. 2006; Yin and Glass 2011). In glioma, CD133-positive tumor cells are 
enriched after radiation treatment indicating that these cells may survive irradiation 
to a greater extent (Bao et al. 2006). Additionally, CD133-expressing glioma cells 
showed a significantly increased radiation-induced phosphorylation of ataxia- 
telangiectasia- mutated (ATM), CHK1, and CHK2 and a more efficient repair of 
DNA breaks than CD133-negative cells. In line with these results, ATM signaling is 
also enhanced in CSC-like CD44+/CD24− breast cancer cells resulting in higher 
radiation resistance, whereas ATM inhibition reverses this effect (Yin and 
Glass 2011).

Although increased DNA repair capacity and reduced DNA damage induction 
can explain the enrichment of CSCs after radiation therapy, there is also evidence 
that cancer cell plasticity may play a role for this finding (Fig.  4.2) (Vlashi and 
Pajonk 2015). Interestingly in breast cancer, radiation has been shown to upregulate 
CSC markers and enable differentiated cancer cells to re-acquire stem-like charac-
teristics (Lagadec et al. 2012). Similar results were obtained in hepatocellular carci-
noma cells (Ghisolfi et  al. 2012). One mechanism how irradiation might trigger 
non-tumorigenic cells to dedifferentiate and turn into CSCs or CSC-like cells is the 
induction of epithelial–mesenchymal transition (EMT). Mani and colleagues 
showed that forced EMT of immortalized human mammary epithelial cells not only 
enhanced the ability to form mammospheres but also resulted in expression of vari-
ous CSC markers (Mani et  al. 2008). Additionally, stem-like normal and cancer 
cells obtained from mammary gland tissue or mamma carcinoma expressed EMT 
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Fig. 4.2 Illustration of the response of cancer stem cells (CSC) to radiation treatment
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markers indicating an association between EMT and stem cell properties. In line 
with these results, radiation therapy has been shown to induce EMT in endometrial 
carcinoma, breast cancer, and lung carcinoma, and impacts tumor radioresistance 
(Chiba et al. 2012; Jung et al. 2007; Theys et al. 2011; Tsukamoto et al. 2007; Zhang 
et al. 2011).

4  Cancer Stem Cells: Tumor Volume and Repopulation

Human tumors are thought to contain variable fractions of CSCs (Baumann et al. 
2016; Krause et al. 2017). Therefore, radioresistance increases with enlarging tumor 
volume, i.e., an increasing number of CSCs, which has been consistently shown in 
experimental (immunodeficient) mouse models and in clinical cohorts, particularly 
non-small lung carcinoma (NSCLC) (Yaromina et al. 2007; Baumann et al. 1990; 
Alexander et al. 2011; Dubben et al. 1998; Johnson et al. 1995; Soliman et al. 2013; 
Werner-Wasik et al. 2008). At the same time, for tumors of equal volume, a higher 
density of CSCs will negatively impact local control after radiation therapy. It fol-
lows that larger tumors, with a higher fraction of CSCs, will require a higher dose 
of radiation (or/and a radiosensitizing drug) to maintain adequate levels of local 
tumor control compared to smaller tumors (Willers et al. 2013).

The time over which the total dose of radiation is delivered becomes important if 
there is repopulation of CSCs within the irradiated tumor during a several-week 
course of radiation therapy (Willers et al. 2013; Willers and Held 2006). CSC repop-
ulation is likely an adaptive response to the cytotoxic effects of radiation and may 
be due to several factors including cellular plasticity where radiation transforms 
bulk tumor cells into CSCs and a reduction of the fraction of cells lost from the 
tumor. Because repopulation compensates for radiation-induced cell death during 
fractionated treatment, it leads to an increased likelihood of CSCs and local relapse. 
Repopulation is accelerated when the doubling time of the proliferative cell pool is 
shorter than the doubling time before the start of radiation therapy. During treat-
ment, the doubling time of the CSC fraction may be as short as 4–5 days (so-called 
Tpot) compared with an average doubling time of many months or even longer prior 
to treatment. As a result, repopulation can compensate for ~0.6–1 Gy per day in 
some tumor types such as head and neck squamous cell cancers (HNSCC) (Withers 
et al. 1988). This kind of dose compensation may reduce the TCP by ~1% per day. 
Clinical and experimental data suggest that accelerated CSC repopulation may 
commence after a lag period of 3–4 weeks (Withers et al. 1988; Baumann et al. 
1994, 2003), but whether some tumors have the ability to repopulate earlier than 
that remains unknown. Thus, prolonging the overall treatment time will be associ-
ated with radioresistance. The role of overall treatment time and the importance of 
accelerated repopulation are complicated by the administration of chemotherapy in 
many tumor types. There are data that suggest that overall treatment time is less 
important when concurrent chemotherapy is administered though this is not 
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 universally the case (Nguyen-Tan et  al. 2014; Bourhis et  al. 2012; Meade et  al. 
2013; Machtay et al. 2005; Turrisi 3rd et al. 1999).

The tissue, cellular, and molecular mechanisms of accelerated repopulation are 
poorly studied (Krause et al. 2011; Huang et al. 2011). Interestingly, in head and 
neck squamous cell carcinoma, shortening the overall treatment time was shown to 
only benefits patients whose tumors have high expression of epiderma growth factor 
receptor (EGFR), whereas experimental data suggest that EGFR blockade may 
reduce tumor cell repopulation (Krause et al. 2005; Bentzen et al. 2005). There are 
currently no targeted agents in use with radiation to prevent or overcome acceler-
ated repopulation.

5  The KEAP1/NFE2L2 Pathway and its Role in Clinical 
Radioresistance

5.1  Overview of the KEAP1/NFE2L2 Pathway and Proteins

One radioresistance pathway that is becoming increasingly recognized as clinically 
significant in oncology is the Kelch-like ECH-associated protein 1/nuclear factor 
erythroid 2-related factor 2 (KEAP1/NFE2L2) pathway, which plays a crucial role 
in both normal cell and tumor cell oxygen and free radical homeostasis (Itoh et al. 
1997). The transcription factor NFE2L2 (also known as NRF2) is responsible for 
initiating transcription of hundreds of genes involved in cellular stress responses. 
The far-reaching effects of NFE2L2 activation include free radical detoxification 
and changes in cellular metabolism with a shift towards non-oxidative metabolism 
(Best and Sutherland 2018). For example, Blake et  al. have shown that cellular 
stress following exposure to cigarette smoke leads to an increase in NFE2L2 down-
stream target genes in respiratory epithelial cells due to an increase in free radical 
formation (Blake et al. 2010). Thus, the KEAP1/NFE2L2 pathway is a critical com-
ponent of cellular stress responses.

The NFE2L2 protein is 605 amino acids in length and contains seven conserved 
regions known as NRF2-ECH homology domains (Neh). The C-terminal Neh1 
domain contains a basic leucine zipper (bZip) and mediates hetero-dimerization 
with Maf proteins. This heterodimer binds antioxidant response elements (AREs) in 
promoters and leads to the transcription of downstream targets (Canning et  al. 
2015). In the absence of oxidative stress, NFE2L2 proteins are bound by KEAP1 
homodimers that contact NFE2L2 at the N-terminal Neh2 domain (Fig. 4.3) (Eggler 
et al. 2005; Itoh et al. 1999). The Neh2 domain contains two motifs responsible for 
KEAP1 binding. The first is the ETGE motif, which extends from residues Asp77 to 
Glu82 (with conserved Glu79 and Glu82) and mediates strong binding via hydro-
gen bonds to the one member of the KEAP1 homodimer (Canning et  al. 2015; 
Fukutomi et al. 2014). The second is the DLG motif, which extends from Trp24 to 
Arg34 and binds the second KEAP1 protein more weakly.
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KEAP1 is a member of the BTB-Kelch family of proteins and is 624 amino acids 
in length. KEAP1 serves as an adapter protein to recruit substrates for the Cullin3 
(CUL3)-based E3 ubiquitin ligase, resulting in ubiquitination and subsequent pro-
teasomal destruction of targets such as NFE2L2 (Kobayashi et al. 2004). KEAP1 
contains highly conserved cysteine residues in its BTB domain that mediate homodi-
merization and binding to CUL3 under normal cellular conditions (Fig.  4.3). It 
binds NFE2L2 via 6 Kelch repeats that form a 6-bladed beta-propeller structure 
(Canning et al. 2015). However, when exposed to oxidative stress, key cysteine resi-
dues in KEAP1 become oxidized resulting in a conformational change that disrupts 
binding of KEAP1 and CUL3 (Eggler et al. 2005; Eggler et al. 2009). This results 
in accumulation of NFE2L2 proteins, facilitating translocation from the cytoplasm, 
binding to AREs, and transcription of NFE2L2 target genes (Best and Sutherland 
2018; Kobayashi et al. 2004).

5.2  Mutations in the KEAP1/NFE2L2 Pathway and Their Role 
in Cancer

Mutations in KEAP1 or NFE2L2 occur most commonly in NSCLC but are also seen 
recurrently in a number of other tumor types (Fig. 4.4) (Hoadley et al. 2018). In 
NSCLC, mutations in KEAP1 and NFE2L2 are mutually exclusive, and KEAP1 
mutations occur more frequently in adenocarcinoma while mutations in NFE2L2 
are more frequently observed in squamous cell carcinoma (Campbell et al. 2016; 
Hoadley et  al. 2018). The exact role of these mutations in cancer development 
remains to be elucidated as activation of the KEAP1/NFE2L2 pathway is by itself 
insufficient for tumorigenesis. However, several mouse studies have shown that 
deletion of Keap1 synergizes with mutations in other pathways such as Trp53 or 
Pik3ca (Best et al. 2018; Jeong et al. 2017).

Mutations in KEAP1 or NFE2L2 are typically loss of function and gain of func-
tion, respectively (Shibata et al. 2008). However, the resultant phenotype is similar, 
leading to upregulation of NFE2L2 target genes. The mutational pattern in NFE2L2 
is akin to an oncogene, with hotspots occurring in the ETGE and the DGR motifs 
(located within the Neh2 domain, Fig.  4.5a). These mutations disrupt binding 
between NFE2L2 and KEAP1, interfere with the ubiquitination of NFE2L2, and 
lead to its constitutive activation. In contrast, KEAP1 mutations occur throughout 
the protein and have a pattern akin to a tumor suppressor, including gain of stop 
codon mutations. This is consistent with KEAP1’s role as a suppressor of NFE2L2 
function (Fig. 4.5b) (Eggler et al. 2005, 2009; Best and Sutherland 2018; Canning 
et al. 2015). Interestingly, three categories of pathogenic KEAP1 mutations have 
been described: (1) dominant-negative, (2) loss of function, (3) hypomorph (Berger 
et al. 2016; Cloer et al. 2018; Hast et al. 2014). Thus, there is a spectrum of patho-
logic phenotypes of KEAP1 mutations and their effect on clinical phenotypes has 
not been well studied.
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Fig. 4.4 Frequency of point mutations and insertion/deletions for the 20 cancer types most fre-
quently harboring KEAP1/NFE2L2 somatic tumor mutations reported by The Cancer Genome 
Atlas PanCancer Atlas (figure generated via cbioportal.org) (Hoadley et al. 2018). adeno adenocar-
cinoma, SCC squamous cell carcinoma, Uterine CC uterine clear cell, PCPG Pheochromocytoma 
and Paraganglioma, ACC adrenocortical carcinoma, pRCC renal papillary cell carcinoma, ccRCC 
clear cell renal cell carcinoma
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Ultimately, loss-of-function mutations in KEAP1 or gain-of-function mutations 
in NFE2L2 result in similar gene expression phenotypes (Namani et al. 2018). Of 
note, some studies have found associations between NFE2L2 pathway gene expres-
sion and prognosis in cancers where KEAP1/NFE2L2 mutations are not common, 
suggesting that there may be mutation-independent mechanisms of NFE2L2 activa-
tion that could be of clinical relevance (O’Cathail et  al. 2019; Yang et  al. 2011; 
Zhang et al. 2018).

5.3  Clinical Evidence of KEAP1/NFE2L2 Mutant Resistance 
to Therapy

Cancer therapy including some cytotoxic chemotherapies and radiation therapy 
generate free radicals that result in tumor cell killing. Thus, a tumor cell with upreg-
ulation of the NFE2L2 pathway would be expected to have inherent resistance to 
therapies that rely on free radical induced DNA damage. Focusing on resistance to 
radiation, several in vitro studies using human lung cancer cell lines have suggested 
that these mutations promote a cancer cell-intrinsic radioresistant phenotype that is 
dependent on NFE2L2-mediated transcription (Singh et  al. 2010; Abazeed et  al. 
2013). More recently, data supporting a role of KEAP1 loss-of-function mutations 
in radioresistance also come from a genetically engineered mouse model of lung 
squamous cell carcinoma based on deletion of Keap1 and Trp53 (Jeong et al. 2017). 
In these tumors, Keap1 deletion results in upregulation of NFE2L2-mediated 
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Fig. 4.5 Distribution of KEAP1 (panel a) and NFE2L2 (panel b) and mutations reported by The 
Cancer Genome Atlas PanCancer Atlas (Modified figure generated via cbioportal.org) (Hoadley 
et al. 2018)
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 transcription, decrease in baseline ROS levels, and radioresistance both in clono-
genic assays and in vivo.

While mounting preclinical data suggest a role for KEAP1/NFE2L2 mutations in 
radioresistance, until recently clinical data supporting this hypothesis were lacking. 
The clinical outcome that should most specifically reflect radioresistance is local 
recurrence within an irradiated volume. Distant recurrence outside of the high dose 
treatment volume can be due to micrometastases that were present prior to radiation 
therapy and therefore does not clearly reflect radioresistance of tumor cells. Along 
these lines, in 2017 Jeong et al. reported on a cohort of 42 localized NSCLC patients 
whose tumors were genotyped for KEAP1 and NFE2L2 mutations and who were 
treated with radiation therapy (Jeong et al. 2017). Strikingly, patients with KEAP1/
NFE2L2 mutant tumors had extremely high rates of in-field local recurrence (~60%) 
compared to patients with wild-type tumors (~20%). Similar results were observed 
in an independent cohort of 20 patients genotyped using circulating tumor DNA, 
providing initial evidence of validation of this finding. Both cohorts included 
patients treated with conventionally fractionated radiation therapy or stereotactic 
body radiation therapy (SBRT) but were not powered to determine a difference 
between these two types of approaches. Similar evidence for increased local recur-
rence of KEAP1/NFE2L2 mutant tumors following radiation therapy in other tumor 
types remain limited to date although two studies only published in abstract form, 
one in head and neck cancer and another in metastatic NSCLC, suggest similar 
results (Farquhar et al. 2018; Anderson et al. 2018). Furthermore, although there 
have been several reports suggesting gene expression of NFE2L2 target genes may 
identify patients with poorer prognoses after radiation therapy, none of these studies 
have specifically examined local tumor control, and therefore it remains unclear if 
NFE2L2 gene expression in the absence of KEAP1/NFE2L2 mutations is associated 
with increased local recurrence (Anderson et al. 2018; Namani et al. 2018; O’Cathail 
et al. 2019; Singh et al. 2010; Zhang et al. 2018). Finally, regarding resistance to 
systemic therapy, there have been multiple reports of worse response to chemo-
therapy or EGFR tyrosine kinase inhibitor in KEAP1/NFE2L2 mutant metastatic 
NSCLC (Bollong et al. 2015; Goeman et al. 2019; Jeong et al. 2020).

5.4  Strategies to Overcome KEAP1/NFE2L2 Resistance 
to Therapy

Given the radioresistant phenotype of tumors with KEAP1/NFE2L2 mutations, 
approaches for overcoming the high local failure rates observed clinically are 
urgently needed. One potential strategy is dose escalation although it remains to be 
seen if more intense dose regimens such as SBRT can overcome KEAP1/NFE2L2- 
mediated radioresistance. A second potential strategy involves radiosensitization 
using pharmacologic agents and a variety of strategies for inhibiting the  KEAP1/
NFE2L2 pathway have been explored preclinically. For example, depletion of 
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NFE2L2 using siRNA or shRNA can radiosensitize cells with KEAP1 or NFE2L2 
alterations (Abazeed et al. 2013; Singh et al. 2010; Jeong et al. 2017). However, 
clinical translation of such approaches remains challenging. Potentially more read-
ily translatable, several small molecule inhibitors have been identified that can 
inhibit cells with NFE2L2 activation (Abazeed et al. 2013; Bollong et al. 2015; Lee 
et al. 2012; Moore et al. 2018; Singh et al. 2016; Sun et al. 2016). Currently, none 
of these approaches are being tested clinically in the context of radiation therapy. 
However, two drugs are being tested as monotherapy in patients with metastatic 
NSCLC. The first is based on the observation that KEAP1 mutant tumor cells exhibit 
increased dependence on glutaminolysis that can be targeted using pharmacologic 
inhibitors of glutaminase (Romero et al. 2017; Shibata et al. 2010). A phase 2 basket 
trial testing the glutaminase inhibitor CB-839  in patients with advanced KEAP1 
mutant tumors is currently underway (NCT03872427). Separately, preclinical data 
suggest that KEAP1/NFE2L2 mutations lead to mTOR pathway activation and 
induce sensitivity to mTOR inhibitors (Shibata et al. 2010). This work has moti-
vated a phase 2 trial testing the activity of the mTOR inhibitor sapanisertib in 
patients with metastatic NSCLC harboring KEAP1/NFE2L2 mutations 
(NCT02417701).

5.5  Conclusions

Preclinical and emerging clinical evidence suggests that tumors harboring KEAP1/
NFE2L2 mutations are resistant to radiation therapy and other treatments that 
involve production of free radicals. Currently, the strongest evidence for the asso-
ciation of KEAP1/NFE2L2 mutations with clinical radioresistance is in NSCLC, but 
it is likely these mutations have similar effects in other tumor types in which they 
are recurrently mutated. In addition to further validation of these observations, 
approaches for overcoming KEAP1/NFE2L2 mutation-mediated radioresistance are 
urgently needed.

6  KRAS Mutations and Their Role in Clinical 
Radioresistance

6.1  The KRAS Oncogene and Cellular Radioresistance

Another radioresistance pathway with emerging clinical significance is defined by 
the KRAS gene, which encodes a GTPase involved in relaying signals from the cell 
membrane to the nucleus (Stephen et  al. 2014; Simanshu et  al. 2017). Upon the 
introduction of point mutations, most commonly at codons 12 and 13, the KRAS 
protein becomes constitutively active and acquires oncogenic properties. KRAS is 
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commonly mutated in many malignancies, including approximately 30% of 
NSCLC, 40% of colorectal cancers, and 95% of pancreatic cancers (Stephen et al. 
2014). KRAS mutant cancers often exhibit poor drug responses and prognosis 
(Blons et al. 2014; Eberhard et al. 2005; Han et al. 2006; Richman et al. 2009; Tao 
et al. 2007; Winton et al. 2005).

For more than two decades, it has been known that KRAS mutation also promotes 
cellular resistance to ionizing radiation (Bernhard et al. 2000; Cengel et al. 2007; 
Kim et al. 2005). A variety of underlying mechanisms have been proposed to explain 
KRAS-mediated radioresistance (Grana et al. 2002; Kim et al. 2005; Kleiman et al. 
2013; Minjgee et al. 2011; Toulany et al. 2005; Williams et al. 2012; Xu et al. 2011). 
Some groups have suggested a role of PI3K-AKT and FAK pathways in mediating 
DNA double-strand break (DSB) repair and radioresistance downstream of KRAS 
(Minjgee et al. 2011; Tang et al. 2016; Toulany et al. 2005). However, the poten-
tially complex roles of AKT in DSB repair remain far from being understood, and 
how FAK connects to DSB repair is poorly defined as well (Fraser et al. 2011; Plo 
et al. 2008; Toulany et al. 2008, 2012; Xiang et al. 2008). Another mechanism was 
proposed by Wang et al. who reported that KRAS mutation was associated with a 
suppression of the induction of DSBs rather than an enhancement of DSB repair in 
NSCLC models (Wang et al. 2014). In that study, the suppression of DSB induction 
was dependent on EGFR and PKCα signaling in KRAS mutant cells and potentially 
related to chromatin condensation that shielded genomic DNA from ionizing radia-
tion. In a follow-up study, Wang et al. tied KRAS mutant-dependent radioresistance 
to an osteopontin- and EGFR-mediated CSC-like phenotype (Wang et  al. 2017). 
This data is consistent with accumulating observations that link KRAS to CSC-like 
properties (Ali et al. 2016; Barcelo et al. 2013; Moon et al. 2014; Seguin et al. 2014; 
Stephen et al. 2014; Wang et al. 2015). In contrast, in a large screen of more than 
500 cancer cell lines, KRAS mutation was unexpectedly not found to be associated 
with radioresistance (Yard et al. 2016). Taken together, these conflicting observa-
tions may be related to the complexity of KRAS function and heterogeneity across 
KRAS mutant tumors, which are only recently being more appreciated.

6.2  In Vivo and Clinical Radioresistance Associated 
with KRAS Mutation

Despite extensive preclinical work on the link between KRAS mutation and radiore-
sistance over the past two decades, evidence that KRAS status can indeed impact 
local tumor control has been lacking until recently. Table 4.1 summarizes clinical 
data mostly in lung and rectal cancers that demonstrate a link between mutant KRAS 
and either pathological tumor response or local control at 1–2 years after radiation 
treatment (Hong et al. 2017; Mak et al. 2015; Kamran et al. 2019; Russo et al. 2014; 
Chow et al. 2016; Cassidy et al. 2017; Jethwa et al. 2020). For example, in a pro-
spective phase II trial of SBRT for liver metastases from different tumor types 
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including NSCLC, colorectal cancers, and pancreatic cancer, Hong and colleagues 
were able to obtain KRAS mutation status for 57 out of a total of 89 tumors using a 
next-generation sequencing-based clinical assay (Hong et al. 2017). The presence 
of a KRAS mutation in codon 12, 13, or 61 was the strongest predictor of inferior 
local treatment outcome, with a 1-year local control rate of 43% vs. 72% for tumors 
without detected mutation (p = 0.02). In support of the patient data, Gurtner et al. 
conducted a co-clinical trial using a clinical radiation regimen with a range of total 
doses delivered in 30 fractions over 6 weeks to nude mice harboring NSCLC xeno-
grafts (Gurtner et al. 2020) (Fig. 4.6). To locally control 50% of KRAS wild-type 
xenografts, a dose of 43.1 Gy (TCD50) was required while KRAS mutant tumors 
needed a 1.9-fold higher TCD50 of 81.4 Gy.

Table 4.1 Accumulating clinical evidence for the predictive value of KRAS/TP53 (KP) mutation 
in cancer patients undergoing radiation therapy

Reference Institution

Geno- 
typed 
pts (n)

Cancer 
type Radiation

Dose 
(Gy) Endpoint

KRAS 
mut 
vs. wt 
(%)

KP 
vs. 
others 
(%)

Russo et al., 
J 
Gastrointest 
Cancer 
(2014)

MGH 47 Rectal 
cancer

Preop 
RT + 5FU

50.4 pCR 5 vs. 
15

N/A

Mak et al., 
Clin Lung 
Cancer 
(2015)

DFCI 9 NSCLC SBRT Median 
54

1-year 
LC

57 vs. 
74

N/A

Chow et al., 
Ann Surg 
Oncol 
(2016)

Multicenter 229 Rectal 
cancer

Preop 
RT + 5FU

N/A pCR 15 vs. 
34

6 vs. 
53

Cassidy 
et al., 
Cancer 
(2017)

Emory 45 NSCLC SBRT Median 
50

2-year 
LC

44 vs. 
74

N/A

Hong et al., 
JNCI (2017)

MGH 
Phase II 
Trial

57 Liver 
metastases

SBRT 
protons

Median 
50

1-year 
LC

43 vs. 
72

20 vs. 
69

Kamran 
et al., Clin 
Cancer Res 
(2019)

MGH/
Broad

17 Rectal 
cancer

Preop 
RT + 5FU

50.4 Path 
response

30 vs. 
71

14 vs. 
64

Jethwa et al., 
Radiother 
Oncol 
(2020)

Mayo 85 Colorectal 
metastases

SBRT Median 
50

2-year 
LC

NS 56 vs. 
89

Pts patients, NSCLC non-small cell lung carcinoma, Preop preoperative, RT radiation therapy, 
5FU 5-fluorouracil, SBRT stereotactic body radiation therapy, pCR pathologically complete 
response, LC local control, mut mutant, wt wild-type, N/A not applicable, NS no statistically sig-
nificant
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6.3  Inter-tumoral heterogeneity and the Role of KRAS/TP53 
(KP) Co-Mutation

KRAS mutant tumors are heterogenous with regard to their treatment sensitivity 
which may depend on histology, specific allelic mutation, and co-mutations in other 
cancer genes (Stephen et al. 2014; Haigis 2017; Skoulidis and Heymach 2019). In 
NSCLC, there exists growing evidence for distinct KRAS subgroups depending on 
co-mutation of either the TP53 or LKB1 (STK-11) tumor suppressor gene (Skoulidis 
et al. 2015, 2018). In addition, KEAP1 co-mutation or increased MYC activity may 
impact the immune environment of these cancers (Skoulidis and Heymach 2019). 
Loss of TP53 is associated with an inflamed tumor microenvironment and increased 
PD-L1 expression in tumor cells. As a result, these tumors show high response rates 
to immune checkpoint inhibition (Skoulidis et al. 2018).

At the same time, co-occurrence of TP53 mutation has been linked with increased 
resistance to radiation compared to wild-type TP53 in lung and rectal cancers 
(Chow et al. 2016; Jethwa et al. 2020; Kamran et al. 2018; Wang et al. 2017; Hong 
et al. 2017) (Table 4.1). In a preclinical study of 17 NSCLC cell lines, KP mutant 
status was associated with the highest clonogenic survival fraction (Gurtner et al. 
2020). In two retrospective clinical analyses, poor pathological response following 
neoadjuvant concurrent chemotherapy and radiation was more common in rectal 
cancer patients with KP mutant tumors (Chow et al. 2016; Kamran et al. 2019). In 
one of these, Kamran et al. performed integrated genomic profiling of tumors before 
and after chemoradiation (Kamran et al. 2019). Interestingly, one KRAS-mutated 
tumor with a non-response harbored a TP53 mutation post-chemoradiation that was 
not detected in the pre-treatment tumor despite sufficient power to detect a  mutation, 
suggesting the emergence of a radioresistant subclone. The analysis also suggested 
that local immune escape during or after chemoradiation in KP mutant tumors may 
contribute to distant disease progression. Two additional clinical cohorts have 
shown reduced local tumor control after irradiation of metastases. In the prospective 
trial by Hong et  al., patients with KP mutant tumors experienced a 1-year local 

Fig. 4.6 Tumor control 
probability curves in a 
heterotopic lung cancer 
xenograft model treated 
with 30 fractions of 
radiation. Tumors were 
either KRAS mutant or 
wild-type in a TP53 mutant 
background. (Redrawn 
from Gurtner et al. (2020))
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control rate of 20% after SBRT compared to 69% for all other genotypes (p = 0.001) 
(Hong et al. 2017). In a retrospective cohort of colorectal metastases treated with 
SBRT, 1-year local control was 56% and 89% for KP mutants versus all other 
tumors, respectively (p = 0.04) (Jethwa et al. 2020). In this context, the radioresis-
tance of pancreatic adenocarcinomas, which are characterized by a very high preva-
lence of KP mutations, is noteworthy (Seshacharyulu et al. 2017). It remains to be 
elucidated whether TP53 mutation is merely a marker for radioresistance or directly 
modulates radiation response in KRAS mutant tumors. While DNA repair functions 
have been ascribed to TP53, it is unclear if TP53 status in of itself can affect radio-
resistance (Dahm-Daphi et al. 2005; DiBiase et al. 1999).

There currently exist no good data to define the radioresistance of KRAS/LKB1 
(KL) mutant NSCLCs. These tumors are distinct from KP tumors by virtue of resis-
tance to anti-PD-1 and anti-PD-L1 therapies (Skoulidis et al. 2018). They exhibit 
impaired innate immunity (Kitajima et al. 2019), and this could conceivably affect 
clinical radiation responsiveness. In addition, somatic mutations in LKB1 and 
KEAP1 commonly co-occur in KRAS mutant NSCLC which is expected to impact 
radioresistance (Skoulidis and Heymach 2019). In a genetically engineered mouse 
model of NSCLCs with different genotypes, Wong and others observed rapid 
regrowth of KL tumors >6 weeks following 17 Gy in two fractions which was not 
seen in KP tumors or KRAS mutant tumors that were otherwise wild-type (Herter- 
Sprie et al. 2014). Experimental local tumor control data for KL mutants are not 
available to the best of the authors’ knowledge.

6.4  Targeting of KRAS Mutant Cancers

There has been a longstanding interest in using molecular targeted agents to over-
come the radioresistance of KRAS mutant tumors and cells (Minjgee et al. 2011; 
Tang et al. 2016; Toulany et al. 2005, 2006; Cengel et al. 2007); however, no treat-
ment combination has yet been clinically successful. Here, we highlight four poten-
tial approaches based on more recent preclinical data:

6.4.1  MEK Inhibitor Trametinib

In a high-content clonogenic radiation/drug screen, Lin and colleagues identified 
several MEK inhibitors as radiosensitizers in KRAS mutant NSCLC cells (Lin et al. 
2014). One of these, trametinib, sensitized KRAS mutant NSCLC to radiation both 
in vitro and in vivo (Lin et al. 2014; Wang et al. 2018). Importantly, trametinib also 
sensitized xenografts to chemoradiation which is the standard-of-care treatment for 
locally advanced NSCLC. Furthermore, on the basis of 8 KP and KL models tra-
metinib appeared to preferentially sensitize tumors with an LKB1 co-mutation 
(Wang et al. 2018). Mechanistically, MEK inhibition and radiation caused prema-
ture senescence, from which cells could be rescued through an AMPK autophagy 
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pathway in LKB1 wild-type but not in KL mutant tumors. Trametinib is currently in 
a phase I clinical trial in combination with chemoradiation for locally advanced 
NSCLC (NCT01912625).

6.4.2  Multikinase Inhibitor Midostaurin

In an in vitro screen of 12 NSCLC cell lines, Liu et al. identified the multikinase 
inhibitor midostaurin, FDA approved for the treatment of FLT3-positive acute 
myeloid leukemia, as a preferential radiosensitizer of cells harboring KRAS codon 
12/13 mutations (Liu et al. 2015). This was confirmed in isogenic cell pairs and a 
clonogenic suvival assay. Midostaurin also increased the number of residual 
radiation- induced DNA double-strand breaks (DSB) and caused apoptosis or senes-
cence in irradiated KRAS mutant cells. Further study suggested that PKCα is the 
relevant radiosensitization target of midostaurin (Liu et al. 2015; Wang et al. 2014). 
Even though the radiosensitizing effect of midostaurin was not validated in vivo, a 
clinical phase Ib trial of this compound in conjunction with neoadjuvant chemora-
diation was completed in 19 rectal cancer patients (NCT01282502) (Hong et  al. 
2018). Treatment was well tolerated, and all patients underwent surgical resection. 
Correlation of pathological response with tumor genotype suggests that midostaurin 
has efficacy in KRAS mutant cancers (Kamran et al., unpublished).

6.4.3  EGFR Inhibitor Erlotinib

Wang et al. screened 40 NSCLC cell lines to assess the radiosensitizing properties 
of the EGFR tyrosine kinase inhibitor erlotinib and the anti-EGFR monoclonal anti-
body cetuximab (Wang et  al. 2014). Unexpectedly, radiosensitization by these 
agents was correlated with KRAS mutation, which was confirmed in several iso-
genic cell pairs and additional assays. The radiosensitizing effect of erlotinib was 
validated by Gurtner et al. who treated nude mice bearing isogenic NSCLC xeno-
grafts with or without mutant KRAS (in a TP53 mutant background) (Gurtner et al. 
2020). Erlotinib reduced the TCD50 by 1.4-fold, a degree of magnitude that was 
similar to that observed in vitro. Cetuximab unexpectedly did not have any radio-
sensitizing effect, consistent with prior xenograft and clinical data (Kriegs et  al. 
2015; Bradley et al. 2020). In a subset analysis of the CALGB 30106 phase II clini-
cal trial, patients with locally advanced NSCLC were treated with chemoradiation 
and the EGFR inhibitor gefitinib (Ready et al. 2010). Only 45 patients had KRAS 
status available with a mutation present in just 7 patients. There was no difference 
in overall and progress-free survival between KRAS wild-type and mutant tumors 
but the sample size was too small to derive any meaningful conclusions. The sensi-
tivity of KRAS mutant cancer cells to radiation/erlotinib seen preclinically stands in 
contrast to the known resistance of KRAS mutant cancers to EGFR inhibitors in 
monotherapy (Aviel-Ronen et al. 2006). Cancer cells with activating mutations in 
KRAS become independent of upstream EGFR signaling for growth and survival 
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and thus resistant to EGFR inhibitors alone. However, it appears that in some set-
tings EGFR maintains survival promoting functions that are independent of canoni-
cal PI3K-AKT and MEK-ERK signaling downstream of mutant KRAS. Wang and 
colleagues proposed a pathway in which EGFR and PKCα signaling protected 
KRAS mutant cells from the induction of potentially lethal DSB by ionizing radia-
tion (Wang et al. 2014).

6.4.4  DNA Damage Response (DDR) Inhibitors

There has been renewed interest in the clinical testing of DDR inhibitors. While 
their efficacy and safety in conjunction with chemoradiation remains to be estab-
lished, potentially increased toxicity may be justified in the treatment of radioresis-
tant tumors such as those with KRAS mutations. Alternatively, KRAS mutant tumors 
conceivably could harbor altered DDR responses that can be therapeutically 
exploited. For example, ATM mutations are found in these tumors which may pro-
vide an opportunity for ATR or PARP inhibitors (Skoulidis and Heymach 2019). 
There has also been a growing notion that KRAS mutant tumors exhibit increased 
DNA replication stress which affects radioresistance and could make them vulner-
able to inhibitors of kinases involved in replication (Grabocka et al. 2015; Carruthers 
et al. 2018; Wurster et al. 2016). Potentially related to this notion, preclinical in vitro 
data suggest that inhibitors of CHK1 kinase may be effective radiosensitizers in 
these tumors (Dinkelborg et al. 2019; Kleiman et al. 2013).

6.5  Conclusions

More than 20  years since the realization that KRAS mutation confers cellular 
radioresistance, there is now emerging clinical evidence that this relationship 
holds in patients. Owing to routine clinical testing for KRAS in metastatic cancer 
patients there exists considerable opportunity to leverage this genomic data for 
informing radiation therapy decisions. This is best done in a prospective fashion. 
Furthermore, KRAS-like signaling alterations and associated radioresistance may 
exist in tumor types that do not harbor mutations in KRAS, such as BRAF mutant 
cancers or triple- negative breast cancer (Dinkelborg et al. 2019; Robb et al. 2019). 
This is likely a rewarding space for future studies into molecular markers of clini-
cal radioresistance.
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7  Outlook

A number of predictive biomarkers already exist or are emerging for clinical use in 
radiation oncology (Baumann et al. 2016; Kirsch et al. 2018; Krause et al. 2017; 
Hall et  al. 2018). While it may ultimately not be possible to predict dose-tumor 
response curves in individual patients, stratifying patients into subsets of high, inter-
mediate, and low tumor radiosensitivity would be extremely helpful to guide 
decision- making. Biomarker combinations to define these patient strata would 
include tumor volume, hypoxia markers, genomic markers such as KEAP1, KRAS, 
and others, as well as measures of intrinsic radiosensitivity such as RSI. For certain 
tumor types, such as head and neck cancer squamous cell cancers, HPV status will 
also impact radiation approaches. Targeted radiosensitizers will have particular util-
ity in patient subsets with radioresistant tumors. For some of these, it may be pos-
sible to develop radiosensitizer treatments with tumor specificity, for example, 
through targeting KRAS or KEAP1 mutation-specific signaling pathways which are 
not or less active in normal tissues, thereby achieving therapeutic gain. Ultimately, 
prospective intervention studies will be needed to test the predictive value of these 
biomarkers.
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Chapter 5
Preclinical Strategies for Testing 
of Targeted Radiosensitizers

Steven H. Lin, Rui Ye, and Yifan Wang

Abstract Use of radiation for cancer therapy began shortly after the discovery of 
X-rays in 1895. Technological advances over the ensuing 120 years have enabled 
the development of sophisticated treatment systems, and radiation therapy remains 
an important component of cancer treatment, with more than 50% of all cancer 
patients receiving radiation therapy at some point in the course of the disease. In the 
1960s and 1970s, combining chemotherapy with radiation was found to have syner-
gistic anti- cancer effects for patients with advanced cancer. In more recent years, 
the advent of molecular biology has facilitated the development of specific drugs for 
molecular targets involved in neoplastic processes, giving rise to targeted therapy. 
Although the radiosensitization capabilities of some targeted agents have led to 
improved clinical outcomes in some cases, numerous clinical trials of targeted ther-
apies with radiation have failed to demonstrate such improvements. One reason for 
this failure may be the use of poorly designed and reported preclinical studies as the 
rationale for undertaking large, expensive, and ultimately unsuccessful clinical tri-
als. In this chapter, we introduce current preclinical screening methods for radiosen-
sitizers, review current guidelines and recommendations for the standardization of 
preclinical studies, and discuss future opportunities in the era of precision radiation 
oncology.
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1  Introduction

More than 50% of cancer patients receive radiation therapy, either alone or as a 
component of multimodality therapy, at some point in the course of the disease 
(Ahmed et al. 2016). Technological advancements in the planning and delivery of 
ionizing radiation have allowed ever-more precise and specific dose targeting to 
tumor tissues while minimizing the toxicity arising from exposure of nearby normal 
tissues to irradiation (Thariat et al. 2013; Lin et al. 2013). However, biologic factors 
such as the intrinsic and extrinsic radioresistance of tumors and inter- and intratu-
mor heterogeneity (Orth et al. 2014) are barriers towards maximizing the effective-
ness of radiation therapy. The realization in the 1960s and 1970s that cytotoxic 
chemotherapy could be combined with radiation therapy to enhance its effective-
ness has clinically impacted nearly all tumor types, but also led to the realization 
that further augmentation of radiation therapy or chemoradiation could be possible 
(Begg et al. 2011). Much research in the following decades has identified cellular 
pathways involved in DNA repair, cell cycle checkpoints, oncogenic signaling, and 
metabolic pathways that could enhance the radiation response of tumors. Systematic 
studies of how to best combine agents that target these and other novel pathways 
with radiation therapy have been developed. In this chapter, we review current 
methods for preclinical testing of radiosensitizing targeted agents, existing guide-
lines, and recommendations as well as challenges and opportunities.

2  Preclinical Methods for Testing Targeted Radiosensitizers

The mechanisms of action of any potential radiosensitizer must be tested and vali-
dated preclinically, ideally with both in vitro and in vivo experiments. The most 
commonly used in vitro model system for testing the modulatory effects of radio-
sensitizers has been immortalized human cancer cell lines. The radiosensitivity of 
cell lines can be assessed with a large variety of different experimental assays, albeit 
the clonogenic cell survival assay, tested in 6-well plates or other vessel formats, 
remains the gold standard for analyzing both the radiosensitivity of tumors and 
normal cells as well as the potential of targeted agents to modify radiation effects 
in vitro (Stone et al. 2016; Kirsch et al. 2018).

Clonogenic or colony-formation assays measure the reproductive capability of 
an irradiated cell (Fig. 5.1a). This reflects clinical practice where it is the survival of 
the few cancer cells in patients, not the death of the many, that leads to recurrences 
months to years after therapy (Stone et al. 2016). Clonogenic assays are indepen-
dent of the modes of cell death such as mitotic catastrophe, apoptosis, senescence, 
necrosis, or autophagy and the time intervals over which they occur. Lethally irradi-
ated cells usually have prolonged cell cycles and may die after one or more cell 
divisions (Fig. 5.1b). Clonogenic assays allow time for elimination of lethally irra-
diated cells that are not capable of sustained proliferation. Therefore, short-term 
proliferation/viability endpoints that are based on modes of cell death, such as 
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apoptosis assays, or cell cycle delays typically do not correlate well with clonogenic 
survival (Fig. 5.1c) (Brown and Wouters 1999).

Although clonogenic survival has the advantage of being able to account for 
radiation-related effects on cell growth, division, and proliferation (Franken et al. 
2006), its relatively low-throughput limits the ability of this assay to identify novel 
radiosensitizers in unbiased screening studies. Therefore, surrogates for clonogenic 
assays that can be adapted for higher throughput studies, as described below, are 
greatly needed. It is important to note that even though short-term screening assays 
may not accurately measure cellular radiosensitivity or radioresistance, as defined 
though clonogenic survival, they may be able to capture the relative change in radio-
sensitivity that is caused by adding a radiosensitizer to irradiation in a given cell line.

2.1  High-Throughput In Vitro Screening Methods

In 1988, Alley and colleagues reported the feasibility of using 96-well plate micro-
culture tetrazolium assays to measure short-term cell proliferation for drug screen-
ing (Alley et al. 1988). Since that time, several high-throughput screening studies 

48-72 hrs

apoptosis, cell cycle delay

cell death due to chromosomal aberrations may take 1-2 cell divisions

colonies with 50+ cells (5-6 doublings) indicate preserved reproductive
capacity and radiation survival = surviving cells are clonogenic

~2-3 weeks
loss of clonogenicity

2             4               8             16              32                   64

A

B

C

Fig. 5.1 Assessment of cell survival after treatment with ionizing radiation. (a) Colony formation 
assay tests the replicative potential of irradiated cells. (b) Lethally irradiated cells may experience 
cell cycle delay or divide one or more times before ceasing to proliferate. Because of this, short- 
term assays over 2–3 days are poorly suited to assess radiosensitivity/radioresistance of cells. (c) 
Short-term endpoints may reflect modes of cell death such as apoptosis
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designed specifically to identify radiosensitizers have been conducted, as summa-
rized in Table 5.1, and are reviewed briefly below.

Lally and others described a colorimetric assay with 3-(4,5-dimethylthiazol- 2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt 
[MTS]), to be used in 96-well plates to assess cellular survival in screens for novel 
radiosensitizers among 870 small molecule compounds (Lally et al. 2007). Both a 
glioma tumor cell line (U251) and a matched normal cell line (normal human astro-
cytes, or NHA) were used to identify 4′-bromo-3′-nitropropiophenone (NS-123), 
which radiosensitizes only glioma tumor cells but has limited toxicity for normal 
cell lines in response to a radiation dose of 4  Gy. The radiosensitizing effect of 
NS-123 was validated in vitro with an MTS assay of a colorectal cancer cell line 
(HT-29) and a lung cancer cell line (A549), and those results were further validated 
in vivo in zebrafish and nude mouse models.

Higgins and colleagues used DNA double-strand breaks (DSB), as quantified by 
γ-H2AX foci formation, as a surrogate for clonogenicity to screen 200 genes for 
their radiosensitizing effects (Higgins et al. 2010). By using a laryngeal cancer cell 
line (SQ20B) and a normal cell line (MRC5) irradiated with 4 Gy, POLQ was iden-
tified as a tumor-specific target for radiosensitization. The modulating effect of 
knocking down POLQ with small interfering RNA (siRNA) was further verified in 
standard clonogenic assays with a cervical cancer cell line (HeLa) and a bladder 
cancer cell line (T24) but were not reported to have been validated with in vivo models.

Lin et al. designed a novel high-content clonogenic survival assay system involv-
ing robotic cell seeding, drug dispensing, and automated imaging readouts of 
96-well plates (Lin et al. 2014). This assay was used to screen 146 targeted agents 
in use in early-phase clinical trials. Of those agents, several were identified that 
potently sensitized the KRAS-mutated non-small cell lung cancer (NSCLC) cell 
lines H460 and A549 to a radiation dose of 2 Gy. MEK inhibitors were particularly 
effective for specifically sensitizing KRAS-mutated NSCLC cells to radiation. These 
results were validated with standard clonogenic assays and further validated in vivo 
by using a nude mouse xenograft model. These findings formed the basis of a phase 
I study, funded by a UM1 (CTEP9488) and a UT Southwest/MD Anderson Cancer 
Center Lung Cancer SPORE, to test a MEK1/2 inhibitor (trametinib) with chemo-
radiation therapy for patients with KRAS-mutated locally advanced NSCLC 
(NCT01912625). The radiosensitizing effect of trametinib was further shown by the 
same group to function only in cell lines with mutations in both KRAS and LKB1, 
based on an analysis of 8 cell lines, suggesting that a subset of radiosensitizing 
modulators may be genotype specific (Wang et al. 2018).

Goglia et al. described a high-throughput assay method based on detecting DSBs 
with fluorescence in 384-well plates to screen for DSB repair inhibitors that could 
function as novel radiosensitizers (Goglia et al. 2015). By using the red and green 
fluorescence protein reporter system, this method allows non-homologous end- 
joining repair and homologous recombination repair to be measured simultaneously 
in U2OS cells after treatment with a DSB-inducing ligand. They eventually were 
able to confirm the radiosensitizing effects of two drugs that were identified in the 
initial screen using standard clonogenic assays. Rather than a phenotype screen, 
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such as cell proliferation, cell death, or clonogenic survival which are biologic end-
points based on multiple converging pathways, screens that assess the most proxi-
mal endpoints such as DNA damage or DNA foci formation could easily be 
automated and thereby enable the highest throughput screening of compounds. 
While such screens are highly sensitive, the sheer number of potential drugs that 
could be identified makes the task of subsequent validation much more difficult.

Tiwana and others used a 96-well high-throughput clonogenic survival assay for 
an siRNA screen targeting 709 kinases for novel radiosensitizers after a 7-Gy radia-
tion dose (Tiwana et al. 2015). The most potent radiosensitizer among the candi-
dates was one that targeted thiamin pyrophosphokinase 1 (TPK1). The 
radiosensitizing effect of TPK1 was validated by standard clonogenic survival assay 
in three cancer cell lines (HeLa, SQ20B, and BT-549) but not in normal cell lines.

Liu and colleagues adapted a high-throughput non-clonogenic drug screening 
platform on the basis of short-term cell proliferation/viability assays (3–5 days of 
incubation post-irradiation) (Liu et al. 2015). This format, tested on 32 cancer cell 
lines and 18 targeted drugs, was used to derive short-term radiosensitization factors 
at 2 Gy (SRF2Gy), which were compared with standard dose enhancement factors 
(DEF) at a set survival fraction derived from clonogenic survival curves across 
doses from 2 to 8 Gy. The correlation between SRF2Gy and DEF was associated with 
a sensitivity and specificity of more than 80% each. Drug-induced short-term radio-
sensitization was accompanied by changes in the mode of cell death such as senes-
cence or apoptosis, thus providing a mechanistic basis for why short-term endpoints 
could predict radiosensitization in a clonogenic assay. Tumor genotype-dependent 
radiosensitization effects were observed, such as a KRAS-mutant specific effect of 
the multikinase inhibitor midostaurin.

2.2  In Vitro Validation

All “hits” in preclinical screening of candidate radiosensitizers should be validated 
using the gold standard clonogenic survival assay. At a minimum, in vitro validation 
testing should consist of at least two cell lines related to a cancer site of interest 
though higher cell line numbers have been suggested as well (Lin et al. 2013; Liu 
et al. 2015). Another important issue to consider is the reproducibility and robust-
ness of the results as cell lines used in different labs derived from a same source 
stock could behave very differently. Tumor cell lines are known to undergo genetic 
drift through passages that may result in quite different phenotypes than their paren-
tal tumors (Stone et al. 2016). Moreover, the same cell line can undergo distinctly 
different clonal selection under different culture conditions (Ben-David et al. 2018). 
In one study, in the 27 different MCF7 strains that were identified, more than 75% 
of 321 tested anti-cancer drugs showed significant inconsistencies in their ability to 
inhibit proliferation in vitro. Hence, it is important to emphasize the importance of 
using validated cell lines from central resources like ATCC where quality controls 
are strictly enforced and limiting the number of passages used for any particular sets 
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of experiments (e.g., at most 10 passages before a new batch is thawed out). 
Moreover, initial testing using a control drug with known sensitization properties 
could further ensure that in vitro conditions other than the passage number have not 
significantly deviated, before large-scale validation of drugs of unknown properties 
is done.

2.3  In Vivo Validation

In vivo validation of the effects of radiosensitizers is an important step in determin-
ing whether the tested agents can be translated robustly for clinical use. This is 
discussed in detail elsewhere in this volume and briefly reviewed below. For practi-
cal and economic reasons, nearly all in vivo validation is done using mouse systems 
although spontaneous canine cancer models have been used to a limited extent at 
specialized centers (Kunos and Coleman 2018). Second, for the same strain of ani-
mals, the company from which the animals are purchased from, and the facility at 
which the animals are being housed for experiments, can contribute to heterogene-
ity in drug response due to changes in the microbiota, which can significantly impact 
the immune system (Moore and Stanley 2016). Third, the impact of gender should 
be accounted for in the experiments. Lastly, studies should be powered sufficiently 
with appropriate number of animals per group in order to reach valid conclusions. 
Although no animal model can perfectly recapitulate human tumors, carefully 
designed animal model experiments can still provide invaluable insights on a candi-
date agent’s mechanisms of action and radiation enhancement effects.

The most commonly used mouse models are ectopically or orthotopically 
implanted human or mouse cancer xenografts or genetically engineered mouse 
models (GEMMs). Depending on the context, each model has its own advantages 
and disadvantages and thus the choice of a specific model is crucial depending on 
the specific circumstances.

The most popular approach involves the transplantation of human xenografts 
into immunocompromised mice (Venditti 1981). A variety of xenograft materials 
can be used for preclinical screening, including human cell lines grown as mono-
layer on a dish and transplanted to the animals, from cell line-derived 3D spheroids 
or tumor organoids, or from patient-derived xenograft (PDX) models that have 
never been propagated in vitro. Human xenografts can either be heterotopically/
ectopically or orthotopically implanted. The prime advantage of using established 
human cell line xenograft models is the simplicity and throughput for use, but the 
relatively homogeneous cellular composition does not adequately account for the 
complexities of the tumor microenvironment. PDX models have the distinct advan-
tage over other models in that they should recapitulate the genetic complexity and 
heterogeneity of the original tumor (Tentler et al. 2012). PDXs could also be more 
helpful for identifying potentially predictive biomarkers that can be quickly trans-
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lated into clinical use (Pitts et al. 2010; Hidalgo et al. 2014). The key limitation of 
such models is the immunocompromised state that these tumors must be grown in.

Orthotopic models have been used to study the radiation enhancement effects in 
pancreatic, lung, breast, prostate, and brain tumors (Kahn et al. 2012). Unlike ecto-
pic models, orthotopic models allow tumor cells to grow within stroma that most 
closely resemble the biology of the organ of origin, thereby better reflecting an 
agent’s effects on stromal interaction, vascularization, and metabolism (Lawrence 
et al. 2013; Stone et al. 2016). Another advantage of orthotopic models is that local 
invasion and metastasis more closely reflect what is seen in humans. In addition to 
tumor size, another endpoint in orthotopic models often is survival time of the indi-
vidual animals. The disadvantages of orthotopic models are their technical com-
plexity and the time they require to establish (Bibby 2004).

GEMMs have been used to determine an agent’s ability to prevent spontaneous 
tumor development and delay tumor progression (Hansen and Khanna 2004). The 
major advantage of GEMMs is their putative ability to recapitulate, at a molecular 
level, the progression of tumorigenesis in humans (Sharpless and DePinho 2006). 
These models also recapitulate most accurately human tumors since tumors that 
develop in specific organs within an immunocompetent host would not only allow 
testing the activity of specific agents and response biomarkers but would also allow 
assessment of tumor-stromal interactions and normal tissue toxicity simultaneously 
(Bristow et  al. 2018; Hansen and Khanna 2004). However, major limitations of 
using GEMMs for these experiments are the length of time it takes to complete 
these experiments given the unpredictable growth rate, biological differences 
between murine tumors and human tumors may make GEMMs unreliable for 
assessing an agent’s in vivo activity. Third, patent rights and regulations surround-
ing the use of GEMMs are limiting their use in preclinical testing (Hansen and 
Khanna 2004; Sharpless and DePinho 2006).

The tumor growth delay assay is most widely used for measuring the radiation 
enhancement effects of an agent (Kahn et al. 2012). In ectopic models, this assay 
involves subcutaneous implantation of tumor cells (of either human or murine ori-
gin) into mice, waiting for the tumors to grow to a specified size, and randomly 
assigning mice bearing tumors of similar size to control and treatment groups. 
Tumor growth is followed in all mice, and the difference between tumors in the 
control and treatment groups is the primary means of assessing the effectiveness of 
the candidate agent. The advantages of ectopic models include the simplicity of the 
implantation procedure, treatment delivery, and endpoint measurement, and their 
relatively low cost (Bristow et al. 2018). The major disadvantage of ectopic models 
is that they cannot account for the effects of the tested agent on the tumor microen-
vironment. Other, more costly measures include imaging-based measurements, 
such as computed tomographic or magnetic resonance imaging, which are needed 
for orthotopic models, or luminescence assays from luciferase expressing cell lines 
implanted ectopically or orthotopically.
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2.4  Current Challenges to Translating Preclinical Screening 
Results to the Clinic

Although the past decades have seen rapid technological advances in radiation dose 
delivery, new insights on mechanisms underlying radiosensitivity and radioresis-
tance, and expanding choices of experimental models, several obstacles still exist that 
complicate the efficient translation of preclinical results into clinical use and proba-
bly contribute to the high failure rates of clinical trials. These obstacles can be con-
sidered in two main categories: reliability and technical barriers. Regarding reliability, 
the high complexity and heterogeneity of both tumors and patients with cancer 
require that preclinical studies reflect those complexities and produce robust results 
before tested agents can be translated to clinical use (Begley and Ellis 2012). A key 
aspect of reproducibility in preclinical study is transparency. Stone and colleagues 
(Stone et al. 2016) critically analyzed 125 published preclinical studies testing the 
radiosensitization effects of 10 agents, focusing on methods, doses, dosing sched-
ules, assays, measurement, data analysis, and conclusions. That analysis revealed 
that inadequate information and unclear reporting confounded the results of these 
studies in ways that made them difficult to interpret. Other groups have suggested 
that certain core aspects of preclinical testing should always be reported, including 
aspects of animal randomization, blinding, sample-size estimation, and data handling 
(Landis et al. 2012). Regarding technological barriers, most of the problems arise 
from the biological differences between animal models and humans. Although pre-
clinical studies remain inadequate for addressing all the nuances and complexities of 
human physiology and cancer biology, we believe that, conducted appropriately, they 
are still a valuable tool to confirm mechanisms of action and radiation enhancement 
properties. This forms the basis for successful clinical translation of the most promis-
ing radiation/drug combinations (Fig. 5.2) (Bristow et al. 2018).

3  Existing Guidelines and Recommendations

To facilitate the preclinical development and translation of novel radiosensitizers, 
several organizations including the Cancer Therapy Evaluation Program (CTEP) 
and Radiation Research Program (RRP) of the National Cancer Institute in the 
United States (Coleman et al. 2014), the American Society for Radiation Oncology 
(ASTRO) (Wallner et al. 2014; Bristow et al. 2018), the Radiation Therapy Oncology 
Group (RTOG) (Lawrence et al. 2013), and the National Cancer Research Institute 
(NCRI) in the United Kingdom (Harrington et  al. 2011) have acknowledged the 
challenges noted above and have proposed guidelines and recommendations for 
preclinical testing of potential radiosensitizing agents. Summarized in Table 5.2, 
these guidelines and recommendations have six main areas of focus: determination 
of agent activity; dose standardization; assessments of agent toxicity; in vitro vali-
dation; in vivo validation; and biomarker development.
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Fig. 5.2 Preclinical workflow for testing of targeted radiosensitizers (adapted from Bristow et al. 
(2018))

Table 5.2 Summary of current guidelines and recommendations

Determination of agent activity

1.1 Agents of interest should enhance radiation effects through either synergistic or additive 
mechanisms but, if not, should at least have single-agent or combination activity with 
chemotherapy

1.2 Pharmacokinetics and pharmacodynamics of the agents should be tested
1.3 When generation of in vitro or in vivo preclinical data is not feasible, strong justification 

must be provided for the inability to perform these studies before a clinical study is 
proposed

1.4 A compendium of molecular pathways known to be important in the biological behavior of 
cancers that are routinely treated with radiation should be compiled for the agent of interest

1.5 The mechanisms of drug-radiation combinations should be thoroughly explored for spatial 
cooperation, cytotoxic enhancement, biological cooperation, temporal modulation, and 
normal tissue protection

Dose standardization

2.1 Standard procedures with trackable radiation dosimetry, beam calibration, determination of 
the absorbed dose within the subject, and radiation source specification should be 
established

2.2 Fractionated radiation dose schedule resembling those used in clinical setting should be 
used

2.3 Radiation-radiosensitizer schedules should be both optimized for radiation-enhancing 
effects and for their transferability to the clinic

Determination of agent toxicity to normal tissues

3.1 Possibilities for spatial cooperation and nonoverlapping toxicity in sparing normal tissues 
should be considered

3.2 Radioprotectors and mitigators should be investigated for further reducing normal tissue 
toxicity

(continued)
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3.1  Determination of Agent Activity

Comprehensive investigation of the mechanisms of action of novel radiosensitizers 
is an important prerequisite for their successful translation to the clinic. First pro-
posed by Steel and Peckman and later refined by Bentzen and colleagues is the 
recommendation that mechanisms related to spatial cooperation, cytotoxic enhance-
ment, biological cooperation, temporal modulation, and normal tissue protection for 
these agents should be exploited (Steel and Peckham 1979; Bentzen et al. 2007). 
Therefore, priority should be given to radiosensitizers with synergistic or additive 
effects, or at least those with single-agent or combination activity with chemother-
apy that enhances local control and cytotoxicity to the tumor (Lin et al. 2013). The 
ability of the agent of interest to modulate molecular signaling pathways known to 
be important in biological responses of tumors routinely treated with radiation ther-
apy should be investigated (Harrington et al. 2011). Another perspective that should 

Table 5.2 (continued)

In vitro validation

4.1 Clonogenic assay is the gold standard
4.2 Colorimetric assays of cell survival can be used as alternative approaches when cell lines 

fail to form colonies
4.3 The choice of tumor type is key; at least two cell lines from the same disease site should be 

required
4.4 The cell lines used should be fingerprinted and the passage number of the cell line should 

be the same across different experiments
In vivo validation

5.1 Nude mice are preferable to test the effects of agents on human tumor intrinsic factors
5.2 Genetically engineered mouse models (GEMMs) are especially useful for testing agents 

that target the tumor microenvironment and normal tissues
5.3 Syngeneic models are preferable for testing agents that modulate immune components
5.4 Orthotopic models are useful for determining toxicity to normal tissues and tumor 

microenvironment effects
5.5 Statistical justification for the number of animals needed should be required
Biomarker development

6.1 The development of radiation-enhancing agents should be prioritized when biomarker- 
based patient selection is available

6.2 Agents without validated predictive biomarkers available for clinical testing could be 
brought into clinical testing, but with the requirement for clear plans for concurrent 
preclinical research and clinical development of predictive biomarkers from pretreatment 
tissue specimens

6.3 Concurrent development of predictive biomarkers should be a priority during the preclinical 
and early clinical phases of testing followed by subsequent clinical validation. Clinical 
studies must mandate pretreatment tumor biopsy or serum collection, with strong 
consideration given to acquisition of serial tissue collection during early therapy and at the 
time of recurrence

6.4 Understanding the proper sequencing of combining targeted agents with radiation therapy 
is crucial before undertaking large clinical trials

S. H. Lin et al.



109

be considered is the distribution of the agent in blood and tumor tissue. If the effects 
of irradiation impact a candidate agent’s activity, that interaction could have impor-
tant clinical consequences (Chen et  al. 2017). Therefore, clarifying the potential 
pharmacokinetic, pharmacodynamic, and biochemical effects of the agent of inter-
est would be useful for characterizing its radiation enhancement activities.

3.2  Dose Standardization

Guaranteeing the reproducibility of drug-radiation test studies requires that stan-
dard procedures be established for reporting radiation-related variables such as 
radiation dosimetry, radiation sources, radiation precision and accuracy, and detailed 
dose schedules (Ford and Deye 2016). A key aspect of translational preclinical 
radiation- related studies is to establish and use clinically relevant radiation doses 
and fractionation regimens, since for example DNA repair mechanisms after a sin-
gle radiation dose and a multifractionated irradiation can be differentially impacting 
the efficacy of targeted drugs (Eke et al. 2020). The first step in this process is to 
establish universal standards and dosimetry centers that allow tracing and calibrat-
ing the radiation sources and doses for labs throughout the world (Desrosiers et al. 
2013). Accomplishing this goal would require both central and institutional 
radiation- physics oversight of acceptance testing, commissioning, output calibra-
tion, and irradiation geometry dose specification (Yoshizumi et al. 2011; Kazi et al. 
2014). Next, variations among radiation dosing schedules between studies can 
obscure the true sensitivity-modulating effects of the agents of interest. Therefore, 
testing and comparing different radiation doses and dosing schedules are recom-
mended for both in vitro and in vivo studies. Another important perspective to con-
sider is the sequence of the agent and the radiation. The importance of choosing 
drug-radiation schedules that are clinically practical and optimized for cytotoxic 
enhancement cannot be overstated. We recommend that special attention be paid to 
institutional radiation dosimetry programs that would report of all details of radia-
tion geometry, radiation dose, and radiation-drug dosing schedules for preclinical 
screening tests.

3.3  Determining Toxicity of an Agent to Normal Tissues

Radiation is known to cause acute normal tissue toxicity, which results mostly from 
rapid cell death, and late normal tissue toxicity, which has been associated with 
irreversible vascular damage, fibrosis, atrophy, infertility, hormone deficiencies, and 
secondary malignancies (Liauw et al. 2013; Barnett et al. 2009). Thus, preclinical 
testing of candidate radiosensitizers must consider the potential side effects of those 
agents. Perhaps the easiest way to assess acute side effects is to test the cytotoxic 
effects of radiation combined with the radiosensitizer on immortalized normal cell 
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lines of the same disease-site origin. However, given the biological differences 
between in vitro and in vivo systems, it may be more reliable to test radiation toxic-
ity by using orthotopic syngeneic models or GEMMs. Another complementary 
approach would be the development of novel radioprotectors or mitigators. 
Radioprotectors are usually given before exposure to radiation, whereas mitigators 
are often given during or after the exposure to radiation (Moding et  al. 2013). 
Regardless, research is needed to determine the specific molecular mechanisms of 
their normal tissue protection effects and to ensure their use would not mitigate the 
radiation enhancement effects of the radiosensitizers. We recommend that the toxic-
ity of candidate radiosensitizers be tested preclinically in both in vitro and in vivo 
settings.

3.4  Biomarker Development

Bringing agents with established biomarkers into clinical tests with radiation 
requires some preclinical evidence of synergy with radiation therapy (Lin et  al. 
2013; Bristow et al. 2018). Some radiosensitizers may have much more profound 
radiation enhancement effects on tumors that have specific mutations. Therefore, 
preclinical development of biomarkers that are useful for patient selection, response 
classification, and resistance prediction could be another step towards increasing the 
likelihood of successfully translating preclinical results to clinical use (Morgan 
et al. 2014).

4  Opportunities

Although numerous challenges remain in translating preclinical findings on poten-
tial radiosensitizing agents into the clinic, we believe that, given the rapid techno-
logical advances in radiation delivery, genomics, proteomics, and metabolomics in 
the era of precision radiation medicine, unprecedented opportunities are available as 
well to reveal novel targets and mechanisms through the design of robust 
 sophisticated preclinical studies. Key factors that should be reported for all future 
preclinical screening studies of novel radiosensitizers are summarized in Table 5.3.

Growing evidence suggests that immune checkpoint blockade (e.g., with inhibi-
tors of CTLA-4 or PD-1/PD-L1) can re-sensitize tumor cells by normalizing the 
tumor vasculature and reversing tumor hypoxia (Wang et al. 2019). Thus, identify-
ing novel radiosensitizers that can further enhance the effect of both radiation and 
immunotherapy to more effectively control tumors for longer periods is a focus of 
great interest. However, to date no efficient, unbiased methods have been developed 
to identify such agents mainly because of the time and technical complexities of 
screening studies done with GEMMs or orthotopic models. Therefore, novel screen-
ing methods or less costly humanized mouse models are greatly needed.
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Recent decreases in the cost of next-generation sequencing will allow compre-
hensive genomic profiling of tumors treated with radiation. Techniques such as mul-
tiregion sequencing and single-cell sequencing offer the opportunity to visualize 
intratumor heterogeneity at unprecedented resolution, which will help not only to 
clarify the molecular responses of radiation-treated tumors but also to develop more 
personalized treatment plans for patients. Multi-omics studies that integrate the 
genomic, epigenomic, transcriptomic, proteomic, and metabolomic information 
would also be greatly useful for further elucidating mechanisms of radiosensitiza-
tion and radioresistance. Finally, development of genome-editing techniques would 
increase the sophistication and efficiency of screening methods. For example, 
perturb- seq (Dixit et al. 2016) allows genetic perturbation on the single-cell level, 
which could be quite useful for identifying novel targets that control colony- 
formation ability. Another recently developed technique, sci-Plex, allows high- 
throughput screening of hundreds of chemical screens at the single-cell level within 
one experiment (Srivatsan et al. 2020). Techniques such as these will provide higher 
throughput and greater resolution that in turn will enable the robust identification of 
additional radiosensitizers that can be translated to the clinic.
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Chapter 6
3D Radiation Biology for Identifying 
Radiosensitizers

Anne Vehlow, Sara Sofia Deville, and Nils Cordes

Abstract The development and clinical implementation of novel therapeutics for 
the improvement of cancer patient survival is based on innovative and reproducible 
translational research. Despite extensive efforts from large-scale preclinical initia-
tives, many approaches fail to translate from bench to bedside. In the past decade, 
three-dimensional (3D) cell culture systems have gained increasing attention for 
overcoming challenges to clinical translation due to their apparent advantages in 
providing more physiological and predictive information on cellular behavior. This 
chapter discusses the characteristic properties of 3D cell culture systems in com-
parison with conventional two-dimensional (2D) monolayer cultures with particular 
focus on the cellular response to radio- and chemotherapy.
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1  Introduction

During the past century, radiation therapy has technically evolved as a highly pre-
cise cancer treatment modality and is often delivered in combination with surgery 
and chemotherapy as standard of care for about 50% of cancer patients worldwide 
(Delaney et al. 2005). As tumors are equipped with a heterogeneous and dynamic 
ability to resist and adapt to these cytotoxic treatments, a patient- and tumor-tailored 
combination of radiation with molecular targeted agents and chemotherapy will be 
required to eventually take big steps in improving therapy outcome in the future 
(Bristow et  al. 2018; Sharma et  al. 2016). The basics for the development and 
 therapeutic implementation of such individualized radiosensitizers are the identifi-
cation and preclinical evaluation of specific genetic, epigenetic, transcriptional, pro-
teomic, and kinomic inter- as well as intratumoral variations that can be targeted to 
make tumors more susceptible to irradiation while limiting normal tissue toxicities 
(Bentzen et al. 2007; Morris and Harari 2014). Currently, these factors are being 
assessed by large-scale screening initiatives in a variety of cancer entities and are of 
crucial value not only for radiation biology research (Bailey et  al. 2018; Corces 
et al. 2018; Raphael et al. 2017; The Cancer Genome Atlas Network et al. 2015; The 
Cancer Genome Atlas Network et al. 2012; The Cancer Genome Atlas Research 
Network et al. 2008). In addition to such intrinsic tumor cell aberrations, interac-
tions of tumor cells with components of the microenvironment greatly modulate the 
tumor response to therapy and represent key targets for individualized multimodal 
treatment strategies (Kirsch et al. 2018; McGee et al. 2019; Vehlow et al. 2016).

The prime example of a clinically implemented and approved radiosensitizing 
approach is the targeting of the epidermal growth factor receptor (EGFR) in patients 
with head and neck squamous cell carcinomas (HNSCC) (Bonner et al. 2006, 2010). 
In this tumor entity, the EGFR is highly expressed in about 90% of the cases and 
correlates with a decreased response to radiation therapy, an increased recurrence 
and poor clinical outcome (Ang et al. 2002; Bonner et al. 2000; Rubin Grandis et al. 
1998). Initial preclinical studies suggested a radiosensitizing effect of EGFR target-
ing (Bonner et al. 1994; Huang et al. 1999; Mendelsohn 1997), a result that success-
fully translated from bench to bedside and highlight the radiosensitizing potential of 
molecular targeted agents.

As increasing numbers of potential anti-cancer drugs are being discovered and 
enter drug development pipelines, the number of agents progressing from launch to 
entry into phase I trials remains below 0.1% (Dowden and Munro 2019). There is an 
urgent need to advance translatability of identified preclinical approaches, as the 
main cause for the failure of more than 50% of novel therapeutics in late stage clini-
cal trials is the lack of efficacy (Harrison 2016). In part, these failures relate to the 
design and execution of experimental approaches. In radiation biology, two- 
dimensionally (2D) grown tumor cell cultures routinely serve for the characteriza-
tion of targeted and non-targeted effects of ionizing irradiation and the identification 
of potential radiosensitizers. As these assays study cells under unnatural growth 
conditions, results may be compromised with regard to the response of cells to irra-
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diation as well as chemotherapy (Coleman et  al. 2016; Stone et  al. 2016). The 
implementation of three-dimensional (3D) cell culture systems in preclinical radia-
tion biology research bridges the gap to preclinical animal studies and represents 
one substantial and robust progress towards improved bench to bedside translation 
(Fig. 6.1) (Eke and Cordes 2011b). 3D cell cultures incorporate essential extracel-
lular cues, such as the extracellular matrix (ECM), soluble factors and other cells, 
and have so far provided a much-improved understanding of the tumor cell response 
to radiotherapy (Eke and Cordes 2011b). Thus, it is not surprising that the imple-
mentation of 3D cell culture systems for drug discovery is indispensable and has 
gained enormous importance. This chapter discusses the characteristic properties of 
3D cell culture with particular focus on the underlying mechanisms of the cellular 
radiation response and the identification of radiosensitizers.

2  Characteristics of 2D and 3D Cell Culture

Cell-based assays assessing radiobiological endpoints, such as the reproductive 
integrity of tumor cells and their DNA double-strand break (DSB) repair capacity, 
are essential tools for the identification of novel radiosensitizers. In fact, most theo-
ries and conclusions on the radiobiological effects of ionizing radiation over the 
past century are based on the results of 2D cell culture assays. Growing normal and 
malignant cells as 2D monolayer cultures is a generally accepted, fast, and cost- 
effective method to observe cellular behavior on flat and inflexible substrates, such 
as polystyrene plastic or glass surfaces (Fig. 6.2). Thus, it is not surprising that the 
2D clonogenic (or colony formation) assay represents the current gold standard in 
radiation biology research. This assay assesses the replicative potential of cultured 
cells following irradiation, often in combination with chemotherapeutics and 
molecular targeted agents and serves the identification of novel radiosensitizers. 

Fig. 6.1 3D cell culture in radiation biology. 3D cell culture bridges the gap between traditional 
2D cell culture and preclinical animal studies during progression of any given radiosensitizer from 
preclinical identification to clinical translation
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However, 2D cell cultures have several limitations, one of which is the lack of a 
structural 3D organization enabling ECM adhesion, cell–cell communication, and 
growth factor signaling (Fig. 6.2). Due to these restrictions, 2D-grown cells display 
unnatural growth kinetics, compromised cellular functions and behavior, and data 
from such tests are frequently misleading and non-predictive (Cukierman et  al. 
2001; Pampaloni et al. 2007).

In recent years, tremendous effort has focused on the development and imple-
mentation of 3D cell culture models mimicking tissue-specific microarchitecture, 
since a physiologic cellular function requires the precise reproduction of the domi-
nating microenvironmental conditions (Pampaloni et  al. 2007; Schmeichel and 
Bissell 2003). In comparison to 2D cell culture, growing cells in a physiologic 3D 
environment is marginally more time, cost, and labor consuming but provides func-
tional flexibility and adaptability (Fig. 6.2). Additionally, 3D cell cultures allow the 
growth of cells in their physical shape and provide improved cell–ECM and cell–
cell contacts with profound functional impact on, for example, intracellular signal-
ing networks, cell survival, cell proliferation as well as radiosensitivity (Abbott 
2003; Cukierman et al. 2002; Eke and Cordes 2011b). Several different approaches 
to 3D cell culture exist (Breslin and O’Driscoll 2013; Edmondson et al. 2014; Eke 
et  al. 2016; Friedrich et  al. 2009; Pampaloni et  al. 2007) (Fig.  6.3), such as the 
growth of single or multicellular monocultures and cocultures. These include:

 1. Cells in solution or as hanging drops
 2. ECM-based biological scaffolds and synthetic materials
 3. Microfluidic cell culture systems
 4. Agitation-based systems

Fig. 6.2 Comparison of 2D and 3D cell culture. Simplified schemes and associated characteristics 
of cells grown as 2D and 3D cultures
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While most of these 3D cell culture methods do not completely reproduce physi-
ological in vivo growth conditions, they do mimic the cellular microenvironment 
and incorporate both spatial organization and specific functional cues similarly 
found in tissues and organs. Therefore, it is not surprising that cellular functions can 
be different in 2D compared to 3D growth conditions. After all, cells grow embed-
ded in 3D ECM in all organs, tissues as well as in tumors, and the functions of cells 
within these complex systems depend on their interactions with cellular and non-
cellular factors within the microenvironment. Consequently, 3D cell culture sys-
tems will certainly improve the functional relevance and the predictive power of 
cell-based screens and are invaluable tools for the identification of therapeutic drugs 
and radiosensitizers.

Fig. 6.3 3D cell culture technologies. Schematic representation of different approaches to 3D 
monocultures including static cultures such as hanging drops and ECM-based cell culture and 
dynamic microfluidic systems and agitation-based cultures. Created with BioRender
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3  The Influence of 3D Growth Conditions on Tumor Cell 
Radiosensitivity

3.1  The Impact of the ECM on Radioresistance

The use of 3D ECM-based cell culture models in radiation biology research during 
the past two decades has particularly highlighted the critical impact of biochemical 
and biophysical ECM features for the cellular therapy response (Eke and Cordes 
2011b). As a 3D structural, non-cellular component of all tissues, the ECM is 
essential for all cellular functions and the maintenance of tissue integrity and 
homeostasis during development as well as cancer progression (Bonnans et  al. 
2014; Muncie and Weaver 2018; Pickup et al. 2014). Embedded in hydrated gel-
like structures made of proteoglycans, around 300 ECM proteins form the core 
matrisome together with a large number of ECM-modifying enzymes, ECM-
binding growth factors, and ECM-associated proteins (Hynes and Naba 2012; Naba 
et  al. 2012). Different ECM types exist, such as the basement membrane or the 
matrix found in interstitial connective tissue, and these consist of tissue-specific 
quantities and specialized arrangements of the different matrisome components 
(Hynes and Naba 2012). Eventually, the key function of the ECM lies within this 
great diversity of ECM components, allowing integration of signals from multiple 
transmembrane ECM and growth factor receptors to regulate all cellular functions 
such as cell survival, differentiation, and cell migration in both healthy and malig-
nant cell types.

Apart from essential functions in development and physiology, a large body of 
evidence demonstrates the importance of the ECM in modulating therapy sensitiv-
ity. In this regard, the terms “cell adhesion-mediated radioresistance” (CAM-RR) 
and “cell adhesion-mediated drug resistance” (CAM-DR) describe the increase in 
tumor cell radio- and chemoresistance upon exposure of normal and malignant cells 
to ECM proteins (Cordes and Meineke 2003; Damiano et al. 1999; Hazlehurst et al. 
2000; Sandfort et al. 2007). Especially, the radioresistance of lung, breast and pan-
creatic carcinoma, glioblastoma, and melanoma is greatly enhanced by adhesion to 
ECM proteins such as fibronectin, laminin, and collagen (Cordes and Beinke 2004; 
Cordes et al. 2003a, b; Cordes and Meineke 2003; Kraus et al. 2002). This relation-
ship further expands to hematopoietic malignancies and even normal cells, which 
are more radioresistant when bound to ECM (Damiano et al. 2001; Estrugo et al. 
2007; Hess et al. 2007).

While these examples highlight the importance of cellular adhesion to ECM 
under 2D cell culture conditions, many studies characterize the radiation response 
of 3D ECM-based cell cultures. At present, there is considerable data to indicate 
that the response of 3D cell cultures to external stress, such as exposure to ionizing 
radiation, better reflects the physiological cellular response than 2D monolayer cul-
tures (Ahmed et al. 2013; Eke and Cordes 2011a; Eke et al. 2015a; Nam et al. 2010; 
Zschenker et  al. 2012). This discordance is driven by the lack of important key 
parameters required for the functional communication of cells with their environ-

A. Vehlow et al.



121

ment. In particular, 2D cell cultures lack dimensionality and mechanical linkage of 
cellular ECM adhesion receptors and nuclear chromatin remodeling, which strongly 
influences cell morphology, gene and protein expression, signal transduction as well 
as therapy sensitivity (Eke et  al. 2012a, 2013; Fernandez-Fuente et  al. 2014; 
Hehlgans et al. 2012; Storch and Cordes 2012; Zschenker et al. 2012). Thus, it is 
easy to imagine that the identification and development of many radiosensitizers 
critically depend on the cell culture modalities, which need adjustment to reflect 
physiological cell functions.

3.2  Radioresistance Elicited by Integrins and the Adhesome

Crosstalk of cells with ECM substrates occurs through different cell adhesion mol-
ecules that regulate all cell fate decisions throughout development (Buck and 
Horwitz 1987). Amongst these, the integrin family of heterodimeric transmembrane 
receptors are by far the most investigated ECM adhesion molecules (Humphries 
et al. 2006; Hynes 2002). In total, 24 possible alpha and beta (α/β) integrin pairs 
mediate adhesion to specific ECM proteins in focalized cell surface adhesions, pro-
vide mechanical anchorage, and transmit signals in a bidirectional manner 
(Calderwood 2004; Geiger and Yamada 2011; Humphries et al. 2006). Intracellularly, 
integrins connect to the adhesome, a myriad of adapter and cytoplasmic signaling 
proteins that regulate survival, cell proliferation, and differentiation as well as cell 
motility (Geiger and Zaidel-Bar 2012; Zaidel-Bar et al. 2007).

A substantial amount of studies has focused on the integrin family of heterodi-
meric transmembrane receptors and their associated signaling networks as media-
tors of radioresistance owing to a frequently altered expression in various tumor 
entities (Dickreuter and Cordes 2017; Hamidi and Ivaska 2018; Vehlow et al. 2016). 
Especially integrin receptors containing the β1 subunit and their downstream signal-
ing mediators are well-characterized anti-cancer targets (Barkan and Chambers 
2011; Blandin et al. 2015; Cordes and Park 2007; Nam et al. 2009). In 3D-grown 
HNSCC cells, β1 integrin targeting reduces clonogenic radiation survival by affect-
ing the repair of DSBs (Ahmed et al. 2018; Dickreuter et al. 2016; Eke et al. 2012a, 
b). In addition, combined targeting of β1 integrin and the EGFR appears to be a 
promising approach to overcome therapy resistance of HNSCC in vitro and in vivo 
(Eke et al. 2015b). Similar results exist for 3D-grown breast carcinoma cells where 
β1 integrin inhibition reduces cellular resistance to apoptosis by downregulating 
AKT signaling (Nam et  al. 2010; Park et  al. 2008). In contrast, inhibition of β1 
integrin in glioblastoma activates pro-survival bypass mechanisms that counteract 
therapeutic benefit but reduces 3D glioblastoma cell invasion (Eke et  al. 2012c; 
Vehlow et al. 2017).

Downstream of β1 integrin, the focal adhesion kinase (FAK) is a central determi-
nant of radiation survival of many tumor entities by mediating integrin as well as 
growth factor triggered signaling events (Hehlgans et al. 2012; Mantoni et al. 2011; 
Skinner et  al. 2016; Sulzmaier et  al. 2014). Inhibition of FAK enhances cellular 
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radiosensitivity of HNSCC by deactivating AKT and MEK1/2 signaling and induc-
ing apoptosis (Hehlgans et  al. 2009, 2012). Amongst numerous other adhesome 
components, the adapter protein Particularly Interesting New Cysteine-Histidine- 
rich 1 (PINCH1) promotes cell survival upon treatment with ionizing radiation by 
perpetuating AKT1 activity (Eke et al. 2010). Intriguingly, in HNSCC cells refrac-
tory to β1 integrin and EGFR inhibition, targeting of mTOR and KEAP1 may pro-
mote radiosensitization (Klapproth et  al. 2018). Taken together, by mimicking 
physiological growth conditions, 3D cell cultures have significantly contributed to 
our understanding of the tumor therapy response and effectively support the identi-
fication of potent radiosensitizers.

4  The Potential of 3D Multicellular Culture Systems 
in Radiation Biology

In recent years, microphysiological systems such as organoids and tumoroids as 
well as organotypic tissue slices cultures have emerged as additional approaches to 
mimic 3D organ and tumor complexity. These culture models retain cell interactions 
amongst different cell types and tissue components outperforming the simple archi-
tecture of 3D monocultures for high-throughput and more translational readouts 
(Fig.  6.4). This section discusses the advantages and challenges of the current 
organoids and organotypic tissue slices models in the context of radiation biology.

4.1  Implementation of Tumoroid Models in Radiation Biology

Defined as a simplified and downsized organ generated in a 3D culture system, an 
organoid shows realistic microanatomy, architecture, and functionality. Organoids 
can be generated from cells derived from primary tissues (e.g., esophagus, stomach, 
intestine, colon, liver, pancreas, and prostate), embryonic stem cells or induced plu-
ripotent stem cells, which have the ability to differentiate, self-organize, and grow 
in 3D culture systems (Fatehullah et al. 2016) (Fig. 6.4). Sato and colleagues suc-
cessfully established the first interstitial organoids growing in a stem cell niche 
containing laminin-rich ECM supplemented with specific endogenous growth fac-
tors (Sato et al. 2009). These organoids comprised the different intestinal compart-
ments composed of stem, progenitor, and differentiated cell types recapitulating the 
in vivo tissue architecture (Sato et al. 2009). Subsequently, the organoid system has 
been extended to generate organoids of tissues from different anatomical sites such 
as colon, stomach, and liver (Fatehullah et al. 2016).

Especially in cancer research, the implementation of tumor-derived organoids, 
the so-called tumoroids, has gained increasing interest for the screening of the 
tumor treatment response. In contrast to normal tissue-derived organoids, patient- 
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derived tumor material is used to generate a complex tumor culture system that 
preserves the phenotypic and genotypic properties of the corresponding primary 
tumor (Drost and Clevers 2018). The successful culture of patient-derived tumor-
oids has been reported in a variety of tumor entities such as gastrointestinal cancer 
(Vlachogiannis et al. 2018), pancreatic cancer (Boj et al. 2015; Huang et al. 2015; 
Seino et al. 2018), HNSCC (Driehuis et al. 2019a; Tanaka et al. 2018), breast cancer 
(Sachs et  al. 2018), and hepatic cancer (Broutier et  al. 2017). Tumoroid culture 
models are powerful tools for preclinical applications such as drug screening and 

Fig. 6.4 3D multicellular culture systems in radiation biology. Schematic representation of differ-
ent approaches to multicellular 3D cultures. Upper part: Organoids are derived from primary tis-
sue, embryonic stem cells (EPC), or induced pluripotent stem cells (iPSC). Tumoroids are derived 
from patient material. Both organoids and tumoroids are adaptable to high-throughput screening 
systems. Lower part: Organotypic brain slices with engrafted tumor cells and tumor slice cultured 
on membrane inserts. Created with BioRender
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treatment individualization, because a single piece of primary tumor allows the gen-
eration of several sets of tumoroids with highly conserved tumor heterogeneity. 
While it was shown that genetic and histological features of tumoroid mutational 
profiles and architecture show high similarity to parental tumors independently of 
early passages, the maintenance of tumoroid heterogeneity at later passages is still 
a matter of debate (van de Wetering et al. 2015; Weeber et al. 2017). It remains to be 
determined how exactly culture conditions influence proliferation, adaptation, and 
clonal selectivity as well as therapy response of the different tumoroid models.

A small number of studies have employed patient-derived tumoroids for indi-
vidualized chemoradiation screening and emphasized the applicability of tumoroid 
systems to radiobiological studies. Ganesh and colleagues established a bioreposi-
tory of tumoroids from patients with primary, metastatic, or recurrent rectal cancer, 
which maintained molecular features, specific architectural and cytological 
 subtleties and mutational profiles of the parental tumors (Ganesh et  al. 2019). 
Radiation and chemotherapy response of these tumoroids significantly correlated 
with the respective clinical responses of the individual patients, indicating compa-
rability between patient-derived tumoroids and the tumors from which they were 
derived (Ganesh et al. 2019). By optimizing specific growth conditions, Clevers’ 
group established HNSCC tumoroids with genetic and molecular characteristics 
comparable to the parental tumors for the investigation and characterization of treat-
ment sensitizers (Driehuis et al. 2019a). These HNSCC tumoroids responded differ-
ently to the various standard treatment regimens such as chemotherapy, ionizing 
radiation and targeted drugs, emphasizing the potential of tumoroids for personal-
ized management of HNSCC and the identification of alternative therapeutic 
approaches and radiosensitizers (Driehuis et al. 2019a).

The success of generating tumoroids might be subject to the tumor entity and 
specific microenvironmental requirements. For example, the generation of tumor-
oids from glioblastoma is limited by a poor growth rate, as glioblastoma frequently 
fail to adapt to 3D culture conditions due to their complex physiological environ-
ment within the human brain (Drost and Clevers 2018). An alternative 3D model 
approach for glioblastoma is the culture as neurospheres or spheroids in suspension 
(Caragher et al. 2019), which sometimes fail to represent the parental tumor. Hubert 
and co-workers successfully established patient-derived glioblastoma tumoroids, 
which showed improved recapitulation of the characteristic infiltrative phenotype 
relative to patient-derived neurospheres (Hubert et al. 2016). Orthotopic xenograft 
models derived from these tumoroids displayed a single-cell infiltrative phenotype 
and diffuse tumor growth pattern comparative to the parental tumors (Hubert et al. 
2016). Nevertheless, establishment of glioblastoma tumoroids requires around 
6  months, challenging their practicality as a model system for radiation biology 
research and the identification of radiosensitizers for such an aggressive tumor 
entity as glioblastoma.

Different studies emphasize the applicability of tumoroid systems in radiobio-
logical research as well as individualized screening of treatment sensitivity. 
Hubrecht Organoid Technology (https://hub4organoids.eu/) is a biorepository plat-
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form maintaining a diverse collection of patient-derived tumoroids and the related 
genetic and molecular profiles as well as the treatment outcome of the donors. 
Tumoroids expanded within this platform are clinically relevant in cancer research 
and drug development (Weeber et al. 2017). In the future, using tumoroids in radia-
tion biology research will be greatly beneficial in many ways, such as patient strati-
fication and outcome prediction based on tumoroid responses. With the known 
genetic and molecular characteristics of tumoroids, more predictive models of the 
therapy response might be developed, assisting physicians in the decision-making 
process.

4.2  Ex Vivo Tissue Cultures in Radiation Biology

While the dissociation of tumor cells from tumor tissue is a necessary step for pro-
ducing 3D cell cultures as well as tumoroids, this process generates selective pres-
sure, exerting cellular adaptability and loss of tumor heterogeneity due to the 
outgrowth of specific subsets of tumor cells. An approach to overcome the selective 
pressure is the ex vivo culture of tumor slices without the intermediate cell dissocia-
tion step (Fig.  6.4). Such 3D organotypic tumor cultures are advantageous over 
other 3D culture models as they maintain the ultrastructural tumor architecture and 
functionality, tumor heterogeneity and stromal interactions, which often influence 
tumor behavior and the therapy response (Misra et al. 2019; Sivakumar et al. 2019). 
In addition, Sivakumar et  al. characterized the composition of immune cells in 
organotypic tumor slices derived from transgenic mouse breast, pancreatic, colon, 
and melanoma models as well as human hepatic tumors. The authors identified 
similar immune cell compositions between organotypic slices and the tumor coun-
terparts providing a platform for immuno-oncology and drug discovery screens 
(Sivakumar et al. 2019). Furthermore, the usage of organotypic slice cultures can be 
extended to normal tissues such as lung, small intestine, colon, brain, and aorta, 
which can be employed for the simultaneous assessment of several functional read-
outs, such as cellular interactions or endocrine/paracrine signaling loops (Shamir 
and Ewald 2014).

To generate these slices, tumor materials from patients or experimental rodent 
models are cut to pieces with thicknesses ranging between 100 and 500 μm depend-
ing on the tumor density using a tissue slicer or vibratome. Tissue slices are often 
cultured on polytetrafluoroethylene or polycarbonate membrane inserts, creating an 
air–liquid interface culture environment for thorough tissue oxygenation. Since the 
administration of drugs relies on diffusion, an optimization of tumor slice thickness 
is required to achieve a homogeneous distribution. In general, the tumor slice cul-
ture does not require cost-intensive consumables and expertise, thus facilitating 
establishment and accessibility. However, an optimized media composition and cul-
ture condition is required for the culture of particular tumor entities. While tumor 
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slices cultures are employable for a wide spectrum of applications such as drug 
screening tests and other functional endpoints, its usage is limited to short-term 
studies due to the shorter lifetime of the tissues relative to the conventional cell 
culture systems or tumoroids. Although a single tumor slice might be divided into 
multiple technical replicates, it is likely that the analysis of multiple-subclones dis-
tributed within a single tumor fosters heterogeneity in the experimental readout. 
Therefore, this cell culture system might be considered a low-throughput technique 
with limited use in personalized medicine. However, even with these limitations, the 
organotypic culture system is a useful model for radiation biology studies in pre-
clinical and basic research.

Historically, organotypic slice culture was developed in 1981 using rodent brains 
for physiological and pharmacological studies on morphologically identified nerve 
cells (Gahwiler 1981). Since this technique has been particularly optimized for brain 
slice culture, it is not surprising that glioblastoma slice cultures are most commonly 
used. While the histopathological features of glioblastoma slices relative to the 
parental tumors could be preserved up to 16 days without any significant alteration 
(Merz et al. 2013), rodent-derived normal brain slices are co-cultured with glioblas-
toma cells in many cases to study pathological interactions, proliferation, apoptosis, 
migration, and invasion changes upon different treatments (Marques- Torrejon et al. 
2018; Pencheva et al. 2017). In a preclinical study, Merz and colleagues used patient-
derived glioblastoma slices to study the treatment response of the tumors to irradia-
tion and temozolomide chemotherapy. In line with the clinical observation that some 
patients show different susceptibility to cancer therapies, glioblastoma slices also 
displayed differential responses to the treatments (Merz et al. 2013).

Pancreatic ductal adenocarcinoma (PDAC) possesses a unique and complex 
microenvironment, which is related to a poor treatment response and therapy resis-
tance. In a recent study, tumor slices generated from a small cohort of patients with 
PDAC were tested for histology, stromal compositions, and response to cytotoxic 
agents. Tumor slices treated with staurosporine, gemcitabine, or cisplatin exerted 
proportional cytotoxic effects determined by cell viability, tumor cell number, pro-
liferation, and apoptosis markers (Lim et  al. 2018). Therefore, testing cytotoxic 
drugs and combinational treatments in PDAC tumor slices might be more clinically 
relevant than the conventional 2D culture systems. Additionally, HNSCC and breast 
cancer tumor slices have been implemented for short-term and long-term cultures, 
respectively (Donnadieu et al. 2016; Naipal et al. 2016). The data revealed a con-
served heterogeneity of the tumor and clonal sensitivity to targeted therapies. In 
both studies, individual tumor responses to anti-cancer drugs were highly different 
from patient to patient, indicating that this culture technique is a representative 
model for treatment personalization. Taken together, these studies suggest organo-
typic slice cultures as powerful tools to explore treatment responsiveness of indi-
vidual tumors.
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4.3  Analytical Endpoints of Tumoroid and Organotypic Slice 
Cultures

Tumoroids as well as organotypic slice cultures hold a great potential as models for 
the establishment of predictive and prognostic assays, particularly treatment indi-
vidualization. It is feasible that such predictive approaches are executed simultane-
ously with the patient’s disease management, supporting physicians in the treatment 
decision. Additionally, these more complex cell culture models are also adaptable to 
high-throughput preclinical studies and identification of novel therapeutic targets 
(Shamir and Ewald 2014). Even though these two cell culture systems are distinc-
tively different in practice, the complementary analytical assays are relatively 
 similar. Table  6.1 summarizes frequently used analytical endpoints for radiation 
biology studies using tumoroid and organotypic slice culture modalities.

Determination of cell viability in organotypic tumor slices and tumoroids is a 
common approach to assess the dynamic response to cytotoxic agents. Common 
viability assays indirectly measure cell survival through quantification of cellular 
metabolic activity based on enzyme activity (MTT assay), presence of ATP 
(CellTiter-Glo 3D reagent), and cellular reducing environment (PrestoBlue assay) 
(Driehuis et al. 2019a, b; Ganesh et al. 2019; Vaira et al. 2010). However, due to 
cellular heterogeneity within organotypic tumor slices the readouts from cell 
viability- type assays might be inaccurate in comparison to tumoroids. In this regard, 
measurements of cells undergoing apoptosis offer a more specific readout. Detection 
of DNA fragments generated during apoptosis (TUNEL assay) or immunohisto-
chemical staining of cleaved caspase-3 and annexin V combined with hematoxylin 
and eosin staining (H&E) can be performed to obtain the number of early and late 
apoptotic cells as well as necrosis. These methods offer a more accurate estimate of 
apoptotic cell death and the possibility to differentiate cell swelling, necrosis and 
nuclear pyknosis/karyolysis/karyorrhexis (Naipal et al. 2016). The growth rate of 
tumoroids, e.g., tumoroid enlargement, number of tumoroids, and number of cells 
within tumoroids, can be microscopically quantified (Driehuis et al. 2019a, b). In 
contrast, it is more difficult to determine the growth rate in organotypic tumor slices. 
Here, only single or combinatory immunohistochemical staining for common pro-
liferation markers such as Ki-67, Edu, and phospho-histone 3 can be used to assess 
tumor growth (Driehuis et al. 2019a, b; Ganesh et al. 2019).

Since radiation and cytotoxic agents severely damage DNA, one of the most 
prominently evaluated endpoints to determine the cellular response is the analysis 
of DNA breaks and the DNA damage response. While several assays for DNA dam-
age analysis are available, the immunohistological staining of DNA single-strand 
breaks (SSB) or DSB biomarkers such as XRCC1 (SSB), 53BP1, and γ-H2AX 
(DSB) has been proven most sensitive and quantifiable in tumoroids and organo-
typic tumor slices. Furthermore, the observation of DNA damage repair provides 
essential information about the tumor intrinsic radiation sensitivity. Estimates of 
DNA damage repair in patient-derived rectal tumoroids demonstrated inter-patient 
heterogeneity, suggesting the assay and the model are clinically relevant (Ganesh 
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et al. 2019). In addition, a variety of molecular biological analytical approaches, 
such as analysis of DNA, RNA, and protein expression, epigenomic and post- 
translational modification, are compatible with the complex culture systems, allow-
ing deep investigation of ongoing signaling events and even therapy resistance 
mechanism (Driehuis et al. 2019b).

Table 6.1 Overview of analytical assays for radiation biology studies

Assay Readout Description Quantification

CellTiter-Glo 
assay

Cell viability Determination of the number of viable cells 
in culture based on the amount of ATP

Luminescence

MTT Cell viability NAD(P)H-dependent cellular 
oxidoreductase enzymes are capable of 
reducing the tetrazolium dye MTT 
3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide to its insoluble 
formazan

Colorimetric

PrestoBlue Cell viability Cell permeable resazurin-based solution 
that is modified by the reducing 
environment of the viable cell by changing 
its color

Fluorescence 
absorbance

TUNEL assay Apoptosis Terminal deoxynucleotidyl transferase 
(TdT) dUTP nick end labeling (TUNEL) is 
a method for detecting DNA fragments by 
labeling the 3′-hydroxyl termini in DNA 
double-strand breaks generated during 
apoptosis by the incorporation of 
biotinylated nucleotides through TdT 
enzymes

Colorimetric

Cleaved caspase 
3 
immunostaining

Apoptosis During apoptosis, caspase 3 is cleaved and 
degrades multiple cellular proteins and 
DNA fragments in cells

Microscopy
Flow 
cytometry

AnnexinV 
staining

Apoptosis AnnexinV situated on the outer leaflet of 
the plasma membrane is a mark of 
apoptosis in early/late apoptotic and 
necrotic cells

Microscopy
Flow 
cytometry

Beta- 
galactosidase 
staining

Senescence Beta-galactosidase is a hydrolase enzyme 
that catalyzes the hydrolysis of 
β-galactosides into monosaccharides during 
senescence

Microscopy
Flow 
cytometry

H&E 
immune- 
histochemistry

Necrosis Hematoxylin and eosin (H&E) is a basic 
staining for nuclei and cytoplasm to 
examine cell types and tissue structure

Microscopy

Ki-67 
immuno- 
histochemistry

Proliferation Ki-67 is a nuclear protein which is 
associated with cellular proliferation

Microscopy

DDR 
immuno- 
fluorescence

DNA 
double-strand 
breaks (DSB)

Immunostaining of DNA damage response 
(DDR) proteins, such as γ-H2AX, 53BP1 
for the quantification of residual damage

Microscopy
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5  Conclusions and Perspective

In conclusion, 3D cell culture technologies are promising tools for the identification 
of radiosensitizers by bridging the gap between standard 2D monocultures and ani-
mal models. Today, a large body of data demonstrates that 3D cell culture systems 
reflect the physiological microenvironment to a far greater extent than traditional 
2D cell cultures. Especially, cell adhesion to the ECM and its fundamental conse-
quences for signal transduction profoundly influences tumor cell behavior, in gen-
eral, and therapy sensitivity, in particular, and is underestimated in 2D cellular 
systems. There is no doubt that 3D cell culture systems are powerful applications 
for drug discovery, cell biology, cancer, and radiation biology research. In the future, 
optimization and validation of the different culture modalities are warranted to 
improve the reproducibility and standardization of 3D cell culture models with 
excellent biological relevance.
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Chapter 7
Preclinical In Vivo Evaluation of Novel 
Radiosensitizers by Local Tumor Control 
Experiments

Karolin Schneider, Nadja Ebert, Ina Kurth, and Michael Baumann

Abstract Over the past several years, significant technological and biological 
progress has been made in radiation oncology with focus on the development of 
new treatment schemes to target tumors more precisely and increase the susceptibil-
ity of tumor cells to radiation therapy. It is essential that new treatment concepts are 
first appropriately evaluated and validated in preclinical settings before they are 
translated into the clinic. In vivo models are the most valid model systems for pre-
clinical investigations, as they best resemble the physiological complexity needed 
for translational studies. For the preclinical evaluation of promising radiosensitiz-
ers, relevant clinical endpoints should be defined in order to draw the correct con-
clusions for clinical translation. In addition, the appropriate preclinical model 
should be considered (patient-derived, cell line-derived, transgenic, etc.). Local 
tumor control is the endpoint of choice for preclinical assessments of the efficacy of 
new combination treatments in radiation oncology for curative radiation-based 
treatment strategies. Local tumor control takes into account the potential presence 
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of cancer stem cells that may lead to recurrence after treatment. In addition to the 
correct tumor model and the clinical endpoint, other factors such as tumor 
 heterogeneity, clinically relevant treatment regimens, and the presence of predictive 
biomarkers must be considered to reliably evaluate novel radiosensitizers.

Keywords Cancer stem cells · Heterotopic model · Local tumor control · NSG 
mice · NRG mice · Nude mice · Orthotopic model · Radiation dose · 
Radiosensitization · Scid mice · Sensitizer enhancement ratio · Tumor control dose 
· Tumor growth delay · Tumor heterogeneity · Tumor volume · Xenografts

1  Introduction

Radiation therapy (RT), together with surgery, drug treatment, and increasingly 
immunotherapy is a mainstay of today’s cancer treatment arsenal. Approximately 
50% of all cancer patients receive RT alone or in combination with systemic therapy 
during their course of disease (Barton et al. 2014; Borras et al. 2015).

Over the past years, significant progress has been made in radiation oncology, 
including advances in technology, image guidance, and biological understanding of 
mechanisms underlying radioresistance of tumors or pathogenesis of radiation- 
induced normal tissue reactions (Baumann et  al. 2016; Stewart and Dorr 2009). 
These advances do not only provide opportunities to further improve the precision 
of radiation delivery, they also allow the development of novel and more specific 
treatments that target mainly tumor cells by increasing their sensitivity to RT.

There exists a considerable need for new anti-cancer drugs in radiation/multi-
modal treatment strategies because local tumor control and cancer cure rates are still 
often insufficient after RT alone or in combination with standard cytotoxic drugs. To 
take a historical example, the loco-regional control rate of head and neck cancer of 
27% with RT alone in the 1980s increased to more than 80% in the 2010s when RT 
was optimized in terms of dose–time–fractionation and combined with cisplatin and 
nimorazole (data from randomized DAHANCA studies, reviewed in Baumann et al. 
(2016)). Part of this improvement can certainly be allocated to improved RT tech-
niques and stage migration. However, overall these results of a series of randomized 
trials show a clear benefit of improving RT based on biology in terms of fraction-
ation and combination with radiosensitizers, one of which is a cytotoxic drug and 
the other a hypoxic cell radiosensitizer. A host of other studies on combined modal-
ity treatments corroborate this conclusion (Seiwert et al. 2007; Grégoire et al. 2019).

For the development of new drugs and their implementation into clinical settings 
including RT, solid preclinical evidence regarding dose, treatment effect and toxic-
ity tests are indispensable. In vitro models allow to address fundamental questions 
like cellular and molecular pathways of drug–tumor cell interaction, necessary drug 
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concentrations, and they provide first ideas on efficacy and toxic effects. In the 
in vitro setting, it is also possible to test and evaluate a drug and radiation interaction 
in terms of cell survival after single dose or fractionated irradiation with or without 
drug administration (Coleman et al. 2016). However, in vitro models have important 
limitations. The most important of these is that neither the complexity of tumors nor 
their interaction with the local microenvironment and with systemic influences by 
the host can be reliably studied. Tumors are a highly heterogeneous composition of 
different types of malignant and host cells and tissues. It can be assumed that the 
tumor cell population in any given tumor consists of a number of (clonal) subpopu-
lations with different mutational burdens and epigenetic modifications which are 
constantly adapting to or being selected by their local microenvironment. This com-
plexity cannot be reproduced by today’s 2D or 3D cell culture systems which limits 
the potential of in vitro experiments for translation of results into the clinical set-
ting. Furthermore, typical cell culture systems are neither able to model tumor host 
interactions regarding treatment effect (e.g., immune response) nor to evaluate the 
effects on tumor and normal tissues at the same time in the same model.

For the time being, animal models are therefore more suitable and more valid 
preclinical systems to generate the complexity needed for preclinical translational 
studies in the areas of RT and radiosensitization. In comparison to clinical transla-
tional studies, animal models remain important since they allow for a greater insight 
into treatment responses. For example, in vivo investigations in animals have the 
potential to provide large and meaningful data sets on treatment modulation for a 
single tumor model, while in clinical studies only one event can usually be scored 
for an individual tumor. Thus, while clinical studies measure almost always popula-
tion effects, deeper insight into the response of individual tumors may be gained by 
preclinical in vivo experiments. Another argument is based on the ever increasing 
number of newly discovered potential molecular targets and newly developed radio-
sensitizing agents, making it difficult if not impossible to test all of them in clinical 
studies. Preclinical experiments can help to select the most promising candidates for 
further drug development and, at a later stage of the translational pipeline, for clini-
cal trials.

Very promising developments have been made in radiosensitization strategies for 
human tumors (Higgins et al. 2015; Stone et al. 2016; Bristow et al. 2018; Kirsch 
et al. 2018). For example, since radiation-induced DNA double-strand breaks (DSB) 
are repaired by the cellular repair machinery, proteins in the DNA damage response 
(DDR) and DNA repair have a high potential as molecular targets for enhancing the 
effect of radiation on tumors (Russo et  al. 2009; Khan et  al. 2010; Fokas et  al. 
2012b; Biddlestone-Thorpe et al. 2013; Pospisilova et al. 2017; Durant et al. 2018; 
Laird et  al. 2018; Bochum et  al. 2018). Targeting signal transduction associated 
with radioresistance, for example, via the epidermal growth factor receptor (EGFR), 
has been demonstrated to be able to radiosensitize tumors (Ang et al. 2002, 2004; 
Baumann and Krause 2004; Krause et al. 2009; Gurtner et al. 2011, 2014; Koi et al. 
2017). Tumor hypoxia is a long known obstacle for effective radiation treatment and 
diverse promising approaches to target hypoxic tumor areas for radiosensitization 
have been investigated (Nordsmark and Overgaard 2004; Overgaard 2011). For 
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example, tumor hypoxia reduction by inhibition of mitochondrial oxidative phos-
phorylation (OXPHOS) (Ashton et  al. 2018), increase of tumor oxygen level by 
reduction of oxygen consumption (e.g., metformin) (Lin and Maity 2015; 
Koritzinsky 2015) or by re-establishing normal vascularization within the tumor 
(Fokas et  al. 2012a). Furthermore, oxygen mimetic drugs like nimorazole act as 
radiosensitizers (Overgaard et al. 1982, 1991; Metwally et al. 2014).

An emerging field of potential radiosensitizing agents, which currently attracts 
much attention, is to target the immune system in the context of RT (Burnette et al. 
2012; Sharabi et al. 2015; Twyman-Saint Victor et al. 2015; Bristow et al. 2018; 
Rekers et al. 2018; Pitroda et al. 2019; Lambin et al. 2019). However, like all other 
radiosensitizing drugs, immune-based optimization of RT needs to be evaluated in 
terms of therapeutic gain: In preclinical experiments and clinical studies, the poten-
tial of immunotherapy combined with RT should improve local control of tumors 
but without increasing normal tissue toxicity, which might eventually enable radia-
tion dose reduction without compromising local tumor control (Weichselbaum et al. 
2017; Lambin et al. 2019).

2  Tumor Models In Vivo

2.1  Heterotopic Mouse Models

The use of small animals in preclinical oncology studies is an essential element and 
an important bridge for translation of experimental in vitro data to clinical applica-
tion. Animal models represent the tumor integrated in a living organism, allowing a 
better investigation of tumor development, growth, treatment-induced reduction, 
and relapse, but also angiogenesis, metabolism, hypoxia, metastasis, immune, and 
normal tissue effects.

The most frequently used animals for scientific purposes are mice. The choice of 
the proper mouse and tumor model depends on the research question and aim and 
requires careful consideration and planning (Gengenbacher et al. 2017).

In the heterotopic (ectopic) model, the transplantation site differs from the origi-
nal organ of the transplanted tumors. Most often, subcutaneous or intramuscular 
sites are chosen. Common practice involves injection of tumor cells or insertion of 
tumor pieces into the back, the flank, or the hind leg of the mouse. This approach 
has several advantages such as easy tumor transplantation and simple tumor size 
monitoring by external caliper measurements. Additionally, the transplanted tumors 
do not impair any organ function. The spatial separation between the tumor (to be 
treated) and healthy organs (to be spared) facilitates the use of relatively simple 
irradiation techniques which can be scaled to large cohorts of animals (Baumann 
et al. 2012). Heterotopic tumor models in irradiation studies allow robust assess-
ments of tumor volume changes over time, which is the basis for determination of 
tumor growth delay and permanent local tumor control (Baumann et  al. 2012). 
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Nevertheless, heterotopic models by definition cannot fully recapitulate a physio-
logical tumor microenvironment, which is characterized by the interplay of the dif-
ferent intra-tumoral cell populations with body site-specific normal tissues and 
systemic components. This limits the ability to investigate normal tissue interac-
tions, tumor invasion, and metastatic spread.

2.2  Orthotopic Mouse Models

In orthotopic models, tumor cells or pieces are transplanted into the original ana-
tomical site of the mice. These models are more difficult to establish than hetero-
topic tumors (Bibby 2004). Due to the difficulty in accessing the involved organ, 
tumor monitoring is usually dependent on imaging approaches such as optical 
imaging, CT, and MRI (Wang et al. 2015; Aktar et al. 2019). In addition, because of 
the location of tumors in organs such as lung, brain, pancreas, or liver, these models 
may influence the well-being of the host animals already at small tumor volumes. 
Thus, imaging usually needs to be performed frequently before, during, and after 
RT. In addition, treatment usually necessitates advanced radiation techniques with 
precise image-guided planning, accurate positioning of the mouse, and appropriate 
collimator settings shielding organs at risk (Lewis et al. 2002; Kagadis et al. 2010; 
Verhaegen et al. 2011; Tillner et al. 2014). In recent years, small imaging and radia-
tion device platforms have been developed. These devices commonly consist of a 
shielded cabinet with isocentric treatment tables, 360° movable X-ray tubes, various 
collimators and flat-panel detectors, and include advanced 3D planning software 
(Tillner et al. 2016).

The increased investment of time and equipment for orthotopic models, as com-
pared to heterotopic models, enables investigations into tumor interactions with the 
original tissue environment, invasion into surrounding normal tissues, and meta-
static spread. Orthotopic tumors may reflect radiation response and systemic reac-
tions of human tumors better than heterotopic subcutaneous tumors (Bibby 2004).

2.3  Immunocompromised Mouse Strains

Although cell line-derived tumors (cell line-derived xenografts, CDX) are most 
commonly used in preclinical studies and can reveal important information about 
the efficacy of RT alone and combined with novel drugs, they are limited by several 
important differences compared to primary human tumors. For example, CDXs, 
which have been passaged for a long time show differences in tissue architecture 
and microenvironment, less genetic heterogeneity and altered gene expression com-
pared to the tumor origin (Gillet et al. 2011; Day et al. 2015). Patient-derived xeno-
grafts (PDX) harbor more intact tumor samples, which were obtained directly from 
patients. PDX may more reliably predict treatment response of the initial tumor and 
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are used in parallel to clinical trials for individual evaluation of therapeutic options 
and for screening of different drug candidates (Tentler et al. 2012; Clohessy and 
Pandolfi 2015; Gao et al. 2015; Lai et al. 2017). However, PDX studies are costly, 
logistically difficult, for example, with regard to strongly varying engraftment rates, 
limited passaging number, and availability of tumor material (Gengenbacher et al. 
2017; Byrne et al. 2017; Meehan et al. 2017). Typically, in heterotopic or orthotopic 
xenograft models, human material is transplanted into immunocompromised mice 
to avoid the rejection of the introduced human material by the murine organism. 
Immune-compromised mouse strains with different disruptions in the functionality 
of innate and adaptive immune compartments are available (Shultz et  al. 2007; 
Belizário 2009).

2.3.1  Nude Mice

Nude mice with a Foxn1 gene mutation are athymic and T-lymphocyte deficient 
(Flanagan 1966). Athymic nude mice are used in more than 55% of tumor studies 
with immunocompromised animals (Gengenbacher et al. 2017). They are suitable 
for xenotransplantation experiments of a variety of solid tumors (Fogh et al. 1977) 
and are used for combined treatment evaluations and drug resistance studies 
(Szadvari et al. 2016). Due to the long life span of athymic nude mice (up to 2 years 
under specific pathogen free conditions) and their low risk for distant metastasis, 
they are particularly beneficial for long-term tumor follow-up experiments. 
Importantly, B-lymphocytes and innate immune compartments such as granulo-
cytes, macrophages, and natural killer (NK) cells are functional in athymic nude 
mice. This needs to be considered when interpreting tumor engraftment rate, growth, 
and treatment response.

2.3.2  Scid Mice

The hirsute scid (Severe Combined Immunodeficiency, Pkrdcscid/scid) mouse strain is 
fully T- and B-lymphocyte deficient (Bosma et al. 1983). However, a spontaneous 
production of sporadic mature lymphocytes is possible and the innate immune sys-
tem is intact (Bosma et al. 1988; Carroll and Bosma 1988). With a NOD (non-obese 
diabetic) mouse strain background, scid mice have also defective NK cells, macro-
phages, and dendritic cells (NOD/scid, Shultz et al. 1995). NOD/scid mice are suit-
able for a variety of human xenografts such as breast, brain, and spleen tumors 
(Singh et al. 2004; Beckhove et al. 2003; Greiner et al. 1995) and, importantly, also 
for the engraftment of hematopoietic cancer cell lines (Greiner et al. 1998).
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2.3.3  NSG Mice

In addition, mice with an IL-2Rγ (IL-2 receptor gamma) mutation completely lack 
NK cells and have a highly deficient T- and B-lymphocyte development (DiSanto 
et al. 1995). Thus, a highly immunodeficient mouse model results from the combi-
nation of the IL-2Rγ−/− and Pkrdcscid/scid mutations on a NOD strain background (Ito 
et al. 2002). These hybrid mice, the so-called NSG (NOD scid gamma) mice, are 
particularly utilized for transplantation of human tumors (Bankert et al. 2002) and 
more broadly, of human tissues, cells, bone marrow, and peripheral blood with the 
aim to develop a humanized mouse model (Ishikawa et al. 2005; Shultz et al. 2005). 
The tumor engraftment rate in NSG mice is higher compared to NOD/scid mice (Ito 
et al. 2002; Agliano et al. 2008) and the required cell number for tumor initiation is 
very low (towards one single cell (Quintana et al. 2008)). However, the Pkrdcscid/scid 
mutation causes defects in DSB repair (Fulop and Phillips 1990; Chang et al. 1993). 
NOD/scid and NSG mice are therefore not adequate for studies of radiation response 
and testing of radiosensitizers because DSB repair defects significantly increase 
normal tissue radiosensitivity.

2.3.4  NRG Mice

NRG (NOD/Rag1/2null/IL-2Rγ−/−) mice harbor Rag1/2null mutation, which causes T- 
and B-lymphocyte depletion (like the Pkrdcscid/scid mutation), but does not impair 
DNA repair. NRG mice may engraft hematopoietic progenitors, blood cells, and 
extremely poorly outgrowing tumor cells (Shultz et al. 2003; Maykel et al. 2014). In 
contrast to NSG mice, they have a higher radioresistance, which is similar to athy-
mic nude mice. This fact makes NRG mice more adequate for RT studies with clini-
cal relevant doses (Barve et  al. 2018). However, NSG and NRG mice have a 
relatively short life span (8–9  month), which makes long-term tumor follow-up 
unfeasible.

Overall, a disadvantage of human xenografts (CDX, PDX) is that they require 
immunocompromised models, which impedes investigation of the role and response 
of the immune system. However, human-derived tumors reflect at least in some 
aspects the response of patients’ tumors to RT and combined treatments. A very 
important advantage is the availability of human pharmaceuticals that can be 
directly used to treat human xenograft tumors. The advantages are reflected by the 
extensive use of CDX and PDX in 89% of preclinical studies (Gengenbacher 
et al. 2017).
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2.4  Immunocompetent Mouse Models

Syngeneic models are based on immunocompetent mice. Tumors result either from 
transplantation of samples with the same genetic background (allograft) or from 
induction by environmental agents, such as chemicals, UV radiation, ionizing radia-
tion, pathogens, or by the introduction of genetic drivers via viral vectors or plasmid 
DNA (Kemp 2015; Galuschka et al. 2017).

Tumor induction by environmental cancer-causing agents leads to de novo carci-
nogenesis and enables the investigation of preventive actions and risk factors. For 
example, in very early mouse studies, UV radiation (1920s), and X-rays (1930s) 
were confirmed to cause skin cancer, and the interaction of carcinogenic chemicals 
with DNA was discovered in the 1960s, all of which led to important prevention 
strategies in humans (Kemp 2015). Since the 1990s, exposure with carcinogenic 
agents has been applied to genetically engineered mouse models (GEMM), in order 
to explore the intertwined actions between environmental factors and genetic pre-
disposition in cancer development (Kemp 2015). However, due to the long latency 
of tumorigenesis and high heterogeneity, environmentally induced tumor models 
are only used in 6% of cancer studies (Gengenbacher et al. 2017).

Syngeneic tumors can furthermore be induced by injection of oncogenes. For 
example, a retroviral vector derived from avian leucosis virus subgroup A (ALV-A) 
was used to transfer and express exogenous oncogenes in murine neuronal stem 
cells in order to induce brain tumors (Holland 2000). These murine tumors strongly 
resembled the histopathology of human glioblastoma in 60% of the mice. This syn-
geneic model is suitable to test new drugs in combination with RT for brain tumors 
(Hambardzumyan et al. 2009).

Instead of introducing genetic material into locally restricted regions of the 
murine organism before/during each experiment, GEMMs receive genetic modifi-
cations already at the stage of the fertilized oocyte, the 8-cell stage embryo, or via 
targeted embryonic stem cells injected into the blastocyst (Lampreht Tratar et al. 
2018). Genetic modifications can be restricted to somatic cells (non-germline 
GEMM, e.g., by CRISPR/Cas9 genome editing) or included in the germline (germ-
line GEMM, e.g., by knockout/knock-in of genes) (Kersten et al. 2017). GEMMs 
can harbor dominant oncogenes, carry mutations in tumor suppressor genes, or 
more recently, carry human cancer-related mutations, which enable a controlled de 
novo tumorigenesis and autochthonous disease progression (Donehower et al. 1992; 
Gengenbacher et  al. 2017; Kersten et  al. 2017). GEMMs may help to identify 
genetic markers to predict therapy response or resistance, to screen for novel radio-
sensitizers, and to validate them (Singh et al. 2012; Kersten et al. 2017).

These models have the advantage of a natural tumor development and interaction 
between tumor and immune compartments. Twenty-seven percent of tumor model 
studies included GEMMs (Gengenbacher et al. 2017).
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2.5  Model Considerations for Drug/Radiation Studies

Since GEMMs express only the murine homologue of a desired human target, the 
main drawback for this model is that the observed responses to (new) treatments are 
restricted to the murine biology (Teicher 2006). As is true for all mouse models, the 
metabolism of a new drug in GEMMs may differ from humans. This has to be con-
sidered when interpreting results and translation into the human organism.

Orthotopic PDXs, which have been passaged in vivo, represent important mod-
els that can produce results with relevance for clinical trials (Lawrence et al. 2013). 
The use of PDX models complementary to other preclinical models with a well- 
defined genetic background are beneficial for drug response studies (Tentler et al. 
2012). The aim of novel combinatory drugs is to widen the therapeutic window of 
RT, that is to improve the anti-tumor effect compared to the standard treatment 
without increasing normal tissue toxicity. To facilitate preclinical translational stud-
ies, it is therefore indispensable to advance also normal tissue models to investigate 
treatment-related toxicity (Moses and Kummermehr 1986; Dörr 1998). In order to 
estimate the gain for the therapeutic ratio and to evaluate the risk-benefit relation, 
normal tissue effects should be surveyed during the investigation of novel treat-
ments (Lehnert and el-Khatib 1989; Liao et al. 1995; Herrmann et al. 1997; Stewart 
and Dorr 2009).

The term “sensitizer enhancement ratio” (SER) describes the increased effect of 
a combined treatment of RT with a radiosensitizer compared to RT alone. It needs 
to be ensured that the SER of the normal tissue is smaller than the SER of the tumor 
before a new treatment combination can be moved to clinical studies (Harrington 
et al. 2011).

Overall, it is important to realize that each tumor or mouse model has its limita-
tions and benefits. What all of the tumor models have in common is that they con-
stantly need to be developed further, to be enhanced and refined (Day et al. 2015). 
Importantly, specific experiments require the appropriate model according to the 
study aim and endpoints.

3  Experimental Endpoints

Preclinical studies using laboratory animals require detailed planning. Depending 
on the exact scientific question to be answered, different animal and tumor models 
are advantageous (vide supra) and different endpoints are in use.
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3.1  Tumor Volume-Based Endpoints

In preclinical experiments on tumors using radiation, most commonly volume- based 
endpoints, such as tumor regression or progression and tumor growth delay, are 
utilized. The tumor volume is repeatedly measured before, during, and after treatment. 
In subcutaneous (s.c.) tumors, the measurements are usually performed using calipers 
while in orthotopic tumors often advanced imaging techniques are needed (Zips 
2019). An individual tumor growth curve over time is generated as basis for further 
analysis. It is important to note that this growth curve reflects the average of the 
dynamics of all cell populations present in the tumor and usually does not allow to 
differentiate between different cell populations (e.g., tumor cells versus infiltrating 
cells of the immune system) or between cell production and cell loss (e.g., into 
necrosis). Furthermore, effects of treatment on tumor volume are influenced by many 
factors including the capability of the murine organism to remove dead cells, the 
formation of edema, or invasion of normal cells into the tumor (Baumann et al. 2012). 
Finally, tumor volume-dependent endpoints reflect the effect of a treatment on the 
bulk of tumor cells and not the effect on tumor cells that are able to form a recurrence 
or to metastasize, i.e., cancer stem cells (CSC) or clonogenic cells.

The most basic parameter is tumor regression, which simply compares the vol-
ume of a tumor at a given time during or after treatment to the volume at start of 
treatment. In contrast, tumor growth delay (GD) reveals more information by com-
paring the time needed for treated versus control tumors to reach a specified vol-
ume. For radiation alone, due to a greater inactivation of CSCs (or clonogenic 
precursor cells with a high capacity to divide), GD increases with increasing radia-
tion dose (Baumann et al. 2003). However, this relationship may be obscured by 
adding drugs. Evaluation of GD at several dose levels, for example, by using GD per 
Gy, allows to some extent to estimate whether the effect of a drug combined with 
radiation is limited to the bulk of non-stem tumor cells or is also enhancing inactiva-
tion of CSCs (Baumann et  al. 2003, 2008; Krause et  al. 2007). The endpoint of 
tumor GD is suitable for initial drug screenings, “proof-of-concept” studies, inves-
tigation of mechanistic actions, and evaluation of non-curative treatments (Baumann 
et al. 2012; Coleman et al. 2016). However, standard GD experiments fail to assess 
treatment efficacy against CSCs as GD only measures bulk tumor killing.

3.2  Local Tumor Control Assay

Since evidence has accumulated over the past years that CSCs may be dormant, are 
cycling slower, exhibit a higher DNA damage repair capacity, and overall can be 
more treatment resistant than the bulk of tumor cells, it is important to use preclini-
cal assays able to measure effects of treatment on CSCs and not just on the bulk of 
tumor cells (Reya et al. 2001; Bao et al. 2006; Clarke and Fuller 2006; Baumann 
et al. 2008; Peitzsch et al. 2019).
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Permanent local tumor control after RT depends on the inactivation of all CSCs 
in the radiation field by the treatment or by host factors. Therefore, radiation local 
control assays are suitable to functionally assess the effect of a given treatment or 
combination of treatments on inactivation of CSCs (Krause et al. 2006; Baumann 
et al. 2008).

For local tumor control experiments, tumor bearing mice are treated with graded 
dose levels of either radiation alone or radiation plus a novel drug. After the end of 
the treatment, the mice are observed until no or almost no new tumor recurrences 
occur anymore. A dose–response curve is established from the rates of tumor  control 
probability (TCP) per dose level (Zips 2019) (Fig. 7.1). The more a dose–response 
curve is shifted towards lower doses, the higher is the overall radiation sensitivity of 
a tumor type.

The simplest experimental design is to give one standard radiation treatment at 
one dose level and to compare this to the same radiation treatment plus a novel drug. 
Local tumor control is then plotted as function of the time after treatment in a 
Kaplan–Meier diagram and gives evidence for an altered response effect with the 
combined treatment (Fig. 7.2).

The limitation of Kaplan–Meier curves is that only the combined effect of one 
radiation dose level plus the drug can be derived. It cannot, or only under assump-
tions, be estimated how a modified radiation dose would change the treatment 
response. Therefore, even in this simple setting it is useful to add at least a second 
radiation dose level to gain some insight of the importance of the efficacy of the 
combined treatment to enhance tumor control in comparison to an increase of radia-
tion dose alone.

Fig. 7.1 Theoretical dose–response curves according to the observed local tumor control rates 
(symbols) for two different treatment groups: radiation therapy alone and combined treatment 
(e.g., radiation plus radiosensitizer). Error bars represent the 95% CI for the TCD50 (tumor control 
dose 50%) value. TCP, tumor control probability
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In contrast, the dose–response curve in a “TCD50” (tumor control dose 50%) exper-
iment provides a quantitative description of the tumor control probability at different 
dose levels and enables to calculate radiation dose needed to cure 50% of the mice 
(Zips 2019). The dose modifying factor (DMF), which is calculated from the TCD50 
values of different dose–response curves, represents the decrease in radiation dose 
after adding a drug to reach the same tumor control probability compared to RT alone 
(Zips 2019). From this comparison, the radiation dose level within the combined treat-
ment needed to achieve the same TCD50 as for RT alone can easily be estimated.

Additional information can be gained from the steepness of dose–response curves in 
TCD50 experiments. The steeper a dose–response curve, the smaller is the radiation 
dose range for a broad range of tumor control probability and the smaller is usually the 
heterogeneity of response. For example, for a very steep dose–response relationship 
only a minimal increase of radiation dose may greatly increase tumor control probability. 
This is also true for dose-normal tissue toxicity curves in effective dose 50% (ED50) 
experiments. On the other hand, there is a risk of a significant reduction of local tumor 
control if the radiation dose is only slightly decreased. For tumor types with flat dose–
response curves, the dose range to decrease the tumor control probability is much larger. 
This allows for a radiation dose reduction in preclinical studies with combined treatment 
strategies without major local tumor control reduction, which may be compensated by 
the drug given concurrently. If a drug added to RT increases the steepness of the dose–
response curve while shifting the curve to the left compared to RT alone, this can be 
taken as indication that on a CSC level the drug has decreased the inter-tumoral 
heterogeneity of one or more important factors contributing to radioresistance.

TCD50 experiments are more time- as well as cost-intensive compared to tumor 
volume or GD investigations and require higher numbers of laboratory mice 
(Baumann et al. 2012; Coleman et al. 2016). However, this experimental design is 
important and appropriate for preclinical validation of novel sensitizing treatments 
in radiation oncology since clinical studies have shown similarly shaped curves for 
local tumor control in patients (Zips 2019).

Fig. 7.2 Theoretical Kaplan–Meier survival curve for a fractionated radiation regimen with or 
without a radiosensitizer
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Combined treatment studies have shown that these two endpoints, tumor GD and 
local tumor control, not always produce congruent results (Budach et  al. 1993; 
Baumann et al. 2003, 2008; Krause et al. 2007; Gurtner et al. 2014). Only tumor 
local control can predict tumor cure since it measures CSC inactivation. Just one 
surviving CSC, if not inactivated by the host, can lead to a local tumor relapse. This 
makes TCD50 assays very sensitive and valuable for preclinical assessments of the 
efficacy of new combination treatments to enhance curative radiation-based treat-
ment strategies (Krause et al. 2006).

4  Tumor Heterogeneity

Clinical studies have demonstrated inter-tumoral heterogeneity in CSC numbers, 
hypoxia, and other factors that influence response to radiation treatment, which 
leads to a different treatment success in patients with the same tumor entity 
(Baumann et al. 2008).

This inter-tumoral heterogeneity in (radiation) treatment response is also found 
in preclinical models (Yaromina et al. 2007; Gurtner et al. 2011, 2014) (Fig. 7.3). 
This phenomenon may cause a risk of overestimating the therapeutic potential of a 
new radiosensitizer if only well-responding tumor models are used for testing (Zips 
et al. 2005). Consequently, inter-tumor heterogeneity should be simulated in local 
tumor control experiments by the investigation of a panel of different tumor models 
in order to obtain insight into the heterogeneity of response (Yaromina et al. 2006, 
2007; Gurtner et al. 2014). Living tumor biobanks, i.e., collections of CDXs and 
PDXs, provide a broad spectrum of heterogeneity (Gao et  al. 2015; Bruna et  al. 
2016). Regular molecular profiling of the investigated tumors is needed to ensure 
preservation of relevant tumor characteristics through passaging and to conserve the 
heterogeneity of the biobank (Cassidy et al. 2015; Bristow et al. 2018). Establishing 
living tumor biobanks is complex, cost-, space-, and time-intensive in terms of 
mouse numbers, housing, care taking personal, tumor biology validation, and pro-
longed experimental time span for the development of new radiosensitizers. 

Fig. 7.3 Tumor control 
probability for ten different 
heterotopic human head 
and neck squamous cell 
carcinomas illustrates the 
heterogeneity of dose–
response relationships. The 
red curve represents the 
composite dose–response 
relationship of all tumor 
xenografts (redrawn from 
Baumann and Krause 2009 
in Molls et al. (eds))
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However, this will enable large-scale screening for suitable radiosensitizers and 
improve the transferability of in vivo therapy responses to patient tumor response 
(Gao et  al. 2015). In order to minimize costs and efforts for individual working 
groups, laboratories may be well advised to collaborate and share tumor banks. This 
requires standard operating procedures and strict quality control (Coleman et  al. 
2016). Another practical approach to minimize animal numbers is to perform an 
initial screening of GD effects of a new drug or to conduct restricted TCD50 experi-
ments and select suitable tumor models, which are then further investigated in more 
extensive local tumor control experiments.

In parallel, the development of predictive biomarkers for stratification of patients 
according to their heterogeneous tumor characteristics is of emerging importance. 
Single biomarkers or sets of biomarkers such as gene expression profiles (Baumann 
et al. 2016; Bristow et al. 2018) can help to identify radioresistant tumors and pre-
dict response to treatment strategies with novel radiosensitizers. For example, in 
patients with head and neck squamous cell carcinoma, HPV/p16 status and the CSC 
marker CD44 were shown to be predictive of local tumor control (Linge et al. 2016). 
Biomarker development can be realized in mouse models from large xenograft bio-
banks, which reflect the heterogeneity of individual tumors.

5  Clinically Relevant Treatment Schedules

Proof-of-concept in  vivo experiments may provide preliminary evidence for the 
potential treatment success of a novel radiosensitizer. However, additional preclini-
cal studies under conditions that are as close as possible to clinical settings are 
indispensable.

Clinically relevant radiation schedules include fractionated RT instead of single 
fraction irradiation (Harrington et al. 2011). It is important to apply fractionated or 
split radiation doses in mouse studies since tumor effects are different after fraction-
ated RT with regard to biological factors such as tumor cell repopulation, re- 
oxygenation, and development of necrosis (Hessel et al. 2004a, b; Baumann and 
Krause 2004; Krause et al. 2005; Eicheler et al. 2005; Yaromina et al. 2007). The 
schedule of a combined treatment with RT has been shown to influence the treat-
ment outcome as well: radiosensitizers might be administered prior to RT (neoadju-
vant), during the course of RT (concomitant) or only after radiation treatment has 
been completed (adjuvant) (Zips et al. 2003). Radiation dose levels and doses per 
fraction should also be kept in the range of clinical use in preclinical trials. The 
same is true for novel drugs, which need to be tested in vivo in clinically achievable 
dosage and administration forms (Lawrence et al. 2013).

In many cases, human tumors are not only treated with RT, but with concurrent 
RT and chemotherapy (chemoradiation). In preclinical models of those tumor enti-
ties in which chemoradiation is standard of care, chemotherapy should also be 
included in the preclinical treatment schedule for the development of additional 
radiosensitizers. The optimal approach, although resource-demanding, is to test RT 
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alone, standard chemoradiation alone, RT plus novel sensitizer, and standard 
chemoradiation plus novel sensitizer. If this is not possible, it is recommended to 
use at least a control group with the clinical standard treatment in comparison to the 
new combined treatment.

6  Summary and Conclusions

Different experimental model systems and endpoints are suitable for specific ques-
tions regarding a potential new radiosensitizer. Growth delay assays reveal interac-
tions of the new radiosensitizer with radiation treatment, the tumor microenvironment, 
and the whole organism in vivo (Coleman et al. 2016). Tumor control dose (TCD50) 
experiments are necessary for consideration of CSCs in order to evaluate whether 
the new radiosensitizer in combination with the standard radiation treatment has 
curative potential or only a palliative effect (persistence of CSCs that could give rise 
to a recurrence).

Normal tissue toxicity needs to be assessed in appropriate models, and the risk- 
benefit ratio associated with the new radiosensitizer must be weighed. With normal 
toxicity mouse models it needs to be ensured that the SER of the normal tissue is 
smaller than the SER of the tumor before a new treatment combination can be 
moved to clinical studies (Harrington et al. 2011).

In parallel to the testing of novel radiosensitizers, it is crucial to develop bio-
markers that represent tumor characteristics and predict the sensitivity or resistance 
of individual tumors to the combined treatment and consequently their treatment 
response. The ultimate objective is to select the proper radiosensitizer for each 
 individual patient according to an integrated model of therapy response that includes 
predictive biomarkers. Treatment adaptations may not only include intensification 
of RT by combination with novel drugs in situations where local tumor control is 
poor but also de-escalation of the standard dose of RT when combined with an 
effective radiosensitizer, which could result in reduced radiation-induced toxicity to 
the normal tissue.

In conclusion, in vivo experiments on tumor models will remain indispensable 
for the development of novel radiosensitizers and chemoradiosensitizers for radia-
tion oncology. These experiments need to be expertly designed according to the 
specific scientific question and the hypothesis addressed. Deliberate choices of the 
most appropriate tumor/mouse model and the experimental endpoint need to be 
made. The design of such studies should consider inter-tumoral heterogeneity, 
including biomarker assessment, as well as a clinically relevant dosing of RT to 
achieve a suitable preclinical body of data for further optimization and clinical 
translation of the most promising novel candidate drugs.
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Chapter 8
Genetically Engineered Mouse Models 
for Studying Radiation Biology 
and Radiosensitizers

Warren Floyd, Hsuan-Cheng Kuo, Jonathon E. Himes, Rutulkumar Patel, 
and David G. Kirsch

Abstract Genetically engineered mouse models (GEMMs) are powerful research 
tools that have improved our understanding of cancer and enabled the identification 
of novel targets for the radiosensitization of human cancer. The use of GEMMs in 
cancer has evolved significantly since early models of organism-wide oncogene 
knock-in and tumor suppressor knock-out mice. Advances in recombinase technol-
ogy have enabled the development of GEMMs with site- and tissue-specific genetic 
manipulation and temporal control of multiple genetic alterations. There are multi-
ple advantages to using GEMMs to study radiation biology when compared to 
in vitro or transplant in vivo models. First, they provide a robust platform for the 
study of normal tissue injury generated by treatment with radiation therapy and 
radiosensitizers. Second, tumors develop in a native microenvironment, which pre-
serves the stromal and vascular compartments. Third, they allow precise spatial and 
temporal control of multiple genetic alterations, allowing scientists to dissect the 
effect of specific genetic mutations on tumor development and radiation response. 
Finally, these mice have an intact immune system that co-evolves with tumor forma-
tion, which is critical to evaluating combined radiation therapy and immunotherapy. 
Here we review current approaches to mouse modeling for the study of radiation 
biology and radiosensitizers.
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1  Introduction

Cancer is a prehistoric disease dating back to ancient Egyptian and Greek civiliza-
tion, where it was mostly treated by radical surgery with minimal success leading to 
the death of many patients. However, significant advances have been made since 
then, especially in terms of understanding and treating the disease. Over the centu-
ries, important discoveries have provided key insights into biological and pathologi-
cal features of cancers that spurred the development of effective therapies. A major 
breakthrough came late after 1895, when the discovery of X-rays and gamma-rays 
changed our approach to cancer treatment and ushered in the era of studying radiation 
biology. In the field of pharmacological intervention, a major breakthrough came 
after the Second World War, with the discovery of cytotoxic anticancer drugs leading 
to the birth of chemotherapy for the treatment of various cancers. Since the 1950s, the 
cornerstone of cancer treatment has included surgery, radiation, and chemotherapy 
(Rius and Lyko 2012). Although in the past decade immunotherapy has been added 
as an additional pillar of cancer therapy, cancer remains the second leading cause of 
death with over 8.2 million cancer deaths worldwide in 2012 (Ferlay et al. 2015). 
High incidence rates of cancer are due in part to an increasing population with a 
longer average life span, while overall reductions in mortality rates are likely 
associated with early diagnosis and the evolution of targeted drug therapies, such as 
selective kinase inhibitors, monoclonal antibodies, and immune checkpoint inhibitors. 
Despite many ongoing challenges, from a historical perspective there has been 
continuous progress in the prevention, detection, and treatment of cancer.

Radiation therapy remains one of the primary modalities for the treatment of 
human cancer. In fact, approximately 50% of human cancers are treated by radiation 
therapy with either palliative or curative intent (Moding et al. 2013). Rapid advances 
in physics and computing have led to significant technological development in the 
field of radiation oncology which has dramatically increased the efficacy of radia-
tion therapy for multiple cancer types. There is a significant opportunity for further 
advancement of the field of radiation oncology via improved understanding of the 
radiation biology of human cancer and development of targeted radiosensitizers that 
increase the therapeutic index of radiation treatment. To make further advances in 
radiation therapy, GEMMs provide a powerful tool for preclinical radiation biology 
research (Coleman et al. 2016).

An ideal tumor model for the study of radiation biology and radiosensitizers 
in vivo should satisfy several key criteria. First, the tumor model should present 
with the same histopathological features that are used to diagnose the human cancer 
in the same anatomical location as its human counterpart. Second, the tumor model 
should develop in the native tumor microenvironment, including stroma and 
vasculature that develop in a manner as similar to human cancers as possible. This 
point is especially important, as multiple researchers have demonstrated the 
importance of hypoxia and stromal composition in radiation response (Horsman 
and Overgaard 2016). Third, the tumor model should allow single or multiple 
genetic  manipulations that are relevant to human cancer to be spatially and 
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temporally controlled. This allows for reproducibility and flexibility in experimental 
design, greatly increasing the number of experimental questions that can be asked 
using the model. Finally, the model should have a native and intact immune system 
that has co- evolved with the cancer during tumor development. This most closely 
models the co-evolution of human tumors with the immune system and allows for 
evaluation of immunomodulatory therapies alone or in concert with radiation 
therapy. Human xenografts grown in immunodeficient mice and mouse cancers 
transplanted into syngeneic mice are frequently used in research because of their 
relative ease of use and low cost. Despite these advantages and their usefulness to 
answer specific scientific questions, transplant systems fail to fulfill many of the 
criteria of an ideal in vivo model of human cancer for studying radiation biology 
listed above. In contrast, GEMMs meet all of these requirements and enable the 
study of multiple critical determinants of radiosensitizer efficacy with tools that 
allow precise spatial and temporal control of genetic manipulations.

In this chapter, we will discuss the principle of the most popular genetic engi-
neering technologies used to generate GEMMs, including Cre recombinase, the 
dual recombinase system, and the CRISPR-Cas9 system. We will provide recent 
examples of how these technologies have been applied at the intersection of cancer 
and radiation biology research. Next, we will highlight how GEMMs are used to 
study radiation biology in the fields of immuno-oncology and normal tissue radia-
tion injury, which are exciting areas of study that are crucial for the development 
and evaluation of novel radiosensitizers. Finally, we will outline important consid-
erations in the design and execution of experiments involving GEMMs.

2  GEMMs: Cre-Loxp System

Prior to the development of GEMMs, researchers used immunocompetent and 
immunodeficient mice with implanted syngeneic and xenograft tumors, respec-
tively. Tumor implants are made subcutaneously or orthotopically to study drug or 
radiation response in animal models. These models are widely used even today to 
investigate drug toxicity, efficacy, and potency in part due to the reasonable cost of 
the experiments. However, such models may fail to fully recapitulate important 
aspects of human cancer in terms of the genetic versatility, histological and immu-
nological characteristics, and organ-specific microenvironment. Many studies have 
shown that cancer evolves under the influence of a native microenvironment, includ-
ing interactions with immune and stromal cells. Because of this, xenografts and 
syngeneic mouse models of cancer have natural limitations. In the late 1980s, the 
first GEMMs (also known as transgenic mouse model) were produced by geneti-
cally expressing a dominant oncogene in the germline of the mouse from a tissue- 
specific promoter (Stewart et  al. 1984). Since then, advances in engineering the 
mouse genome have enabled the development of GEMMs. One of the most popular 
strategies for conditional genetic manipulation is to generate GEMMs using the 
Cre- LoxP system adapted from bacteriophage (Kirsch 2011).
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Cre recombinase is a protein that recognizes a short DNA sequence annotated as 
loxP. Cre does not exist in mouse or human genomes unless introduced by genetic 
engineering. When two loxP sites are engineered to flank both ends of a genomic 
sequence, Cre expression leads to the deletion of the intervening sequence of DNA, 
leaving only one loxP site behind (Fig. 8.1). After loxP flanked genetic sequences are 
introduced into the germline of genetically engineered mice, they can be bred with 
other conditional mutant mice so that Cre can initiate cancer driven by multiple genetic 
events. One of the most common applications of this technology has been to flank a 
critical portion of a gene with loxP sites so that, upon exposure to Cre recombinase, the 
gene is deleted so that its functional impact can be tested. This technology can also be 
used to induce gene expression. In this scenario, a gene or oncogene is preceded by a 
loxP-STOP-loxP sequence (LSL; STOP cassette flanked by two loxP sites). The STOP 
cassette will prevent expression of the downstream oncogene, but upon Cre recombinase 
expression the STOP cassette will be removed and the downstream gene will be 
expressed (Jackson et al. 2001). Another strength of this technology is that it allows 
targeted gene deletion or expression in a specific cell type. To achieve this, a transgenic 
mouse can be generated to express Cre recombinase from a cell type-specific promoter, 
which can be crossed with mice harboring conditional alleles flanked by loxP sites 
termed floxed alleles (Branda and Dymecki 2004). In the compound mutant mice, only 
cells where the promoter drives expression of Cre recombinase will undergo Cre-
mediated recombination of the floxed alleles. A modified version of Cre recombinase, 
CreERT2, provides additional temporal control of gene manipulations. CreERT2 is a 
fusion protein that brings together Cre and a mutant estrogen receptor T2. In its basal 
state, CreERT2 is inactive in the cytoplasm and does not recombine genomic sequences. 
In the presence of 4-hydroxy- tamoxifen CreERT2 translocates into the nucleus where 
it recombines the loxP flanked DNA.  Therefore, Cre-ERT2 allows researchers to 
control the timing of Cre- mediated recombination.

Over the past two decades, the Cre-LoxP system has been used to generate tissue 
or cell type-specific knock-outs and/or activate oncogenes or reporter genes in pri-
mary mouse models of human cancers. A key advantage of this system is that it can 
be used to make a conditional knock-out such that the gene is ablated only after a 
critical developmental phase. This technique allows researchers command over 

Fig. 8.1 Schematic showing how the Cre-LoxP system deletes a target DNA sequence. DNA 
flanked by loxP sites (triangles) remains intact until encountering Cre recombinase. Cre recombi-
nase recognizes the loxP sites and drives their recombination, which deletes the target DNA 
flanked by the loxP sites
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 spatial (tissue/cell-specific) and/or temporal (time-specific) control of the gene of 
interest. Depending upon orientation of the loxP sequence, it causes deletion (both 
sequences oriented in the same direction), inversion (both sequences oriented in 
opposite direction), or translocation (both sequences located on different chromo-
some/DNA fragment) of a targeted gene. The production of GEMMs are tradition-
ally time-consuming and costly, but widely used in preclinical settings due to close 
recapitulation of human disease in mice.

To date, several GEMMs of cancer have been created using the Cre-LoxP system 
utilizing either tissue-specific or inducible Cre expression. Many studies have used 
the Cre-LoxP system to knock-out tumor suppressor genes in order to study cancer 
initiation and progression, for instance, deletion of Apc in the intestinal epithelium 
(Clarke 2005), Brca1, Brca2, Pten, Smad4, or Tp53 in mammary epithelium cells 
(Xu et al. 1999; Jonkers et al. 2001; Li et al. 2002; Li et al. 2003), and NF1 in the 
endothelial cells (Gitler et  al. 2004). Apart from knocking out tumor suppressor 
genes to generate primary mouse models of cancer, the Cre-LoxP system can 
achieve spatial and temporal activation of oncogenes. Many human cancers occur 
due to the activation of different oncogenes, but activating mutations of RAS onco-
genes or RAS downstream target genes are involved in roughly one-third of all 
human cancers. Activation of KRAS occurs more frequently in human cancers com-
pared to the other two members of the RAS family (NRAS and HRAS). In fact, 
oncogenic KRAS activation has been found in many human cancers, including a 
high prevalence in pancreatic carcinomas, colon carcinomas, and lung carcinomas 
(Rodenhuis et al. 1988; Bos et al. 1987). The mutant version of Kras (KrasG12V) was 
first expressed in lung epithelial cells to generate a primary mouse model of lung 
cancer (Meuwissen et al. 2001). In this model, the KrasG12V transgene contained an 
active Beta-actin promoter, followed by floxed GFP (green fluorescence protein 
flanked by two loxP sites), and then a cDNA for KrasG12V. Therefore, constitutive 
expression of mutant KrasG12V can only be achieved by removal of the floxed GFP 
via Cre-mediated recombination. In this study, researchers expressed Cre by directly 
injecting an adenovirus carrying Cre recombinase into the trachea (Fig. 8.2), which 
infected the lung epithelium to give rise to pulmonary adenocarcinomas within 
9–13 weeks. Similar approaches have been used to express other tumor suppressors 
and oncogenes to study cancer in mouse models.

The Cre-LoxP system has been widely used for the simultaneous manipulation 
of multiple genes in mice to recapitulate mutations found human cancers. These 
primary mouse models of cancer can be employed to study radiation biology. For 
example, GEMMs of primary non-small cell lung cancer with different initiating 
mutations (Tp53 vs. Ink4a/Arf deletion) have revealed that genetic differences in 
tumors influence tumor growth delay after radiation therapy (Perez et al. 2013). A 
spatially and temporally restricted mouse model of soft tissue sarcoma driven by 
KrasG12D and Tp53 (Kirsch et al. 2007) has been utilized to study radiation response 
(Moding et al. 2014). The role of hypoxia-inducible factor 1-alpha (HIF-1α) in radi-
ation response was investigated in a primary model of soft tissue sarcoma generated 
by Cre-LoxP system to demonstrate that HIF-1α signaling contributes to radiation 
resistance (Zhang et al. 2015). In addition, deletion of Atm in either tumor cells or 
endothelial cells was used to clarify the distinct role of each population in tumor 
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response to radiotherapy (Moding et  al. 2015, 2014; Torok et  al. 2019). These 
 studies demonstrated that radiosensitizing the tumor vasculature can enhance tumor 
growth delay after radiation therapy, but radiosensitizing the tumor cells is required 
to enhance local control (Castle and Kirsch 2019). Furthermore, these primary 
mouse models can be imaged using small animal micro-CT or other imaging tech-
niques to quantify tumor response to radiation therapy alone or in combination with 
systemic therapy (Kirsch et  al. 2010a; Ashton et  al. 2018). In summary, the 
 application of Cre recombinase to activate oncogenes and delete tumor suppressor 
genes in mice has facilitated the generation of primary mouse models of human 
cancers, which can not only be used to study tumorigenesis, but can also be used to 
investigate tumor response to radiation therapy and to test radiosensitizers.

3  GEMMs: Dual Recombinase System

GEMMs are excellent models of human cancer in part because they contain a mix 
of native stromal cells, immune cells, and tumor cells that co-evolve as the tumor 
grows and responds to therapy. The use of GEMMs can therefore facilitate the study 

Fig. 8.2 The Cre-LoxP system. Injection of adenovirus that expresses either Cre or Flp 
 recombinase allows for precise spatial and temporal control of genetic mutations in vivo. Upon 
expression of the recombinase, loxP or frt flanked tumor suppressors genes are deleted, enabling 
tumor development (a). The expression of a recombinase also can enable deletion of a loxP or frt 
flanked STOP cassette preceding an oncogene, resulting in increased oncogene expression and 
tumor development (b)
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of how each of these tumor components contributes to radiation response and treat-
ment with radiosensitizers. GEMMs in which tumors are initiated by Cre recombi-
nase are not optimally suited for genetic experiments to study how stromal and 
immune cells mediate radiation response in  vivo. As discussed above, Cre can 
induce driver mutations in oncogenes and tumor suppressors to initiate cancer. 
These recombination events are restricted to a single time point and limit the target 
of genetic alterations to cancer cells (Fig. 8.3, top). However, Cre recombinase can-
not simultaneously be used to mutate different genes specifically in stromal cell 
populations. To simultaneously initiate primary tumors by mutating one group of 
genes in tumor cells while mutating other genes in stromal cells, a second recombi-
nase is required. To meet this need, the Flp/FRT recombinase system can be 
employed together with the Cre/LoxP recombinase system for dual recombinase 
technology (Lee et  al. 2012b). By optimizing Flp which comes from yeast for 

Fig. 8.3 Using the Dual Recombinase System to Study Cancer Cell and Stromal Components of 
Tumors. In the above model, Cre-mediated genetic alteration is denoted by purple, while green 
coloration represents FlpO recombinase-mediated genetic alteration. (a) Use of virally delivered 
Cre allows for generation of tumor cells (purple) in a spatially and temporally controlled manner. 
Other cellular components, such as endothelial cells and macrophages (red), do not undergo any 
genetic manipulation with this approach. (b) The use of a dual recombinase system allows for both 
the generation of tumor cells with precisely controlled genetic mutations and for different specific 
genetic alterations of other cell types, such as macrophages and endothelial cells. In this example, 
FlpO recombinase expressed from the adenovirus drives deletion of tumor suppressors and acti-
vates oncogenes in tumor initiating cells (green) by recombining FRT sites, while Cre expressed 
by the Tie2 promoter in transgenic mice deletes a separate gene in endothelial cells and macro-
phages (purple) by recombining loxP sites
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 activity in mammalian cells (FlpO), recombination of Frt flanked DNA by FlpO will 
occur in a manner analogous to Cre-mediated recombination of loxP flanked DNA 
(Fig. 8.1) (Sadowski 1995). By combining these two systems, researchers are able 
to generate multiple distinct mutations in more than one cell type (Fig. 8.3, bottom). 
In addition, this dual recombinase system can also be employed within the same cell 
type for sequential mutagenesis with precise temporal control (Van Mater et  al. 
2015). These expanded capabilities have allowed for experiments that not only dis-
sect the contribution of various cell types to tumor development and radiation 
response, but also to determine how specific genetic mutations that occur at differ-
ing time points during tumor development affect tumor response.

Dual recombinase models have facilitated numerous discoveries that inform the 
development of radiosensitizers for the treatment of human cancer. For example, con-
ditional Ataxia Telangectasia Mutated (ATM) deletion was used to determine the cel-
lular targets in the radiation field that mediate tumor radiation response (Sarkaria and 
Eshleman 2001). ATM, is a serine threonine kinase and a promising target for radio-
sensitizers, which is recruited to double-stranded DNA breaks and coordinates DNA 
damage response via phosphorylation of multiple downstream targets. Patients with 
homozygous mutations in this gene show hypersensitivity to radiation, which has led 
to interest in the development of drugs that can radiosensitize tumors through the 
pharmacological inhibition of ATM function (Raleigh and Haas-Kogan 2013). 
Deletion of ATM radiosensitizes specific normal tissues, such as the intestine, in vivo 
(Barlow et  al. 1996). Dual recombinase technology was applied to the important 
question of whether the response of tumors to single high-dose radiation was medi-
ated through stromal cells such as endothelial cells, or via increased radiation- induced 
cell death of the tumor cells themselves. To address this question, we generated  
GEMMs of sarcoma with Atm deletion in either endothelial cells or tumor cells.  
By radiosensitizing different cell types (endothelial cell vs. tumor cell) in each model, 
we dissected how each of these cellular compartments contributed to tumor response 
following high single dose radiation therapy (Moding et al. 2014). To conduct these 
experiments, an FlpO recombinase was injected intramuscularly into the mouse 
hindlimb to drive deletion of a conditional FRTed allele for both copies of p53 (p53 
FRT/FRT). The FlpO recombinase also drove recombination of an FRT flanked stop 
codon preceding oncogenic Kras. Upon recombination the STOP cassette was 
excised, allowing for expression of the oncogenic KrasG12D. About 60–90 days after 
intramuscular injection of adenoviral FlpO, a sarcoma formed in the mouse hindlimb. 
One experimental arm of sarcoma bearing mice also expressed Cre recombinase 
specifically in endothelial cells (VE Cadherin Cre), which deleted conditional floxed 
alleles of both copies of Atm (AtmFl/Fl). Mice with these additional conditional mutants 
were therefore dual recombinase mice, where hindlimb sarcomas formed via FlpO 
Recombinase and endothelial cell-specific Atm was deleted via Cre recombinase. 
Using these KrasFSF-G12D; p53Frt/Frt; VE-Cadherin Cre AtmFl/Fl; dual recombinase mice 
(Table 8.1) we showed that Atm deletion in endothelial cells specifically radiosensitized 
proliferating endothelial cells within tumors, but not in quiescent endothelial such as 
in the heart following stereotactic body radiation therapy (SBRT) (Moding et  al. 
2014). This genetic experiment suggests that radiosensitizers that inhibit ATM 
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function may increase the therapeutic index of radiation therapy. Further experiments, 
however, demonstrated that Atm deletion in proliferating endothelial cells did not 
result in an increase in local tumor control after radiation (Moding et al. 2015). Taken 
together, these findings clarified that endothelial cell death can mediate growth delay 
following high-dose radiation therapy, but tumor cell death rather than endothelial 
cell death is rate-limiting for local control. Similar results were obtained by applying 
dual recombinase technology in a GEMM of lung adenocarcinoma. These conclu-
sions were only possible because of the use of a dual recombinase GEMMs, demon-
strating how this tool can empower radiation biology research.

Dual recombinase technology provides a robust platform to study of the intersect-
ing fields of cancer immunology and radiation biology. Using dual recombinase tech-
nology, mouse models can be developed whereby specific populations of immune 
cells in the tumor are targeted with conditional mutations. This enables stepwise 
examination of how each immune component contributes to radiation response and to 
observed abscopal effects. This application is particularly important given the growing 
interest in the synergy of radiation therapy and radiosensitizers with the immune 
response for the treatment of cancer. Finally, dual recombinase technology can be 
used to achieve precise temporal control of the order of mutations within a cancer. 
This facilitates improved understanding of how sequential mutagenesis of oncogenes 
and tumor suppressors within cancer can alter tumor  development and treatment 
response. An example of this type of dual recombinase approach is a GEMM in which 
conditional Tp53 floxed alleles are combined with a tamoxifen- activated CreER 
expressed from the ubiquitous Rosa26 promoter and an FRTed STOP cassette 
preceding oncogenic KrasG12D. Upon injection of adenoviral FlpO, the STOP cassette 
is excised, leading to expression of KrasG12D. Then, tamoxifen can be injected, 
activating CRE-ER to delete both copies of p53 before, after, or at the same time as 
expression of oncogenic Kras (Van Mater et al. 2015). This system was used to study 
how the timing of gene mutations and muscle injury impacts sarcoma development 
(Van Mater et  al. 2018). Understanding how the order of deletion of key tumor 
suppressors and activation of oncogenes affects tumor development and therapeutic 
response may lead to important insights that will inform therapeutic strategies for the 
application of radiosensitizers.

Table 8.1 Application of dual recombinase technology for deletion of Atm in GEMMs

Genotype

KrasFSF G12Dp53Frt/Frt VE-Cadherin- 
Cre; AtmFl/+

KrasFSF G12Dp53Frt/Frt VE-Cadherin- 
Cre; AtmFl/+

Tumor 
parenchyma Endothelial cells

Tumor 
parenchyma Endothelial cells

No Cre; no FLPo
   +FLP (adenoviral 

delivery)
Mutant Kras,
p53 null

No change Mutant Kras,
p53 null

No change

   +Cre (driven by 
VE-Cadherin 
promoter)

No change Express Cre; One 
Atm allele 
retained

No change Express Cre; Both 
Atm alleles 
deleted
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Dual recombinase technology provides the flexibility and precision necessary to 
dissect the complex interplay of specific cell types in tumor response to radiation 
therapy. Because these models allow close examination of native stroma and intact 
immune systems, they are a particularly powerful GEMM. As cancer biology and 
radiation biology increasingly focus on complex questions such as immune-tumor 
co-evolution and the epigenetic interplay between stroma and tumor microenviron-
ments, dual recombinase models can be used to develop strategies for radiosensitiz-
ers that can be applied to improve outcomes for cancer patients.

4  GEMMs: CRISPR-Cas9

Despite the many advantages of GEMMs initiated by site-specific recombinases, 
one significant drawback is the high cost and prolonged period of breeding needed 
to generate mice with the appropriate number of loxP or frt flanked alleles. This has 
limited the use of traditional GEMMs for some applications such as the rapid 
screening of mutant alleles on radiation response and as a preclinical platform to 
test radiosensitizers. However, the application of the cluster regularly interspaced 
short palindromic repeats (CRISPR)-Cas9 system to create of GEMMs of cancer in 
a more rapid and inexpensive manner can overcome this limitation for the applica-
tion of GEMMs to study radiation biology and to test radiosensitizers in primary 
tumor models.

CRISPR was first discovered in E. coli by Ishino et  al. in 1987 (Ishino et  al. 
1987). The function of CRISPR was unknown at the time, but three separate groups 
revealed that CRISPR functions as a part of an adaptive prokaryotic immune system 
termed CRISPR-associated system or Cas (Bolotin et al. 2005; Mojica et al. 2005; 
van der Oost et al. 2009). Subsequently, researchers modified the bacterial adaptive 
immune system to become a genome editing tool that revolutionized the field of 
molecular biology (Jinek et al. 2012; Cho et al. 2013; Mali et al. 2013). Many sci-
entists are using CRISPR-Cas9 to identify and understand mechanisms of genetic 
diseases, to develop animal disease models, and to edit the genome for advanced 
gene therapy.

Creating a DNA double-strand break (DSB) in the host genome at a precise loca-
tion is the ultimate goal of the CRISPR-Cas9 system. CRISPR-Cas9 is comprised of 
two central components, a universal DNA endonuclease (Cas9 protein, most com-
monly derived from Streptococcus Pyogenes known as SpCas9) and a custom 
designed single-stranded guide RNA (sgRNA). CRISPR-Cas9 specificity depends 
on identifying two distinct sequences present in the genome of interest: a trinucleotide 
sequence called the proto-spacer adjacent motif (PAM) recognized by the originating 
species of Cas9 (e.g., “NGG” for SpCas9) and a 17–20 nucleotide sequence upstream 
of PAM that is recognized by the custom sgRNA. Therefore, the PAM serves as an 
initial recognition signal for the CRISPR-Cas9 complex in the host genome, while 
the sgRNA is designed to complement a specific DNA sequence (17–20 nucleotides) 
in the genome upstream of the PAM. Once introduced into the cell, the CRISPR-
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Cas9 complex enters into the nucleus and rapidly scans the host genome. When it 
locates the PAM sequence, it checks for a complementary DNA sequence in the host 
genome that matches the custom sgRNA. If a match exists between the sgRNA and 
the host DNA sequence, then sgRNA will anneal to the host DNA sequence to form 
a DNA-RNA hybrid. Remarkably, this scanning process can identify one unique site 
in the host genome out of 2.7 billion base pairs. After finding a suitable match, Cas9 
undergoes conformational changes to activate endonuclease activity and create a 
DSB 3–4 bases upstream of the PAM in the host DNA.

Notably, DSBs naturally occur in cells and are rapidly recognized and repaired 
by either non-homologous end joining (NHEJ) or homologous recombination (HR) 
depending upon the cell-cycle phase. During NHEJ, the broken ends of the DNA are 
chewed back in a process also known as DNA-end resection, before they are patched 
back together. This process most often leads to the addition or removal of one or 
more base pairs, which may produce a non-functional protein (Fig. 8.4). If cells are 
in S or G2 phase, HR usually occurs to correct DSBs by utilizing the sister chroma-
tid as a repair template and seals the break without introducing any insertions or 
deletions (indels). Therefore, CRISPR-Cas9 introduced DNA breaks may form 
functional or non-functional protein depending upon the cell-cycle phase and the 
DNA repair process utilized by the cell. Scientists have taken advantage of this 
feature of CRISPR to introduce precisely targeted mutations to mutate genes in 
cancer cells in vitro and to mutate genes in animals in vivo to initiate tumorigenesis. 
Importantly, the HR pathway can be used to incorporate a specific mutation or DNA 
fragment into the host genome during double-strand break repair if an exogenous 
“donor” DNA template is introduced at the time as Cas9 expression (Fig.  8.4). 
Because the CRISPR-Cas9 system avoids the need for protein engineering to target 
the endonuclease to a specific DNA site and instead relies on the design of synthetic 
sgRNAs that recognize specific DNA sites of interest, this process dramatically 
reduces the time and cost associated with gene editing.

In cancer research, the CRISPR-Cas9 system has been rapidly adopted for appli-
cations such as genetic screening, DNA sequence barcoding, genome editing to gen-
erate oncogenic alterations in cell culture, creating organoid cancer models, and 
directly modifying the genome of somatic cells in adult mice to generate different 
cancers. CRISPR-Cas9 technology has two major advantages to generate primary 
mouse models of cancer: (1) it directly uses somatic cells, avoiding a lengthy process 
of genetic manipulation of embryonic stem (ES) cells, ES cell selection, injection 
into blastocysts, implantation into pseudopregnant female, and breeding and (2) 
multiple genetic manipulations can be achieved at the same time, allowing for a 
faster and less expensive process. This strategy was first used by Tyler Jacks’ 
laboratory to target Pten and Tp53 tumor suppressor genes in the liver of wild-type 
mice for tumor generation (Xue et al. 2014). Around the same time, several other 
laboratories successfully generated cancer mouse models by using a CRISPR-Cas9 
approach to modify somatic genes (Sanchez-Rivera et al. 2014; Platt et al. 2014; 
Maddalo et al. 2014). Since then, the technology has been used to modify somatic 
genes in order to generate mouse models of different cancers, such as lung cancer 
(Blasco et al. 2014), breast cancer (Annunziato et al. 2016), brain cancer (Zuckermann 
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et al. 2015), pancreatic cancer (Chiou et al. 2015), leukemias (Heckl et al. 2014), and 
sarcomas (Huang et al. 2017). The discovery of CRISPR-Cas9 changed the way we 
model human cancers in mice. In fact, radiation biologists are using CRISPR-driven 
next-generation mouse modeling approaches to understand acute and chronic 
radiation effects on normal tissues, radiation-induced tumorigenesis, and optimizing 
radiation therapy. CRISPR-based screening approaches have been used to identify 
radioresistant and radiosensitive genetic and epigenetic components (Adamson et al. 
2012; Floyd et  al. 2013). In vivo CRISPR technology has been used to rapidly 
generate mouse model of high-grade FUS-CHOP-driven sarcomas to study tumor 
radiation response (Chen et  al. 2019). Despite the versatility and ease of use of 

Fig. 8.4 CRISPR Cas9. Schematic representation of possible outcomes of CRISPR-Cas9-driven 
DNA double-strand breaks. Non-homologous end joining (NHEJ) leads to error-prone DNA 
double- strand break repair causing random deletion or insertion of nucleotide(s) in the gene of 
interest. Homologous recombination (HR) leads to error-free DNA double-stand break repair, but 
by providing a DNA template, it can be utilized to incorporate a mutation or a foreign DNA frag-
ment into a gene of interest
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CRISPR/Cas9, the system does have limitations. First, it requires a unique PAM 
sequence for targeting, which may not be located at a site of interest. Second, off-
target effects or large deletions are possible. Third, precise gene editing via HR in 
none proliferating cells is inefficient. Finally, the system sequence is too large to 
easily incorporate into adeno-associated virus, which is the preferred viral vector for 
many applications of human gene therapy. Scientists are currently working to 
address many of these shortcomings by discovering new classes and engineered 
variants of Cas9 proteins (Ran et al. 2015). CRISPR-Cas9 technology is still in its 
infancy and the near future will bring more uses for basic and translational cancer 
research.

5  Using GEMMs to Study Normal Tissue Response 
to Radiation

The development of GEMMs for the study of radiation biology has opened up new 
fields of research that are essential to the identification and development of highly 
efficacious radiosensitizers. One key consideration when evaluating the promise of 
a radiosensitizer is its therapeutic index, or the relative effect of the drug to target 
(cancer) cells relative to its effect on normal tissue. When radiation therapy is 
applied to tumors, it can cause injury to the adjacent normal tissue within the radia-
tion field. Newer radiation technology has improved precision of targeting lesions, 
but the dose of radiation that can be safely administered to a tumor is still often 
limited by the potential for radiation-induced injury to adjacent normal tissue. 
Because of the complexity of normal tissue responses to radiation, a cancer model 
that preserves a normal immune system and native anatomical location of the tumor 
is highly desirable.

Although the effects of radiation on a specific cell type can be examined by using 
in vitro cell culture systems, this system does not recapitulate what happens in the 
human body, where there are complex tissue architectures, temporal variations due 
to circulation, and interactions among various cell populations. Different tissues 
exhibit different responses to radiation. Some tissues are inherently more sensitive 
to radiation-induced injury due to high basal proliferation rates. For example, whole 
body irradiation can cause anemia, bleeding, and abnormal immune functions due 
to impaired fitness and viability of hematopoietic cells. Another example is radia-
tion injury to the gastrointestinal tract. Radiation may cause disruption of the integ-
rity of intestinal mucosa, leading to nausea, vomiting, diarrhea, dehydration, 
infection, or even death. The quality of life for patients with cancer is determined by 
not only control of their tumors but also the function of normal tissues affected by 
radiation treatment. Given that clinical advancements have enabled better outcomes 
for cancer patients, it is anticipated that the number of patients living with radiation 
therapy-associated late effects will increase in the future. Cancer survivors may 
develop symptoms associated with previous radiation exposure months to years fol-
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lowing treatment. Therefore, as researchers develop radiosensitizers in an attempt to 
boost the efficacy of radiation therapy, it is important to understand whether these 
drugs enhance acute and late radiation injury to normal tissues.

GEMMs provide multiple ways of manipulating gene expression to study radia-
tion biology. For example, mouse models equipped with (1) loss of function or (2) 
gain of function of a particular gene allow researchers to investigate the contribution 
of the gene to radiation-induced cellular responses and tissue changes (Walrath 
et al. 2010). Germline knock-out creates a mouse with complete loss of the gene 
throughout the entire animal. Knock-down models can diminish expression of the 
gene via short hairpin RNA (shRNA). As for gain of function, transgenic mouse 
models harbor engineered gene sequences inserted into the mouse genome. The 
engineered sequences can be foreign (from human or other organisms), or they can 
be an extra copy of a particular mouse gene, which allows investigation of the dos-
age effect. In addition to changing the levels of wild-type gene dosage, knock-in of 
a modified gene sequence at its endogenous gene locus provides a platform for the 
dissection of the function of specific genes in radiation injury. The sequence of the 
gene can be modified to render the gene constitutively active, truncated, or dysfunc-
tional. In addition to abolishing, diminishing, or increasing the gene function by 
engineering a loss or gain quantitatively, introducing mutations at specific sites 
within the gene enables identification of critical amino acid residues that regulate 
radiation response. Situated at its native locus, the expression of knock-in mutants 
is regulated in a similar, if not the same, way to its wild-type version.

The modifications of the gene can be controlled conditionally and temporally. 
For example, tools such as Cre-LoxP system enable spatial control to confine gene 
modifications to a specific cell population. As described about in using the Cre- 
LoxP system to generate cancer, once Cre recombines DNA to activate gene expres-
sion or delete a gene, this is a permanent change to the genome in this cell and all of 
its progeny. Other systems are needed to temporally and reversibly control gene 
expression. For example, by adapting the way antibiotics regulate gene transcription 
in bacteria, researchers developed tetracycline-regulated systems to utilize a trans-
activator protein that responds to tetracycline (or its derivatives, such as doxycy-
cline) by binding to a promoter sequence called a tetracycline response element 
(TRE). If a gene is preceded by a TRE sequence, then the transcription of the gene 
is controlled by the transactivator. Depending on the design of the transactivator 
protein, tetracycline either prevents the binding of the protein to TRE or permits the 
binding to TRE.  The Tet-On system exploits the fact that reverse tetracycline- 
controlled transactivator (rtTA) only binds to TRE only in the presence of doxycy-
cline. Thus, temporal control of gene expression is achieved by administering 
doxycycline to allow binding of rtTA to TRE. The binding induces transcription of 
the gene downstream of TRE, and it is reversible after doxycycline withdrawal.  
This system can also be adapted to knock-down the expression of a gene by inserting 
an shRNA downstream of the TRE (Fig.  8.5). In this scenario, administering 
doxycycline causes rtTA to bind to the TRE to activate expression of shRNA, which 
in turn diminishes the expression of its target gene. Because discontinuing treatment 
with doxycycline, the effects on gene expression are reversible and limited for a 
specific time. Therefore, the Tet-On system can be applied in combination with 
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radiation treatments to simulates clinical scenarios and provide insight for develop-
ing radiation modulators.

GEMMs can also be used to identify certain cell populations that regulate the 
pathological response to radiation. For example, cell-specific promotor-regulated 
expression of a fluorescence protein can be used to label cells expressing in which 
the specific promotor is active (Bouabe and Okkenhaug 2013; Walrath et al. 2010). 
Expression of the fluorescence protein or other reporters under the control of the 
Cre-LoxP system can limit expression of the reporter to cells expressing Cre and 
their progeny (Fig. 8.2) (Walrath et  al. 2010). Therefore, this technology can be 
applied to examine the cell lineages that regulate radiation response. In radiation 
biology, lineage tracing (i.e., labeling cells and their progeny with a reporter gene) 
facilitates the understanding of how cells that survive radiation regenerate and re- 
establish the integrity of the tissue architecture/functions following radiation injury.

5.1  Example: Using GEMMs to Study how p53 Regulates 
Hematopoietic Response to Radiation

Radiation creates lesions in the genome and results in the activation of the DNA 
damage response (Jackson and Bartek 2009), which in many cell types is regulated 
by activation of p53. P53 is a multifunctional protein and a well-known transcription 

Fig. 8.5 A Tet-ON GEMM. A tetracycline responsive element (TRE) precedes a promoter and 
shRNA targeting a gene of interest. In the absence of doxycycline, a tetracycline analogue, the 
reverse tetracycline-controlled transactivator (rtTA) is not bound to the TRE and thus does not 
activate expression of the shRNA (left). Administration of doxycycline allows formation of a 
doxycycline- rtTA complex, which is now able to bind and activate the TRE. This in turn allows 
expression of the shRNA and knock-down of the gene of interest (middle). Upon withdrawal of 
doxycycline, the rtTA loses affinity for the TRE (right). The TRE is therefore no longer activated 
and shRNA expression is halted, allowing for restoration of normal expression of the target gene
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factor (Bieging et  al. 2014). As an important tumor suppressor protein, p53 is 
frequently deleted or dysfunctional in mouse tumor models and in human cancers 
while most of the normal cells retain functional p53 protein. Because the radiation 
field is often a mixture of cells with different p53 status, how p53-controlled  pathways 
affect the response of a heterogeneous group of cells to radiation is an important 
question. It is known that, upon radiation treatment, p53 mediates apoptotic death in 
hematopoietic stem and progenitor cells (Pant et al. 2012). Radiation toxicity to the 
hematopoietic system can be alleviated when p53 is lost (Kirsch et  al. 2010b). 
However, inhibiting p53 therapeutically is concerning because p53 possesses 
important tumor suppression functions. While it is possible to ameliorate radiation-
induced hematopoietic injury by suppressing p53, whether or not this will enhance 
the risk of developing radiation-induced cancers is unclear. There have been multiple 
examples of using GEMMs to study p53 in radiation biology research. While p53 
germline knock-out mice are susceptible to radiation-induced lymphomas, it was 
unknown if p53-mediated acute DNA damage responses were required for 
suppressing radiation-induced lymphomagenesis. Research by Christophorou et al. 
demonstrated the effects of temporary restoration of p53 function in animals 
lacking p53 expression on radiation-induced tumorigenesis by using a mouse model 
with inducible expression of p53ER fusion protein (Christophorou et al. 2006). The 
p53ER mice were functionally p53 knock-out until administration of 
4- hydroxytamoxifen, which bound to and activated the fusion protein (Fig.  8.6). 
When p53 was temporarily restored concurrent with radiation treatments, it induced 
p53-dependent apoptosis in radiosensitive tissues but this did not protect against 
radiation-induced lymphomagenesis when compared with mice without p53 
restoration. However, p53 restoration beginning 8 days after irradiation resulted in 
significantly delayed lymphomagenesis (Christophorou et  al. 2006). Hinkal et  al. 
used tamoxifen to temporally control the deletion of both p53 alleles either before, 
concurrent with, or after irradiation treatment (Hinkal et al. 2009). Irrespective of the 
time points when the permanent p53 deletion was induced, there was no significant 
difference in the latency of the development of radiation-induced lymphoma.

We utilized the Tet-On system and shRNA knock-down technology to study the 
effects of temporary p53 knock-down on radiation-induced lymphomagenesis (Lee 
et al. 2015). Mice harboring ubiquitous rtTA transgene and TRE-controlled shRNA 
transgene expressed shRNA against p53 upon doxycycline treatments. Doxycycline 
was given concurrently with the regimen of fractionated total-body irradiation. 
Afterward, the mice were returned to a regular diet (doxycycline withdrawal). This 
constituted a temporary knock-down of p53  in the animals to mimic the clinical 
 setting whereby normal tissue expressing wild-type p53 is exposed to a p53 inhibitor 
during radiation to limit hematopoietic toxicity. We investigated if mice were 
 protected from acute hematopoietic injury and if radiation-induced lymphomagenesis 
was impacted by the temporary suppression of p53 through shRNA induction. 
Apoptotic death of hematopoietic stem and progenitor cells was significantly 
decreased by temporary p53 knock-down. Surprisingly, lymphoma-free survival 
significantly improved in mice with temporary reduction of p53 levels during total- 
body irradiation (TBI). Bone marrow transplant studies in irradiated recipient mice 
demonstrated that transplanted irradiated hematopoietic stem and progenitor cells 
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with temporary p53 knock-down prevented radiation-induced thymic lymphomas 
compared to cells with normal p53 levels. This indicated that temporary p53 knock- 
down during TBI prevented radiation-induced lymphomagenesis in a non-cell- 
autonomous manner, supporting a model where bone marrow cells with low p53 
levels survive radiation and compete with preexisting tumor initiating cells to 
 prevent lymphomagenesis. In this example, the GEMM serves as a platform for 
studying the impact of temporary knock-down of a therapeutic target during 
radiation. This facilitates an understanding of whether an intervention could 
diminish acute radiation injury and also prevent long-term radiation-induced 
carcinogenesis thereby improving patient survival and quality of life.

5.2  Example: Using GEMMs to Study Radiation-Induced 
Gastrointestinal (GI) Syndrome

Another example of the use of GEMMs to study normal tissue response to radiation 
therapy is found in research on the intestine. The intestine is a complex structure 
composed of cell populations with distinct functions. Radiation therapy adminis-

Fig. 8.6 Schematic of three mouse models investigating p53’s control of radiation-induced tumor-
igenesis. (a) Christophorou et  al. (Christophorou et  al. 2006) induced p53 restoration in p53- 
deficient mice either during or after radiation. While tamoxifen-induced p53 restoration during 
radiation did not protect mice from radiation-induced tumorigenesis, delayed p53 restoration con-
ferred tumor suppression. (b) Hinkal et al. (Hinkal et al. 2009) induced p53 deletion by tamoxifen 
before, concurrent with, or after radiation. Regardless of the time of deletion, there was no signifi-
cant difference in mouse survival. (c) Lee et al. (Lee et al. 2015) induced temporary p53 blockade 
during radiation treatments. Temporary decrease of p53 levels resulted in the suppression of 
radiation- induced lymphomagenesis
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tered to the abdomen or pelvis inevitably delivers radiation dose to the intestines 
and can cause unwanted acute side effects and long-term toxicity. While mice 
exposed to total-body irradiation may develop acute hematopoietic syndrome mani-
fested as bleeding, neutropenia, and death, mice that receive high-dose irradiation 
develop radiation-induced gastrointestinal syndrome and may die from disruption 
of intestinal tissue integrity within 5–10  days (Williams et  al. 2010). We have 
 utilized intestinal epithelium-specific Cre (Villin-Cre) to examine the role of p53 
and the pathway of intrinsic apoptosis in the radiation-induced GI syndrome (Kirsch 
et al. 2010b). When a floxed (flanked by loxP sites) p53 allele was deleted in intes-
tinal epithelial cells, p53 FL/− mice were significantly more sensitized to radiation- 
induced GI syndrome than p53 FL/+ mice that retained a p53 allele. Interestingly, 
we found that when the intrinsic apoptosis was abrogated (by deletion Bak1 and 
Bax) there was a decrease in apoptotic events in the intestinal epithelium; however, 
there was no protection against radiation-induced gastrointestinal syndrome. 
Therefore, these results indicated that p53 protected the intestine from radiation 
injury independent of apoptosis.

5.3  Example: Using GEMMs to Study Radiation-Induced 
Heart Injury

When radiation therapy is administered to the chest, the heart may also be exposed 
to radiation. It has been found that left-sided breast cancer patients can develop 
radiation-associated cardiovascular disease years after radiation therapy 
(Roychoudhuri et al. 2007). Endothelial cells are one of the main cell populations 
that maintain the structure and function of the cardiovascular system. We previously 
utilized Cre/-LoxP systems to delete p53 specifically in endothelial cells and found 
that p53  in endothelial cells protects mice from developing radiation-induced 
 cardiac injury (Lee et al. 2012a). When p53 was deleted in the endothelial cells, 
mice developed multifocal myocardial necrosis. The heart also displayed decreased 
micro-vessel density, vascular permeability, and elevated hypoxia.

The advantages of using GEMMs in radiation research include the maintenance 
of native organ structure and easier genetic manipulation of specific cell populations 
in a temporally and/or spatially controlled fashion. Unlike in vitro systems, GEMMs 
allow various simulations of clinical treatment regimens and modalities, which 
include radiation, chemotherapy, surgery, diet control, imaging, and other monitor-
ing approaches. Additionally, GEMMs enable long-term monitoring of late effects 
induced by radiation and dissection of the critical components contributing to the 
control of radiation injury. In the search for radiosensitizers for different cancers, it 
is important to investigate not only the efficacy of tumor control but also the impact 
on normal tissues to understand whether a therapeutic window exists. This knowl-
edge may be exploited in utilizing radiosensitizers in clinical trials to maximize 
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local control while minimizing the risk of developing short-term toxicity and 
 long- term effects following radiotherapy combined with the radiosensitizer.

6  GEMMs at the Intersection of Radiation Biology 
and Immuno-Oncology

Another area of study where GEMMs provide strong advantages is the intersection 
of radiation biology and immuno-oncology. Many of the effects of radiation therapy 
are thought to be mediated through the immune system (Grassberger et al. 2019). In 
fact, several immunomodulatory agents have the potential to act synergistically with 
radiation (Lhuillier et al. 2019). There is therefore significant interest in the devel-
opment of radiosensitizers that can modulate the immune system and thereby 
improve patient outcomes. While mouse tumors transplanted into syngeneic mice 
and human xenograft tumors in immunodeficient mice provide practical and fiscal 
advantages for preclinical studies of radiation therapy, GEMMs offer key features 
that make them ideal for studying how radiation therapy interacts with novel immu-
notherapies. These features include the native tumor microenvironment and an 
intact immune system that co-evolved with the cancer throughout tumor develop-
ment. In contrast, xenograft models in immunodeficient mice lack a functioning 
immune system. Although transplanted murine models do have intact immune sys-
tems, tumor cell injection artificially activates the immune system in ways that can 
impact the response of tumors to radiation therapy and immunotherapy (Crittenden 
et al. 2018). Conversely, cancers are initiated in GEMMs by inducing mutations in 
tumor initiating cells that eventually result in autochthonous tumors. According to 
the theory of cancer immunoediting, the immune system co-evolves with these 
tumor cells and their progeny so that tumor outgrowth occurs only after tumor cell 
immune escape (Ribatti 2017). Because GEMMs capture this natural pathologic 
process, they provide a good platform for studies in radiation therapy and immuno-
therapy. One potential limitation of GEMMs for immunotherapy studies is that 
these tumor models have a relatively low tumor mutational burden (Huang et al. 
2017). Therefore, adapting GEMMs to increase tumor mutational burden through 
the use of chemical carcinogens (Lee et al. 2019) or other approaches is an impor-
tant direction for future research of radiation and immunotherapy.

Immune checkpoint inhibitors have been approved for the treatment of many 
cancers because they improve the survival of a subset of patients across multiple 
tumor types (Hodi et al. 2010; Thomas 2011; Reck et al. 2016). Particularly, immune 
checkpoint inhibitors targeting programmed cell death protein 1 (PD-1), ligand to 
PD-1 (PD-L1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) have 
proven effective in a minority of patients with metastatic disease. Immune check-
points function normally to prevent excessive and prolonged inflammation after 
antigen exposure, but cancer cells utilize these inhibitory mechanisms to evade 
immunity by exhausting tumor-specific cytotoxic T cell responses (Fig. 8.7). Other 
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avenues of cancer immunotherapy currently being investigated include cytokine 
therapies (IL-2, interferon, GM-CSF, TGF-ß) and immunostimulatory receptor 
 agonists (TLR-4, TLR-7, anti-OX40, anti-GITR) intended to promote tumor-spe-
cific inflammation (Kang et al. 2016; Bristow et al. 2018).

While immunotherapy has demonstrated promise as a cancer therapy, it currently 
exhibits efficacy in only subsets of patients. Tumors with low mutational loads, few 
tumor-specific antigens, and a resulting lower immunogenicity have been reported 
as less responsive to checkpoint blockade. Additionally, high PD-L1 levels on tumor 
cells have been associated with increased response to PD-1 blockade (Aguilar et al. 
2019; Reck et al. 2016). Yet, other potential biomarkers of immunotherapy efficacy 
remain poorly defined. Furthermore, several technical challenges currently hinder 
efficient preclinical research into immunotherapy. Many preclinical studies in trans-

Fig. 8.7 Cancer cells utilize immune checkpoint inhibitors to induce T cell exhaustion and/or 
anergy. Normally, CTLA-4 and PD-1 function as inhibitory mechanisms to immune over activa-
tion. (a) CTLA-4 expression is induced upon initial antigen experience of T cells and is propor-
tional to antigen affinity. This is essential for promoting a consistent immune response given the 
wide affinity ranges of MHC-presented antigens. (b) PD-1 expression occurs in activated T cells 
and enables control of T cell activity at the site of inflammation through binding of PD-1 ligands, 
such as PD-L1. Some cancer cells are capable of agonizing these immune checkpoint receptors to 
induce T cell exhaustion and/or anergy. This represents one mechanism of immune evasion for 
tumors. APC antigen presenting cell, TCR T cell receptor
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plant mouse models have demonstrated impressive efficacy of immune checkpoint 
inhibitors combined with radiation therapy (Twyman-Saint Victor et  al. 2015). 
However, subsequent clinical trials have not reflected the same degree of benefit in 
patient populations (Luke et al. 2018; Maity et al. 2018) possibly due to increased 
tumor diversity or long-term immune system-tumor coevolution. This inconsistency 
demonstrates a major shortcoming of transplant models for studying the immune 
response to cancer treated with immunotherapy and radiation therapy.

The involvement of the immune system to radiation therapy effectiveness has 
long been suspected. In 1953, a phenomenon termed the abscopal effect was 
reported in patients receiving local radiation therapy (Siva et al. 2015). The absco-
pal effect is a systemic tumor-specific immune response leading to multi-site tumor 
size reduction, which has been reported in a very small number of patients  following 
single-site tumor irradiation. This phenomenon as well as a contrary effect of radi-
ation-induced distant secondary tumor growth have been observed in various ani-
mal models. Regardless, the systemic responses observed following  tumor- specific 
irradiation and cell killing clearly suggests that the immune system has the potential 
to mediate radiation effects. Furthermore, data from transplant tumor models sug-
gest a role for cytotoxic T cells, helper T cells, and natural killer cells in tumor 
response to radiation therapy (Formenti and Demaria 2009). With the widespread 
adoption of immunotherapies in clinical medicine, case reports of abscopal 
responses increased and preclinical combination immunotherapy and radiation ther-
apy studies in transplant models demonstrated the abscopal effect (Wisdom et al. 
2018; Dewan et  al. 2009). These findings suggest that tumor irradiation has the 
potential to enhance the systemic effectiveness of immunotherapy. In other words, 
combination immunotherapy and radiation therapy may act as an in situ tumor vac-
cine. Irradiation of the tumor can enhance antitumor immunity through several 
mechanisms including direct tumor cell killing with subsequent tumor-specific 
 antigen expression by antigen presenting cells (APC), proinflammatory cytokine 
induction, killing of immune regulatory cells (Tregs), and tumor architecture altera-
tion allowing for increased immune cell penetration of the tumor (Demaria et al. 
2005a). Several preclinical studies have demonstrated a cooperative effect of radia-
tion and immunotherapy in transplant tumor models (Dovedi et al. 2017; Demaria 
et al. 2005b; Belcaid et al. 2014; Morris et al. 2016). Additionally, early clinical 
trials have noted acceptable safety profiles following immunotherapy and radiation 
therapy (Golden et al. 2015; Seung et al. 2012).

Many recent cancer studies of radiation therapy, immunotherapy, and the immune 
system have been conducted using GEMMs as a preclinical model. Wisdom et al. 
demonstrated that neutrophils mediate radiation resistance and could be targeted to 
radiosensitize tumors (Wisdom et al. 2019). The GEMM used in this study con-
tained several key genetic factors: (1) activation of oncogenic KrasG12D and Trp53 
knock-out both initiated through FlpO recombinase to induce sarcomagenesis, and 
(2) neutrophil depletion through MRP8Cre-mediated transcription of diphtheria 
toxin. Similarly, natural killer (NK) cells have been identified as important antitu-
mor components of the immune system through both innate and adaptive immune 
mechanisms (Guillerey et  al. 2016). Using a GEMM of lung adenocarcinoma, 
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Schmidt et al. showed that induced expression of activating NK cell ligands leading 
to stimulation promoted NK-mediated antitumor responses (Schmidt et al. 2019). 
This GEMM contained: (1) oncogenic KrasG12D and Trp53 knock-out both initiated 
through Cre recombinase to induce tumorigenesis, and (2) lentivirus-delivered 
doxycycline- dependent expression of the murine cytomegalovirus protein m157, 
which is capable of specifically stimulating NK cells. The cGMP–AMP synthase 
(cGAS)–stimulator of interferon genes (STING) pathway is a key component of 
both the innate and adaptive immune systems through sensing cytosolic 
DNA. Furthermore, activation of this pathway has been associated with both antitu-
mor and protumor responses (Ng et al. 2018). Ahn et al. used a GEMM to demon-
strate that inflammation-driven carcinogenesis is mediated through the STING 
pathway. In this study, a STING−/− GEMM was shown to resist 7,12-dimethylbenz(a)
anthracene (DMBA)-induced tumorigenesis when compared to wild-type controls 
(Ahn et al. 2017). These three examples demonstrate the broad utility of GEMMs 
for studies of the immune system in autochthonous tumors.

7  Practical Considerations for GEMM Experimental 
Planning

Unfortunately, the success rate for the translation of preclinical studies to positive 
clinical trials is low in biomedical research including trials in radiation oncology 
(Liu et al. 2013; Hackam and Redelmeier 2006; Landis et al. 2012). This may be in 
part due to limitations of preclinical studies, such as the use of sub-optimal murine 
models. Ideally, tumor models will closely resemble the key characteristics of the 
analogous human cancer including genetic driver mutations, histology, and the 
tumor microenvironment (Castle et al. 2017). Mouse transplant models in synge-
neic mice or patient-derived xenografts (PDX) in immunodeficient mice are popular 
preclinical models in oncology research due to their relatively low cost and short 
timeframe for generating tumors and for conducting the experiments. While 
GEMMs with autochthonous primary tumors require more resources and usually 
take longer to develop, they do possess major advantages including a natural tumor 
microenvironment and intact immune system (Kirsch et al. 2018). These features 
are particularly vital components for studies employing radiation therapy and 
immunotherapy. Furthermore, using recombinase technologies, GEMMs can 
address mechanistic questions involving treatment responses. With the continued 
advancement of CRISPR technologies (Huang et  al. 2017), the cost and time to 
generate tumors with GEMMs will decrease so that they can be more widely used 
for preclinical studies.

When designing preclinical experiments in GEMMs, many factors must be 
 considered and optimal controls used to generate the most reliable results. Given the 
genetic variability that exists between mice of the same strain, such as C57 BL/6 
mice, littermate controls should always be used rather than wild-type mice of the 
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same strain in an effort to minimize genetic differences between study groups. In 
radiation studies, contemporaneous control groups should be irradiated to account 
for fluctuations in radiation source due to differences in X-ray tube or calibration 
over time. Housing animals of different study groups in the same cage (i.e., cage- 
matched controls) reduces the effects of variable stressors and the microbiome 
between groups. Animal sex may also impact results in both drug and radiation 
studies. In fact, many examples exist of sex either influencing drug effectiveness or 
having variable side effects for males and females (Parekh et al. 2011). Indeed, we 
have observed that the effectiveness of a mitigator or total-body irradiation (Lee 
et  al. 2014) is dependent on sex and mouse strain (Daniel et  al. 2019). While 
 sex- specific effects of radiation are still poorly understood, several studies suggest 
different metabolic responses may influence the hematopoietic acute radiation 
syndrome (Jones et al. 2019; Tonorezos et al. 2012).

Additionally, Stone et al. reviewed studies of ten preclinical drug–radiation com-
binations in an attempt to discern best practices for preclinical trial design and 
reporting with the maximum potential for reproducibility and adequately informing 
clinical trial design (Stone et al. 2016). One major concern raised by this review 
involved the scientific rigor of experiments. Stone et al. reported only 12% of the 
reviewed studies claimed reproducibility of their findings, the majority of studies 
were un-blinded, and power calculations were often absent. Specific to radiation 
biology, many of the studies failed to report radiation source, energy, dose, and cali-
bration. To ensure reliable and reproducible results across preclinical studies, 
describing these details of radiation delivery in the methods section are essential for 
all in vivo studies.

8  Conclusion

Here we reviewed the applications of mouse models in preclinical radiation biology 
research. We introduced fundamental concepts of mouse modeling and summarized 
several technologies for mouse modeling including site-specific recombinases, 
shRNA, and CRISPR/Cas9. We demonstrated the utility of these technologies and 
mouse modeling in radiation biology research by highlighting several publications 
that used GEMMs in preclinical research on radiation-induced carcinogenesis, nor-
mal tissue radiation injury, the in vivo targets of radiation in tumors, and the devel-
opment of immunotherapies that synergize with radiation therapy. Despite the 
important contributions GEMMs have made in radiation research, these and next- 
generation mouse models are poised to reveal additional insights in the future. 
Experiments performed in robust in vivo systems, such as GEMMs, will continue to 
play an important role in making discoveries in radiation research. GEMMs of 
 cancer are powerful tools for investigating the cell-autonomous and non-cell- 
autonomous mechanisms that contribute to normal and tumor tissue response to 
radiation. We anticipate that increased adoption of GEMMs in radiation biology 
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research will not only lead to important new knowledge but also increase the predic-
tive value of preclinical research to accelerate clinical translation of radiosensitizers 
to improve outcomes for patients treated with radiation therapy.
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Chapter 9
Targeting the DNA Damage Response 
for Radiosensitization

Matthew T. McMillan, Theodore S. Lawrence, and Meredith A. Morgan

Abstract Radiation is a DNA-damaging agent that exerts its lethal anti-tumoral 
effects predominately by inducing DNA double-strand breaks. Tumor cells can 
evade radiation-induced cell death through upregulating elements of the DNA 
damage response (DDR) that promote DNA repair and cell cycle checkpoint 
activation. These critical mediators include PARP1, WEE1, DNA-PK, ATM, ATR, 
and CHK1. Agents that inhibit these components of the DDR can act as 
radiosensitizers that enhance tumor cell killing. In this chapter, we discuss actionable 
DDR targets and their role in radiosensitization. This includes detailing their normal 
physiological roles, mechanisms for radiosensitization, immunomodulatory 
properties, clinical trials, and mechanistically based rational treatment combinations.

Keywords Alternative end-joining · ATM · ATR · Cell cycle checkpoints · CHK1 · 
DNA damage response · DNA-dependent protein kinase · DNA double-strand 
breaks · DNA replication fork · Homologous recombination repair · Non- 
homologous end joining · p53 · Poly (ADP-ribose) polymerase · 
Radiosensitization · Single-strand annealing · WEE1

1  Introduction

DNA damage is omnipresent and exists as a by-product of endogenous and/or exog-
enous stressors. Consequently, cells have evolved a complex molecular infrastruc-
ture—the DNA damage response (DDR)—for detecting and repairing DNA damage 
as needed. When DNA damage is detected, cell cycle checkpoints (G1, intra-S, or 
G2) are activated to prevent propagation of cells with a damaged DNA template 
(Reichert et al. 2016) (Fig. 9.1). This activation induces cell cycle arrest, permitting 
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Fig. 9.1 The effects of radiation-induced DNA damage. (a) Major types of radiation-induced 
DNA damage with respective DNA damage sensor proteins are illustrated. Radiation induces 
single-strand breaks (SSB) either directly or indirectly as intermediates of base excision repair. 
Simple double-strand breaks (DSB) involve two broken DNA ends in close proximity and occur in 
euchromatin (EC). Complex DSBs involve two broken DNA ends (i.e., 2-ended DSB) in proximity 
to additional DNA damage (e.g., crosslinks, SSBs) or within heterochromatin (HC), or a DSB 
within a replication fork (1-ended DSB). (b) SSBs and simple DSBs are repaired with fast kinetics 
by SSB repair and non-homologous end joining (NHEJ) pathways, respectively. Alternative end- 
joining (alt-EJ) and single-strand annealing (SSA) are slow, compensatory repair pathways acti-
vated when DNA-PKcs is absent or when NHEJ/HR attempt, but fail, to complete repair. Alt-EJ 
and SSA likely contributes to repair of complex 2-ended DSBs. Homologous recombination (HR) 
operates under slow kinetics and is partly responsible for repair of complex 2-ended DSBs and 
exclusively responsible for repair of 1-ended DSBs. These repair pathways function in a cell cycle- 
dependent manner, as illustrated. (c) Cell cycle checkpoints are activated in response to DNA 
damage to prevent propagation of cells with damaged DNA and to permit time for DNA repair. The 
major checkpoints include those occurring in G1, S, and G2. While ATM activation is the initial 
response to radiation-induced DNA DSBs, ATR is subsequently activated and contributes to a 
sustained cell cycle checkpoint response. Dashed lines represent incompletely understood 
pathways. Other abbreviations: ATRIP, ATR-interacting protein; MRN, Mre11-Rad50-Nbs1
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coordination of DNA repair machinery to the site of damage and the restitution of 
DNA integrity; cells with extensive or irreparable DNA damage undergo mitotic 
cell death, senescence, or apoptosis.

Ataxia-telangiectasia mutated (ATM) kinase is the apical kinase responsible for 
inducing each of the cell cycle checkpoint pathways. Cells with damaged DNA in 
G1 avoid replication of a damaged DNA template by arresting at the G1-S interface 
through ATM-dependent activation of p53 and p21. Cells that sustain DNA damage 
in S phase transiently arrest through activation of checkpoint kinase (CHK) 2, which 
leads to the inhibition of cyclin-dependent kinase (CDK) 2. Lastly, the G2 checkpoint 
delays the progression of cells with damaged DNA into mitosis by activating CHK1, 
resulting in inhibition of the mitotic cyclin CDK1.

DNA damage most commonly presents as single-strand breaks (SSB); however, 
the less frequent double-strand breaks (DSB) are more lethal, so DDR-associated 
therapeutics targeting the signaling and repair mechanisms associated with DSBs 
are preferred. An initial response to DNA DSBs is ATM-mediated phosphorylation 
of H2AX, which forms multiprotein complexes (i.e., foci) at DSBs to promote the 
recruitment of additional ATM molecules and other repair factors. In mammalian 
cells, there are several pathways available for the repair of DNA DSBs: non- 
homologous end joining (NHEJ), homologous recombination repair (HRR), 
alternative end-joining (alt-EJ) repair, or single-strand annealing (SSA).

NHEJ repairs the majority of radiation-induced DNA DSBs, and in addition to 
functioning as the predominate DSB repair mechanism in the G1 phase, it is also 
active in all other phases of the cell cycle. NHEJ is notable for being fast and highly 
efficient because it is able to catalyze simple rejoining reactions between DNA ends 
with no sequence homology. Although mutagenic, its rapid kinetics are important 
for preserving genomic integrity, including the suppression of chromosomal 
translocations (Ceccaldi et al. 2016a). A major pharmacological target for inhibiting 
NHEJ repair is DNA-dependent protein kinase (DNA-PK); the kinase activity of 
DNA-PK is required for the activation of several NHEJ effector proteins including 
the DNA-PKcs catalytic subunit (DNA-PKcs) itself.

HRR is a relatively slow, yet highly accurate repair process owing to its require-
ment for extensive end resection and homologous DNA sequences. Consequently, 
HRR preferentially operates during the S and G2 phases of the cell cycle when sister 
chromatids are present to facilitate DSB repair. Notable proteins involved in HRR 
are BRCA1, BRCA2, PALB2, and RAD51. Similar to HRR, alt-EJ repair also 
occurs during the S and G2 phases of the cell cycle. Although it anneals at micro-
homologies, it often harms genomic integrity through causing chromosomal trans-
locations and mutagenic rearrangements. Key distinguishing features for alt-EJ 
repair are its lack of requirement of core NHEJ proteins, such as DNA-PKcs and its 
dependence on poly (ADP-ribose) polymerase (PARP) 1 and DNA polymerase Θ 
(POLQ). SSA requires more extensive DNA end resection than alt-EJ; however, one 
copy of the repeat and the intervening sequence between repeats are deleted in the 
repair process, leading to the loss of genetic information. The inhibition of HRR 
upregulates RAD52-mediated SSA activity, and loss of RAD52 function is 
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synthetically lethal with the deficiency of some HRR factors (i.e., BRCA1, 
BRCA2, PALB2).

DDR inhibitors were initially developed as monotherapy to therapeutically 
exploit synthetic lethality interactions. The underlying premise for these interactions 
is that replication stress, genomic instability, or other DDR defects present in tumor 
cells—but absent in normal cells—represent actionable vulnerabilities that can be 
targeted with DDR inhibitors. The concept of synthetic lethality was clinically 
validated using PARP1/2 inhibitors in patients with BRCA1/2 mutations (i.e., HRR 
deficiency) (Farmer et al. 2005). Beyond PARP, small-molecule inhibitors targeting 
other key mediators of DNA repair and replication, such as WEE1, DNA-PK, ATM, 
ATR, and CHK1, are now being tested both as single agents and in combination 
with DNA-damaging agents for a wide variety of indications.

Radiation is an attractive DNA-damaging agent to combine with DDR inhibitors 
given its spatial selectivity. In addition, many DDR inhibitors can promote tumor 
cell-selective radiosensitization due to the molecular characteristics of tumor cells 
including defects in the G1 checkpoint (e.g., p53, p21, Rb), genomic instability, 
oncogene-induced replication stress (KRAS), and other DDR defects (Morgan and 
Lawrence 2015). Advancements in biomarker assays and improved access to next- 
generation sequencing have led to the identification of biomarkers predictive of 
improved clinical responses to combinations of radiation therapy (RT) and various 
DDR inhibitors. In this chapter, we discuss the major drug classes of DDR inhibitors; 
this includes delving into the normal physiological roles of their targets and the 
mechanisms for their radiosensitization and immunomodulation. We will also 
discuss clinical trials, rational treatment combinations for optimizing 
radiosensitization in the clinic, and future directions.

2  General Principles Linking the DDR and Anti-Tumoral 
Immunity

It is becoming increasingly apparent that a critical component of DDR inhibitor- 
induced radiosensitization is immunomodulation. Each DDR target is characterized 
by unique immunomodulatory properties; however, some fundamental aspects are 
shared and a preliminary introduction to their general role is critical for developing 
rational treatment combinations.

RT promotes antigenicity through damaging DNA and disrupting genomic integ-
rity. If a tumor cell survives this insult, loss of normal DNA repair fidelity through 
DDR inhibition may increase the tumor mutational burden, which could lead to 
neoantigen production (promoting microbial mimicry) and enhanced T cell activity 
(Mouw et al. 2017). In addition, RT causes the release of endogenous adjuvants 
(e.g., single-strand DNA, ssDNA; double-strand DNA, dsDNA) into the cytosol, 
leading to the activation of cytosolic pattern recognition receptors (PRR) (e.g., 
cyclic GMP-AMP synthase [cGAS]) (Galluzzi et al. 2017). These PRRs generate a 
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signaling cascade which sets off a series of events promoting antigen-specific adap-
tive immunity. Furthermore, targeting the DDR appears to potentiate the activation 
of these immune pathways (Fig. 9.2).

One proposed mechanism asserts that when RT-induced DNA DSBs are not 
repaired due to inhibited or defective DDR proteins, mitotic mis-segregation of 
RT-damaged acentric chromosomes leads to the generation of micronuclei; these 
micronuclei often have defective nuclear lamina organization leading to DNA 
release into the cytosol and activation of innate immune signaling through cGAS 
PRRs (Hatch et  al. 2013). Induction of the cGAS-stimulator of interferon  
genes (STING) pathway leads to TBK1 activation and type I interferon (T1IFN) 

Fig. 9.2 Linking radiotherapy and DNA damage response inhibitors to anti-tumoral immunity. 
Radiation causes both SSBs and DSBs in nuclear DNA which can result in increased mutational 
and neoantigen burden (left) as well as accumulation of ssDNA, dsDNA, or micronuclei in the 
cytoplasm of cells (right). Defects in DDR proteins can further enhance this process resulting in a 
greater mutational/neoantigen burden and further increases in both nuclear DNA damage and cyto-
plasmic DNA. Cytoplasmic DNA is sensed by pattern recognition receptor (PRR) pathways such 
as cGAS/STING/TBK1 that activate type I interferon (T1IFN) production. Collectively, neoanti-
gens and cytoplasmic DNA promote anti-tumor immunity but may also activate negative feedback 
mechanisms such as programmed death-ligand 1 (PD-L1) expression
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production. T1IFN’s positive immune modulatory effects include promoting the 
maturation and antigen presentation of dendritic cells as well as the recruitment and 
effector function of memory CD8+ T cells. T1IFN also stimulates negative feedback 
mechanisms such as tumor cell programmed death-ligan 1 (PD-L1) expression. 
These immune regulatory functions of DDR inhibitors and RT may be leveraged 
therapeutically to improve immunotherapy efficacy and will be discussed in this 
chapter.

3  Common DDR Targets

3.1  PARP1/2

PARP1/2 enzymes play key roles in the DDR as both DNA damage sensors and 
signal transducers. These proteins detect DNA SSBs and DSBs, recruit DNA repair 
effectors, and stabilize replication forks during repair (Pommier et  al. 2016) 
(Fig. 9.1). Upon generation of a DNA SSB, PARP1/2 binds to the DNA lesion and 
utilizes nicotinamide adenine dinucleotide (NAD+) to add PAR chains to histones, 
chromatin-associated proteins, and itself (i.e., auto-PARylation) (Pommier et  al. 
2016). This post-translational modification leads to chromatin relaxation, 
recruitment of DNA repair proteins (e.g., XRCC1), and PARP1/2 dissociation with 
cumulative auto-PARylation.

The canonical model for PARP1/2 inhibitor monotherapy efficacy is based on 
two linked mechanisms: (i) catalytic inhibition of PARylation and (ii) PARP 
trapping. All clinical PARP inhibitors address the first mechanism by sharing a 
nicotinamide moiety that competes with the enzyme cofactor, NAD+, for binding to 
the catalytic domain of PARP1/2 (Lord and Ashworth 2017). However, PARP 
inhibitors with equal catalytic inhibition potency can vary greatly in terms of their 
PARP-trapping abilities. The relative size and rigidity of the PARP inhibitor appears 
to play a role in its cytotoxic potency and the ability to trap PARP on DNA. Of the 
current clinically available PARP inhibitors, the smallest—veliparib—demonstrates 
the least PARP-trapping activity, while the more rigid and bulky, talazoparib, has 
the most potent PARP-trapping activity (talazoparib > niraparib > rucaparib = olaparib 
>  >  veliparib) (Pommier et  al. 2016). Notably, the trapping ability of a PARP 
inhibitor reflects its cytotoxic potency as monotherapy. In the setting of PARP 
trapping, PARP is unable to dissociate from the DNA SSB, resulting in the 
accumulation of unrepaired DNA SSBs and stalled replication forks. In replicating 
cells, these SSBs convert to DSBs, which require HRR; herein lies the conventional 
rationale for using PARP inhibitor in the setting of homologous recombination- 
deficient (HRD) tumors.

The possibility of using PARP inhibitors in HRD tumors to achieve synthetic 
lethality was first reported in 2005 (Bryant et al. 2005; Farmer et al. 2005). It was 
shown that BRCA-mutant tumor cells were up to 1000 times more sensitive to PARP 
inhibitors than BRCA-wild type cells. Both BRCA1 and BRCA2 proteins are vital 
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for HRR, which is a conservative, high-fidelity mechanism of DNA repair (Morgan 
and Lawrence 2015). When cells become HRD (e.g., BRCA1/2 mutation) in the 
context of PARP inhibition, lower fidelity mechanisms, such as deregulated NHEJ 
and single-strand annealing, predominate. Upregulation of non-conservative repair 
pathways in HRD tumor cells treated with PARP inhibitors has been shown to lead 
to increased genomic instability and cytotoxicity (Patel et al. 2011). Consistent with 
this finding, restoration of HRR in BRCA1-deficient cells by 53BP1 deletion leads 
to reduced genomic instability following PARP inhibition and consequently 
insensitivity to PARP inhibition (Bunting et al. 2010).

Recently, alternative mechanisms for PARP inhibitor efficacy have been reported 
that contradict the established construct (Maya-Mendoza et al. 2018; Caron et al. 
2019). One study demonstrated that PARP inhibitors increase the speed of fork 
elongation and do not cause fork stalling, which is in contrast to the accepted model 
in which PARP inhibitors induce fork stalling and collapse (Maya-Mendoza et al. 
2018). This finding was reproduced using PARP inhibitors with both the strongest 
(talazoparib) and weakest (veliparib) trapping abilities. Furthermore, these findings 
are consistent with the increased replication velocity observed in pancreatic cancer 
cells treated with olaparib (Fig. 9.3). Mechanistically, PARylation and p21 modulate 
fork progression in a process regulated by PARP1 and p53 proteins. PARylation 
acts as a sensor of replication stress; therefore, in the setting of PARP inhibition, 

Fig. 9.3 Increased replication velocity in response to PARP inhibitor treatment as assessed by 
DNA fiber combing. Representative DNA fiber images from MiaPaCa2 cells treated with 10 μM 
olaparib for 24 h. Replication fork speed is calculated for individual forks labelled with an IdU 
track flanked by a single CldU track. Mean replication forks speeds were 1.0 ± 0.02 kb/min and 
1.5 ± 0.05 kb/min for control and 10 mM olaparib, respectively. Increased fork speed following 
olaparib treatment can be visualized by the increased fiber length. Figure provided by Dr. Leslie A. 
Parsels (University of Michigan)
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DNA lesions that would normally induce fork arrest—to allow time for repair—
remain unrecognized by replication machinery.

Other mechanisms for PARP inhibitor efficacy relate to its role in immunomodu-
lation. Preclinical studies have demonstrated that PARP inhibitors lead to an accu-
mulation of cytosolic dsDNA, thereby activating the cGAS-STING- TBK1-IRF3 
innate immune pathway and inducing T1IFN production. This results in increased 
infiltration by immune cells and enhanced functionality of CD8+ T cells and natural 
killer cells (Ding et al. 2018; Shen et al. 2019). This promising PARP inhibitor-
induced anti-tumoral activity is blunted, however, through adaptive (Minn 2015) 
and intrinsic (Jiao et al. 2017) upregulation of PD-L1. Fortunately, it appears that 
targeting this homeostatic negative feedback mechanism through immune check-
point blockade (ICB) potentiates the efficacy of PARP inhibitors (Jiao et al. 2017; 
Ding et al. 2018; Shen et al. 2019).

The effectiveness of PARP inhibitors as radiosensitizers has been thoroughly 
investigated in numerous preclinical studies with median enhancement ratios 
varying from 1.3 to 1.5 (Lesueur et al. 2017). While the efficacy of PARP inhibitor 
monotherapy largely depends upon an “HRDness” phenotype, its radiosensitization 
capacity appears to be driven more by replication stress and PARP trapping, with 
more potent trapping agents associated with greater radiosensitization (Bridges 
et al. 2014; Laird et al. 2018). This does not, however, minimize the significance of 
a tumor’s HRDness in PARP inhibitor-induced radiosensitization; lower 
concentrations of PARP inhibitor can be used for HRD tumors (Lesueur et al. 2017). 
Furthermore, PARP1 is a critical regulator of DNA end resection of RT-induced 
DNA DSBs; inhibition of PARP promotes HRR, deregulated NHEJ, and 
hyperresected DSBs (Caron et  al. 2019). Therefore, PARP inhibitor-induced 
radiosensitization in some HRD tumors also acts by producing DSBs that must be 
repaired through deregulated NHEJ, creating genomic instability and cytotoxicity 
(Patel et al. 2011; Caron et al. 2019). Notably, DSB hyperresection is dependent on 
functional DNA resection machinery; therefore, this phenotype would be observed 
in BRCA2-deficient cells but not in BRCA1-deficient cells (Caron et al. 2019).

There are numerous ongoing clinical trials combining PARP1/2 inhibitors with 
RT or chemo-RT (Table 9.1). A recent phase I study showed that olaparib may be 
safely combined with concurrent cetuximab and RT for patients with smoking- 
related locally advanced head and neck squamous cell carcinoma (HNSCC) (Karam 
et  al. 2018). The maximum tolerated dose (MTD) of olaparib was 50  mg BID; 
however, the recommended phase 2 dose (RP2D) was 25 mg BID since increased 
mucositis and dermatitis were observed primarily above 25 mg BID. Dose-limiting 
toxicities (DLT) were assessed over a 10-week period; they were observed in three 
(19%) patients (Grade (G) 4 dermatitis, n = 2; G3 nausea/vomiting, n = 1). G3-4 
lymphopenia occurred in three (19%) patients. The 2-year overall survival (OS) rate 
of 72% in the trial was favorable compared to the expected OS rate of 60% in 
HNSCC patients with a heavy smoking history (Ang et al. 2010).

A phase I multicenter study evaluated veliparib and concurrent RT for 30 patients 
with inflammatory or locally recurrent breast cancer after complete surgical 
resection (Jagsi et al. 2018). Only five (16.7%) patients experienced a DLT within 
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10 weeks from RT initiation; four were moist desquamation and one was neutropenia. 
Although severe acute toxicity did not exceed 30% at even the highest dose, nearly 
half of the surviving patients demonstrated G3 adverse events at 3 years. Of the 30 
patients, 15 experienced disease control failures during the 3 years of follow-up and 
13 died.

One of the most common tumor types demonstrating HRDness is pancreatic 
cancer (Heeke et al. 2018). A phase I study of 30 patients with locally advanced 
pancreatic cancer combined veliparib with concurrent chemo-RT (Tuli et al. 2019). 
The MTD of veliparib was 40  mg BID with gemcitabine 400  mg/m2 and 
hypofractionated RT (36 Gy in 15 fractions). DLTs were monitored for 6 weeks and 
16 were detected in 12 (40%) patients; the most common DLT was lymphopenia 
(n  =  10). Notably, 25 (83.3%) patients experienced G3/4 lymphopenia. Median 
progression-free survival (PFS) and OS for all 30 patients was 9.8 and 14.6 months, 
respectively. Median OS for DDR pathway gene-altered- and DDR-intact patients 
was 19 and 14 months, respectively. The most commonly mutated DDR gene was 
ARID1A (n = 4). Loss of ARID1A impairs both checkpoint activation and the repair 
of DSBs, which sensitizes cells to DSB-inducing treatments such as PARP inhibitors 
and RT (Shen et al. 2015).

PARP inhibitors appear to confer promise as a radiosensitizing strategy for 
numerous malignancies; however, there are several important considerations for 
future trials testing PARP inhibitor treatment combinations. First, the toxicity 
profile varies significantly depending on both the site being investigated and the 
other agents used concurrently with PARP inhibitors. In particular, combining 
PARP inhibitors with chemotherapy has been problematic owing to substantial 
toxicity—predominately myelosuppression—requiring dose reductions and 
treatment delays, even in the absence of RT (Dréan et al. 2016; Pilié et al. 2019).

Additionally, because the toxicity profile of radiosensitizing agents appears to 
depend on the body site treated and the dose of RT delivered, disease site-specific 
phase I testing will be necessary to identify unique DLTs for the various combinations 
of PARP inhibitors, chemotherapy, and RT. For example, due to skin-related DLTs 
in head and neck (i.e., dermatitis, mucositis) and breast (i.e., moist desquamation) 
cancers, the RP2D is 25  mg BID for olaparib and 50  mg BID for veliparib, 
respectively. Conversely, the RP2D is 400 mg BID for rectal cancer concurrent with 
chemo-RT. Another consideration with the combination of PARP inhibitors and RT 
will be the neutralization of immunosuppressive negative feedback mechanisms 
such as upregulation of PD-L1 expression.

Lastly, identifying biomarkers for response to PARP inhibitor-induced radiosen-
sitization will be important to target patients who will derive the most benefit from 
aggressive combination therapies (Table 9.2). Beyond germline or somatic BRCA1/2 
status, other markers of HRDness include high levels of genomic instability via 
global loss of heterozygosity and telomeric-allelic imbalances (Abkevich et  al. 
2012; Watkins et al. 2014). Other non-BRCA HRDness mutations include ARID1A 
deficiency, BAP1 deficiency, loss of CDK12 function, IDH1 mutations, and FEN1 
mutations (Hanzlikova et al. 2018; Pilié et al. 2019). In addition to pursuing explor-
atory biomarker analysis during clinical trials, it will be vital to move beyond a 
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Table 9.2 Biomarkers associated with sensitivity to DNA damage response (DDR) inhibitors

Target DDR inhibitor Biomarker(s)

PARP Talazoparib, Niraparib, Rucaparib, 
Olaparib, Veliparib

BRCA1/2 mutations
RAD51 mutations
PALB2 mutations
ARID1A deficiency
BAP1 deficiency
Loss of CDK12 function
IDH1/2 mutations
FEN1 mutations
ATM mutations
Loss of Rb
Loss of heterozygosity
Large-scale translocations
Telomeric-allelic imbalances
BET deficiency
Elevated tumoral levels of PARP1, 
SLFN11, E-cadherin
RPA exhaustion
Histological phenotype of neuroendocrine 
differentiation

WEE1 Adavosertib (i.e., AZD1775) P53 mutations
BRCA1/2 mutations
FANC mutations
KRAS mutations
cMYC mutations
SETD2 mutations
CDKN2A deficiency
RB1 deficiency
Amplifications of CCNE1, MYC, MYCL, 
or MYCN
Elevated levels of EZH2
H3K36me3 deficiency

DNA-PK M3814 P53 mutations
HRD (particularly in the setting of 
high-LET RT)

ATM M3541, AZD1390 P53 mutations
ATR AZD6738, M6620 P53 mutations

BRCA1/2 mutations
RAD51 mutations
ATM mutations
ARID1A mutations
MDM2 overexpression
Rb loss of function
cMYC or cyclin E1 amplification

CHK1 Prexasertib P53 mutations
KRAS mutations

M. T. McMillan et al.
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BRCA1/2-centric view of DDR biomarkers and investigate and a broader HRDness 
phenotype when attempting to identify patients who will respond to PARP inhibi-
tors and other DDR inhibitors.

3.2  WEE1

WEE1 is a protein kinase with an important regulatory role in the cellular response 
to DNA damage (Fig. 9.1). It catalyzes the inhibitory phosphorylation of CDK1/2, 
thereby activating the G2-M checkpoint and causing cell cycle arrest (Pilié et al. 
2019). In addition, through negative regulation of CDK1/2, it prevents aberrant 
origin firing, nucleotide pool depletion, and replication stress (Beck et  al. 2012; 
Krajewska et al. 2013). Furthermore, WEE1 promotes HRR (Krajewska et al. 2013; 
Karnak et al. 2014). Given WEE1’s role as a critical mediator of the cellular response 
to DNA damage, it is a logical target for treatment strategies combining WEE1 
inhibition with DNA-damaging agents such as RT and chemotherapy.

Adavosertib (i.e., AZD1775) is a first-in-class WEE1 inhibitor and the only 
WEE1 inhibitor currently in clinical development (Pilié et al. 2019). Preclinically, 
adavosertib is an effective radiosensitizer, particularly in the setting of chemo-RT 
(Kausar et al. 2015). Mechanistically, adavosertib abrogates the G2-M checkpoint 
(Sarcar et al. 2011; Kausar et al. 2015), which enhances cancer cell death by forcing 
cells into mitosis with DNA damage leading to mitotic catastrophe and cell death. 
This is a tumor cell-selective mechanism given that the majority of cancers lack a 
G1 checkpoint due to TP53 mutation and therefore rely mainly on the G2 checkpoint 
for cell cycle arrest upon DNA damage (Table 9.2). In addition to cell cycle effects, 
adavosertib induces DNA replication stress which is a key determinant of 
sensitization to RT and chemotherapy (Beck et al. 2012; Cuneo et al. 2016; Parsels 
et  al. 2018b). Replication stress offers yet another potential tumor cell-selective 
mechanism given that oncogenic mutations in cancer, in particular KRAS or cMYC 
mutation, cause an increase in the baseline levels of replication stress making cancer 
cells especially vulnerable to agents which further exacerbate replication stress like 
those which target WEE1 (Kotsantis et al. 2018).

In addition to the effects of WEE1 inhibition on DNA, emerging evidence sug-
gests that WEE1 inhibition may also have beneficial effects on anti-tumor immu-
nity. WEE1 blockade by adavosertib has been shown to fully revert the resistance of 
(pancreatic) cancer cells undergoing epithelial-to-mesenchymal transition (EMT) to 
lysis by both antigen-specific T cells and natural killer cells (Hamilton et al. 2014). 
By reconstituting CDK1 activity, adavosertib improves immune-mediated attack of 
mesenchymal-like tumor cells by restoring CDK1- mediated nuclear lamin phos-
phorylation and consequently caspase-mediated apoptosis. Consistent with these 
studies, adavosertib was shown to promote anti- tumoral immunity through activa-
tion of CDK1 and abrogation of the G2/M checkpoint, which otherwise protected 
cancer cells from immune-mediated cell death induced by cytotoxic T lymphocyte-
derived granzyme B and TNFα (Sun et al. 2018; Patel et al. 2019). Furthermore, 
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these anti-tumor immune effects of adavosertib are also associated with increased 
sensitivity to anti-PD-1 ICB, marked by increased antigen-specific T lymphocyte 
killing of tumor cells following treatment with adavosertib in combination with RT 
(Patel et al. 2019).

Second only to PARP inhibitors, adavosertib represents the most mature of the 
DDR inhibitors in the context of development as a radiosensitizer. A recently 
completed phase I study evaluated adavosertib in combination with RT and full- 
dose gemcitabine for 34 patients with locally advanced pancreatic cancer (Cuneo 
et al. 2019). The study’s median OS finding of 21.7 months compares favorably 
with that of patients treated in the LAP07 trial (11.9–13.6  months), which had 
similar eligibility criteria and used gemcitabine (Hammel et al. 2016). Adavosertib 
was also well tolerated with only eight (24%) patients experiencing DLTs within the 
first 15 weeks of therapy; half of the DLTs were due to fatigue (n = 2) or anorexia/
nausea (n = 2). Interestingly, the MTD of adavosertib (150 mg) with gemcitabine 
and concurrent RT was only slightly lower than the previously reported MTD with 
dual adavosertib and gemcitabine therapy (175 mg) (Cuneo et al. 2019). Numerous 
other active clinical trials are actively investigating the treatment combination of 
adavosertib plus RT with or without chemotherapy (Table 9.1).

3.3  DNA-PKcs

DNA-PKcs is a critical enzyme for NHEJ, which is the predominant repair mecha-
nism for RT-induced DSBs (Fig. 9.1) (Willers et al. 2004; Morgan and Lawrence 
2015). Following recognition of DSBs, NHEJ begins with the stabilization of free 
DNA ends mediated by binding of the KU70/80 heterodimers and subsequent 
recruitment of DNA-PKcs; 53BP1 and KU70/80 prevent DNA resection. NHEJ 
proceeds in a DNA-PK-dependent manner with recruitment of other downstream 
core NHEJ proteins including XRCC4, LIG4, XLF, and PAXX, which together 
mediate alignment and ligation of DNA ends. NHEJ likely represents the a priori 
DSB repair mechanism as other DSB repair pathways only occur following initial 
attempts to repair by NHEJ (Kakarougkas and Jeggo 2014).

Cells deficient in DNA-PKcs have significantly impaired DSB repair capacity 
and are markedly radiosensitive. This has been demonstrated both in  vitro and 
in vivo using small-molecule DNA-PKcs inhibitors across a variety of cancer cell 
lines (Zhao et al. 2006; Shaheen et al. 2011; Li et al. 2012; Ciszewski et al. 2014; 
Timme et al. 2018; Sun et al. 2019). The exquisite radiosensitization conferred by 
DNA-PKcs inhibitors naturally prompts concerns regarding enhanced normal tissue 
toxicity. However, preclinical studies have demonstrated that DNA-PKcs inhibitors 
appear to operate as classic radiosensitizers since they cause minimal cytotoxicity 
to normal tissues outside of the irradiated target volume (Zhao et al. 2006; Shaheen 
et al. 2011; Ciszewski et al. 2014; Timme et al. 2018). Furthermore, a recent study 
assessed the DNA-PKcs inhibitor, VX-984, in combination with RT in two ortho-
topic glioblastoma multiforme (GBM) models and found no excessive weight loss 

M. T. McMillan et al.



205

or skin toxicity in the RT field in mice receiving combination therapy. Additionally, 
in the setting of minimal normal tissue toxicity, these mice derived a significant 
survival benefit from DNA-PKcs inhibitor plus RT (Timme et al. 2018). Finally, 
TP53 mutation, a common discriminator between tumor and normal cells, is a 
determinant of radiosensitization by the DNA-PKcs inhibitor M3814, as TP53-
deficient tumor cells are preferentially radiosensitized by M3814 compared to their 
isogenic TP53 wild type counterparts (Table 9.2) (Sun et al. 2019).

Recent studies have evaluated the immunomodulatory role of DNA-PKcs inhibi-
tor treatment in the setting of RT (Harding et al. 2017; Sun et al. 2018; Carr et al. 
2019). While RT alone caused micronuclei formation in irradiated TP53-wild type 
MCF10A and prostate epithelial cells, inhibition of DNA-PKcs in combination with 
RT resulted in a diminished level of micronuclei despite the presence of elevated 
levels of DNA DSBs. Attenuated micronuclei formation following DNA- PKcs inhi-
bition was associated with decreased innate immunity, a finding attributed to G1 cell 
cycle arrest and consequently reduced mitotic mis-segregation leading to reduced 
micronuclei formation (Harding et al. 2017). It is reasonable to speculate from these 
data that inhibition of DNA-PKcs in TP53-mutant cancer cells—which lack a func-
tional G1 checkpoint—might increase radiation-induced micronuclei formation and 
hence innate immunity. This is supported by a recent study which showed that in 
response to RT, DNA-PKcs inhibition increased micronuclei formation resulting in 
a STING-driven inflammatory response, associated with expression of cytokines, 
chemokines, and PD-L1, as well as increased sensitivity to ICB (Carr et al. 2019). 
It is unclear, however, whether an intact G2 checkpoint might protect TP53-mutant 
cancer cells from mitotic mis-segregation and micronuclei formation given that in 
some TP53-mutant models, DNA-PK inhibition reduces RT-induced micronuclei 
formation (Fig. 9.4).

Promising preclinical work with the DNA-PKcs inhibitor, M3814, has led to 
three active clinical trials investigating its radiosensitizing efficacy (Table  9.1). 
Preliminary anti-tumor activity was recently reported by one of the studies (Van 
Triest et  al. 2018). In this phase Ia trial, involving 16 patients with tumors or 

Fig. 9.4 Micronuclei following treatment with RT and DNA-PK inhibitor. Panc1 human pancre-
atic cancer cells were treated with 8 Gy +/− DNA-PK inhibitor (M3814). Three days after treat-
ment, cells were fixed and stained with DAPI. Micronuclei located on the outside of the nucleus 
are indicated. Radiation-induced micronuclei generation was inhibited by DNA-PK inhibitor treat-
ment. Image provided by Drs. Qiang Zhang and Weiwei Wang, University of Michigan
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metastases in the head and neck or thoracic regions, M3814 was combined with 
palliative RT (30 Gy in ten fractions). Four DLTs were reported, three of which 
were G3 mucositis lasting >7  days. All patients with DLTs recovered without 
sequelae. Preliminary efficacy was reported via in-field response: One patient with 
a pathologic complete response, four with partial responses, seven with stable 
disease, three had not been evaluated, and one was not evaluable. The second arm 
of the phase Ia study is actively accruing patients for M3814 in combination with 
definitive fractionated RT (66-70 Gy in 33-35 fractions) and cisplatin (Van Triest 
et al. 2018). Only one of three active clinical trials using M3814 plus RT is using 
ICB to account for interferon-mediated PD-L1 upregulation (NCT03724890).

3.4  ATM

Ataxia telangiectasia mutated (ATM) is an apical kinase that plays a critical role in 
the detection, signaling, and repair of RT-induced DNA DSBs (Fig. 9.1). ATM is 
recruited to sites of DSBs via the MRE11-RAD50-NBS1 (MRN) complex, where it 
is activated by trans- autophosphorylation at Ser1981 (Bakkenist and Kastan 2003). 
ATM also phosphorylates the histone protein H2AX, which forms foci at DNA 
DSBs to promote the recruitment of additional ATM molecules and other repair fac-
tors (Blackford and Jackson 2017). The particular set of DDR proteins assembled—
promoting either NHEJ or HRR—is biased by the phase of the cell cycle and the 
presence of homologous sister chromatid DNA. Two other important ATM target 
proteins—CHK2 and p53—provide the link to cell cycle checkpoints and apoptosis. 
The net result of ATM activation is the downstream activation of p53, leading to the 
transcription of the CDK inhibitor, p21, and the activation of CHK2, resulting in 
degradation of the CDC25 phosphatases, CDK-cyclin complex inactivation, and 
cell cycle arrest (DeVita Jr. et al. 2018).

The mechanisms for ATM inhibitor-induced radiosensitization have been 
explored extensively. In line with ATM’s role as a regulator of cell cycle progression, 
TP53-mutant cells are preferentially radiosensitized by ATM inhibition (Table 9.2) 
(Biddlestone-Thorpe et al. 2013; Durant et al. 2018). Preclinical mechanistic studies 
have demonstrated that ATM inhibitors combined with RT cause cell cycle 
checkpoint abrogation, gross genomic instability, micronuclei formation, and 
apoptosis (Durant et al. 2018). These sequelae play a major role in the anti-tumoral 
immunostimulatory effects of ATM inhibitors. In vivo models of pancreatic cancer 
have shown that ATM inhibition induces TBK1 activation and T1IFN production, 
which is further enhanced by RT (Zhang et  al. 2019). The increased interferon 
signaling that accompanies ATM inhibition also results in increased PD-L1 
expression. Consequently, combination therapy with ATM inhibition plus RT sensi-
tizes tumor cells to PD-L1 blockade.

Despite extensive preclinical testing of ATM as a therapeutic target for radiosen-
sitization, and, more recently as an immune modulator, the clinical experience with 
ATM inhibition is limited. Currently, there are two ATM inhibitors (M3541, 
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AZD1390) in the early stages of clinical development as radiosensitizers (Table 9.1). 
In a phase I study, M3541 is being combined with palliative RT (i.e., 30 Gy in ten 
fractions) in patients with solid tumors (NCT03225105). In another phase I study, 
AZD1390 is being combined with RT for patients with various brain malignancies 
(NCT03423528).

3.5  ATR

Similar to the role of ATM in the cellular response to DSBs, ataxia telangiectasia 
Rad3-related (ATR) is an initiating kinase in the DDR to a variety of types of DNA 
damage including SSBs and replication stress. While ATR is also important for 
DSB repair, it is activated by a much wider range of genotoxic stresses compared to 
other related members of the PIKK family (e.g., ATM, DNA-PK) (Blackford and 
Jackson 2017). ATR is recruited to RPA-coated ssDNA by its stable binding partner 
ATR-interacting protein (ATRIP) and activated by topoisomerase binding partner 1 
(TOPBP1) or Ewing’s tumor-associated antigen 1 (ETAA1) (Kumagai et al. 2006; 
Haahr et al. 2016). Subsequently, ATR signaling leads to the phosphorylation and 
activation of CHK1 (Fig. 9.1). Activated CHK1 phosphorylates CDC25 and triggers 
its cytoplasmic sequestration and inactivation (Morgan and Lawrence 2015). In the 
absence of CDC25 phosphatase activity, CDK1 remains bound by inhibitory 
phosphorylation, resulting in G2 arrest. This critical regulatory mechanism for the 
intra-S and G2 checkpoints allows time for DNA repair in order to avoid premature 
mitotic entry and mitotic catastrophe after DNA damage; furthermore, if the dam-
age is beyond repair, this allows for activation of apoptotic or senescent pathways 
(Blackford and Jackson 2017). Other important regulatory roles for ATR include 
slowing replication origin firing (Toledo et  al. 2013), promoting replication fork 
repair (e.g., for DNA interstrand crosslinks) (Ceccaldi et al. 2016b), and managing 
nucleotide availability (Buisson et al. 2015).

ATR’s crucial role in DDR signaling makes it an attractive target for radiosensi-
tization. In order to identify tumors most likely to demonstrate ATR inhibitor-
induced preferential radiosensitization, it is important to identify molecular features 
that increase dependence on ATR in the cellular response to DNA damage. Such 
features include loss of G1 cell cycle checkpoint control resulting from mutations in 
TP53, as well as MDM2 gain, and RB loss (Table 9.2). These molecular alterations 
increase reliance on ATR-mediated intra-S and G2-M checkpoints following DNA 
damage (Reaper et al. 2011; Kwok et al. 2016; Tu et al. 2018). Other attractive tar-
gets for ATR inhibitors are tumors with high levels of oncogene- induced replication 
stress resulting from amplification of MYC or CCNE1 encoding cyclin E1. These 
alterations drive cells to enter S phase, even in the presence of RT-induced ssDNA 
breaks, which can result in replication fork stalling (Halazonetis et al. 2008). In the 
setting of ATR inhibition, stalled replication forks might collapse, resulting in rep-
lication-associated DNA DSBs and cell death. Another subgroup of tumors that 
might be particularly susceptible to ATR inhibitors are those with functional defi-
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ciencies in HRR (Table 9.2). The absence or inhibition of HRR results in increased 
replication stress and ATR-mediated signaling; consequentially, ATR inhibition has 
been shown to preferentially target HRD cells (Krajewska et al. 2015). However, 
other studies in ovarian, colorectal, and triple-negative breast cancer have shown 
that ATR broadly sensitizes tumor cells to DNA-damaging agents, regardless of 
HRR status (Huntoon et al. 2013; Dillon et al. 2017; Tu et al. 2018).

An example of a tumor type that meets many of these criteria for sensitivity to 
ATR inhibitors is triple-negative breast cancer (TNBC). These tumors are often 
characterized by loss of G1 checkpoint control, oncogene-induced replication stress, 
and HRR deficiency (Turner et al. 2004; Cancer Genome Atlas Network 2012; Nik- 
Zainal et al. 2016). In a recent study of TNBC, patient-derived tumor xenografts 
(PDX)—generated prospectively as part of the neoadjuvant BEAUTY trial—
showed that surgical specimens with both chemosensitive and chemoresistant 
residual disease were highly radiosensitized following ATR inhibition (Tu et  al. 
2018). Moreover, ATR inhibition demonstrated greater radiosensitization of TNBC 
over normal cells within the irradiated target volume, and it showed little single- 
agent cytotoxicity at the dose required for radiosensitization outside of the irradiated 
target volume.

Another tumor type that appears to demonstrate preferential radiosensitization 
with ATR inhibitors is non-small cell lung carcinoma (NSCLC) (Dunne et al. 2017). 
Considering the widespread prevalence of stereotactic body RT (SBRT) for early- 
stage NSCLC, a preclinical study evaluated the impact of RT dose and fractionation 
on synergy with ATR inhibition (Dunne et al. 2017). The combination ATR inhibitor 
with fractionated RT (4 Gy x 3) was superior to single-dose (12 Gy) RT for tumor 
growth inhibition. Furthermore, radiosensitization by the ATR inhibitor was tumor 
cell selective as toxicity was not observed in relevant normal tissue (i.e., lung 
fibrosis).

One of the major mechanisms for ATR inhibitor-induced radiosensitization is G2 
checkpoint abrogation leading to mitotic catastrophe with acentric micronuclei 
formation (Dillon et  al. 2017) leading to a robust immune response in 
immunocompetent hosts (Dillon et al. 2019). As previously described, this process 
involves activation of the cGAS-STING-TBK1-IRF3-NFκB signal transduction 
pathway, which activates innate immunity and subsequently adaptive immunity. 
ATR inhibitor plus RT produces a gene expression signature matching a T1IFN/
T2IFN response, with upregulation of genes that play a role in PRR detection of 
nucleic acids (Dillon et al. 2019). These changes following ATR inhibitor-induced 
radiosensitization lead to significant elevations in cytokine and chemokine activity 
with increasing antigen presentation and immune infiltration.

The importance of ATR inhibitor as an immune modulator was assessed in a 
recent study by Vendetti and colleagues, which demonstrated that ATR inhibitor- 
induced radiosensitization is CD8+ T cell-dependent for some tumors (Vendetti 
et al. 2018). This was observed in a syngeneic CT26 colorectal carcinoma mouse 
model and in a GEMM of KrasG12D/Twist1 lung adenocarcinoma. The study showed 
that the ATR inhibitor, AZD6738, blocked PD-L1 upregulation on tumor cells and 
dramatically decreased the number of immunosuppressive tumor-infiltrating 
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T-regulatory cells (Tregs). In these tumor models, ATR inhibition not only potentiated 
the cytotoxic effects of RT, but also acted as an immune stimulant by increasing the 
immunogenicity of the tumor microenvironment.

The preclinical success of ATR inhibitors in combination with RT has motivated 
several phase I clinical trials (Table 9.1). PATRIOT is an ongoing three-part trial 
assessing the feasibly and safety of the ATR inhibitor, AZD6738, as a single agent 
and in combination with different schedules of RT (NCT02223923) (Dillon et al. 
2018). Another ATR inhibitor, M6620, will be combined with cisplatin to assess 
sensitization to chemoradiation in  locally advanced HNSCC (NCT02567422, 
Table 9.1). In addition to acting as a robust radiosensitizer, ATR inhibitor has also 
been shown to synergize with cisplatin (Vendetti et al. 2015), which is likely due to 
ATR’s role in replication fork repair. As a result, this study combines all three 
treatment modalities in an attempt to optimize anti-tumoral synergy. In addition, 
M6620 is being investigated in combination with whole-brain RT for patients with 
NSCLC brain metastases (NCT02589522).

3.6  CHK1

Checkpoint kinase 1 (CHK1) plays a central role in both S phase and G2 check-
points (Fig. 9.1). It is activated in an ATR-dependent manner in response to either 
DNA damage or replication stress (Morgan and Lawrence 2015). Subsequently, 
CHK1 phosphorylates and inhibits CDC25A/C proteins, resulting in activation of 
the intra-S and G2 checkpoints (Sørensen and Syljuåsen 2012). Additional CHK1 
functions include promoting HRR (Sørensen et al. 2005), stabilizing stalled replica-
tion forks (Syljuåsen et al. 2005), and preventing excess origin firing. Through these 
actions, CHK1 facilitates cellular recovery from DNA damage and alleviates repli-
cation stress (Petermann et al. 2010). Thus, impairment of the DDR through CHK1 
inhibition renders cells more sensitive to DNA damage.

In the preclinical setting, CHK1 inhibitors preferentially radiosensitize TP53- 
mutant cancers (Table 9.2) (Morgan et al. 2010). This is partly due to abrogation of 
the G2 checkpoint by CHK1 inhibitors, which is particularly deleterious in TP53- 
mutant cancers that lack a functional G1 checkpoint. Additionally, the ability of 
CHK1 inhibitors to inhibit HRR (Morgan et al. 2010; Engelke et al. 2013) may also 
play a significant role in their selective radiosensitization, as TP53-mutant cancer 
cells are more likely than normal cells to rely on HRR for DSB repair due to their 
inability to arrest in G1 where NHEJ is the dominant DSB repair mechanism. Cell 
cycle-independent HRR preference in TP53-mutant cells has been reported as well. 
Moreover, CHK1 inhibitors cause DNA damage in replicating cells (Forment et al. 
2011; Thompson et  al. 2012), which could disproportionately affect tumor cells 
relative to normal cells based on their high fraction of cycling cells and elevated 
levels of endogenous DNA damage due to genetic aberrations (Sørensen and 
Syljuåsen 2012).
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CHK1 inhibitor-induced preferential radiosensitization of tumor cells relative to 
normal cells has been demonstrated in pancreatic cancer (Morgan et  al. 2010; 
Engelke et al. 2013) and HNSCC (Zeng et al. 2017). In addition to the mechanisms 
detailed above, tumor cell-selective radiosensitization by CHK1 inhibitors could 
also be due to the aberrant activity of oncogenes such as of KRAS which is especially 
relevant in pancreatic cancer and causes replication stress, genomic instability, 
endogenous DNA damage, and an increased reliance on DDR pathways such as 
those mediated by ATR/CHK1 (Table 9.2) (Morgan and Lawrence 2015). Studies 
have shown that CHK1 inhibitors confers greater radiosensitization in isogenic 
KRAS-mutant vs. KRAS-wild type cancer cells (Morgan et al. 2014) (Dinkelborg et 
al. 2019).

Although certain KRAS variants have been found in HNSCC (Weidhaas et al. 
2017), preferential radiosensitization for this tumor type is also likely related to the 
significant upregulation of CHK1 and CHK2 phosphoproteins at baseline in HNSCC 
compared to normal surrounding tissue (Frederick et  al. 2011). Upregulation of 
DDR elements—in this case cell cycle checkpoint proteins—is possibly a 
mechanism of resistance that can be exploited through CHK1 inhibition. In one 
study of HNSCC, CHK1 inhibition with prexasertib plus RT was comparable to 
anti-EGFR therapy plus RT (Zeng et al. 2017).

Despite their success in the preclinical setting, the clinical development of CHK1 
inhibitors has been slowed by cardiac toxicities and off-target effects of earlier 
agents (AZD7762, rabusertib, MK-8776) (Pilié et al. 2019). Currently, there is one 
clinical trial evaluating CHK1 inhibition as a radiosensitization strategy for locally 
advanced HNSCC (NCT02555644). This phase I study is combining the second- 
generation CHK1-selective inhibitor, prexasertib, with concurrent intensity- 
modulated RT (IMRT) plus either cisplatin or cetuximab. The study recently 
completed recruitment, but no results have been posted.

The major molecular characteristics associated with the tumor cell selectivity of 
CHK1 inhibitor-mediated radiosensitization, such as mutations in TP53 and KRAS, 
make the treatment combinations of CHK1 inhibition plus RT attractive for a wide 
variety of malignancies. In addition, CHK1 inhibition also appears to have a role in 
augmenting anti-PD-L1 therapy through promoting cytotoxic T lymphocyte tumor 
infiltration and activation (Sen et al. 2019). Due to the unfortunate history of off- 
target effects during clinical testing with early CHK1 inhibitors, it is likely that the 
outcome of the most recent prexasertib clinical trial will be a major determinant in 
the future of this drug class in the setting of RT.

4  DDR Inhibitor Combinations with RT

Strategic combinations of DDR inhibitors have the potential to overcome acquired 
resistance to DDR inhibitor monotherapy and induce synthetic lethality. Furthermore, 
preclinical work has demonstrated that DDR inhibitor combinations can induce 
profound radiosensitization. In preclinical tumor models, combining PARP 
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inhibitors and WEE1 inhibitors is an effective radiosensitization strategy for both 
pancreatic cancer (Karnak et  al. 2014) and KRAS-mutant NSCLC (Parsels et  al. 
2018a). Mechanistically, in addition to the established functions of WEE1 and 
PARP in the cell cycle and SSB repair, respectively, replication stress contributes to 
radiosensitization by WEE1 and PARP inhibition. Specifically, this replication 
stress involves depletion of nucleotide pools and PARP1-DNA binding (i.e., PARP 
trapping). Overall, these studies implicate DNA replication stress as an effective 
therapeutic target for radiosensitization and suggest that targets directly involved in 
maintaining DNA replication forks stability may be especially efficacious. One 
such combination is ATR and PARP.  Given the direct involvement of ATR in 
mitigating DNA replication stress and the effects of trapped PARP on DNA 
replication, the combination of ATR inhibitors and PARP inhibitors as a 
radiosensitizing strategy is appealing, especially in cancers with elevated 
replication stress.

Accumulating evidence suggests that the inevitable recurrence of GBM after 
chemo-RT is largely driven by radioresistant GBM cancer stem-like cells (GSC), 
which drive resistance to DNA-damaging therapies through constitutive upregula-
tion of ATR and CHK1 kinase (Carruthers et  al. 2018). One potential source of 
replication stress in GSCs is the elevated transcription of “very long genes” by RNA 
polymerase that may inadvertently collide with late replicating regions of the 
genome, activating the ATR replication stress response, which in turn promotes cell 
survival and radioresistance. PARP inhibitor alone is insufficient to radiosensitize 
this GSC population; however, combining ATR inhibitors and PARP inhibitors 
induces profound radiosensitization.

Clinical trials are currently underway assessing numerous DDR inhibitor–DDR 
inhibitor combinations, including combinations of inhibitors targeting ATR-PARP 
(NCT02723864), WEE1-PARP (NCT02511795), and ATM-PARP (NCT02588105). 
Unfortunately, no clinical studies are currently evaluating the combination of 
multiple DDR inhibitors in the setting of RT. A major obstacle is the overlapping 
toxicity profiles of many DDR inhibitors—especially myelosuppression—that will 
need to be addressed through optimizing dosing and treatment scheduling of the 
DDR inhibitor–DDR inhibitor combinations before introducing RT.

5  Sequencing: Mechanistic Considerations

The majority of the clinical trials evaluating DDR inhibitors have administered the 
drug in a logical sequence relative to the timing of irradiation, that is, by 
administrating DDR inhibitors before the initiation of RT, these agents are able to 
preemptively neutralize various DNA repair pathways, thereby maximizing the 
lethality of subsequent DNA-damaging RT. Another important consideration is the 
optimization of DDR inhibitor-induced anti-tumoral activity. Since most 
radiosensitizers—with the possible exception of ATR inhibitors—lead to adaptive 
upregulation of PD-L1 expression, treatment regimens involving RT and most DDR 
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inhibitors will need to consider anti-PD-1/PD-L1 to address immunosuppressive 
negative feedback mechanisms. While no randomized controlled trials have 
evaluated the impact of the timing of ICB administration relative to RT, preclinical 
studies have predominately supported initiating ICB before—or concurrent with—
RT (Dovedi et al. 2014; Young et al. 2016). Mechanistically, this is supported by 
significant upregulation of tumor PD-L1 expression at 24-48 h post-RT (Sato et al. 
2017) and elevated PD-1 expression on tumor-infiltrating CD4+ and CD8+ T cells at 
24 h post-RT (Dovedi et al. 2014). Delaying the blockade of PD-1/PD-L1 signaling 
until after the completion of an RT cycle might limit efficacy due to anergy of 
tumor-reactive CD8+ T cell by that later timepoint.

In the landmark PACIFIC trial in locally advanced NSCLC, patients derived an 
OS survival benefit from anti-PD-L1 treatment using a trial design in which they 
received potentially lymphocyte-depleting interventions before anti-PD-L1 therapy 
(i.e., durvalumab): chemotherapy, conventional fractionated RT, and irradiation of 
draining lymph nodes where T cells are primed to TAAs of irradiated tumor cells 
(Antonia et  al. 2018). A post hoc analysis showed that patients who received 
durvalumab within 14  days following completion of chemo-RT demonstrated a 
greater OS benefit compared to those who received durvalumab later although 
selection bias can also explain this observation. If positive outcomes were achieved 
in this setting of potential immunosuppression, one could speculate that the potential 
benefits might be even more pronounced with hypofractionated RT, concurrent 
ICB, and less intensive chemotherapy. Clinical trials with concurrent ICB are in 
progress in this patient population.

The timing of treatment strategies combining RT with DDR inhibitors and ICB 
will be critical to optimize patient outcomes. And while preclinical studies suggest 
starting ICB before—or concurrently with—RT confers improved survival, clinical 
trials will need to assess this question in a randomized manner.

6  Conclusions

The DDR is a clinically validated target that may be most effective in combination 
with tumor cell-selective DNA-damaging agents like RT.  To improve outcomes 
with this treatment combination, the development of functionally based predictive 
biomarker assays will be vital. Genomic biomarkers such as TP53 mutation status 
may additionally aid the selection of patients most likely to benefit from RT/drug 
combinations. Furthermore, there is a prominent immune-modulation component to 
DDR inhibitor-induced radiosensitization, and it will be critical to optimize anti- 
tumoral immunity through RT dose, fractionation, treatment modality, DDR 
inhibitor dose/sequencing, minimizing lymphopenia, and mitigation of negative 
feedback mechanisms (e.g., PD-L1 expression).
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Chapter 10
Targeting Tumor Metabolism to Overcome 
Radioresistance

Daniel Wahl, Michael Petronek, Rashmi Ramachandran, John Floberg, 
Bryan G. Allen, and Julie K. Schwarz

Abstract Metabolic reprogramming is a hallmark of cancer. Altered metabolism 
provides a survival advantage for cancer cells during tumorigenesis by supplying 
resources needed for uncontrolled growth and increased rates of cell division. As 
tumors grow beyond the limits of diffusion, altered metabolism provides a selective 
advantage in the context of nutrient deprivation. Many cancer therapies, including 
radiation, are known to impact tumor metabolism while the metabolic state of a 
cancer may contribute to radioresistance. Preclinical and clinical evidence exists to 
support combinations of radiation therapy with drugs that affect, for example, 

D. Wahl 
Department of Radiation Oncology, University of Michigan, Ann Arbor, MI, USA 

M. Petronek 
Department of Radiation Oncology, Free Radical and Radiation Biology Program, University 
of Iowa, Iowa City, IA, USA 

R. Ramachandran 
Department of Radiation Oncology, Washington University School of Medicine,  
Saint Louis, MO, USA 

J. Floberg 
Department of Human Oncology, University of Wisconsin School of Medicine and Public 
Health, Milwaukee, WI, USA 

B. G. Allen 
Department of Radiation Oncology, Free Radical and Radiation Biology Program, Holden 
Comprehensive Cancer Center, University of Iowa, Carver College of Medicine,  
Iowa City, IA, USA 

J. K. Schwarz (*) 
Department of Radiation Oncology, Washington University School of Medicine,  
Saint Louis, MO, USA 

Alvin J. Siteman Cancer Center, Washington University School of Medicine, Saint Louis, 
MO, USA

Department of Cell Biology and Physiology, Washington University School of Medicine, 
Saint Louis, MO, USA
e-mail: jschwarz@wustl.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-49701-9_10&domain=pdf
https://doi.org/10.1007/978-3-030-49701-9_10#DOI
mailto:jschwarz@wustl.edu


220

oxidative, glucose, glutamine, one-carbon, nucleotide, or iron metabolism in cancers. 
Work is ongoing to determine optimal strategies for combining these drugs with 
conventionally fractionated and hypofractionated radiation schemes. New strategies, 
including dietary manipulation during the course of radiation therapy, are  currently 
being explored. Targeting tumor metabolism is a rapidly evolving and promising 
field of oncology and will be reviewed here in more detail.

Keywords Ascorbate · Calorie restriction · Glucose metabolism · Glutaminolysis · 
Glycolysis · Iron metabolism · Hallmarks of cancer · Ketogenic diet · Metabolic 
reprogramming · NAD · NADP · Nucleoside analogs · Nucleotide metabolism · 
One-carbon metabolism · Pentose phosphate pathway · Radioresistance · 
Ribonucleotide reductase · Thymidylate synthase

1  Introduction

Altered metabolism is a phenomenon that is generalizable across many cancer 
types, so much so that it has been included as one of the hallmarks of cancer 
(Hanahan and Weinberg 2011; Pavlova and Thompson 2016). Altered metabolism 
provides a survival advantage for cancer cells during tumorigenesis by supplying 
resources needed for uncontrolled growth and increased rates of cell division. As 
tumors grow beyond the limits of diffusion, altered metabolism provides a selective 
advantage in the context of nutrient deprivation (DeBerardinis and Chandel 2016). 
While the individual details of metabolic adaptations may diverge across tumor 
types, some general themes emerge which provide an opportunity for the rational 
design of cancer cell-selective, metabolically targeted therapies (Luengo et  al. 
2017). Drugs that target tumor metabolism can be administered alone, in combina-
tion with other drugs as well as in combination with radiation therapy (Floberg and 
Schwarz 2019). In this chapter, we will review tumor metabolic reprogramming 
with a focus on established mechanisms of metabolic adaptation that provide the 
strongest scientific rationale for combination treatment with radiotherapy.

2  Tumor Metabolic Reprogramming

Tumor metabolic alterations are cell lineage dependent and influenced by the local 
microenvironment (Luengo et al. 2017). Mutations in individual metabolic enzymes, 
although they do exist, are relatively rare in cancer. More commonly, classical onco-
gene and tumor suppressor pathways induce tumor metabolic reprogramming via 
direct effects on gene transcription. For example, the PI3K/AKT/mTOR pathway, 
which normally transmits signals from growth factor receptors to stimulate glyco-
lytic flux, fatty acid and amino acid biosynthetic pathways needed to support cell 
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growth, is frequently hyperactivated in cancer, and cancers with PI3K/AKT/mTOR 
pathway activation display increased rates of glucose uptake and glycolysis in addi-
tion to a unique set of associated targetable metabolic vulnerabilities (Yuan and 
Cantley 2008; Dibble and Manning 2013; Saxton and Sabatini 2017; Sabatini 2017; 
Ilic et al. 2017). Similarly, the MYC family of regulator and proto-oncogenes code 
for transcription factors that stimulate the expression of several genes directly 
involved in glycolysis, glutaminolysis, fatty acid synthesis, serine, and mitochon-
drial metabolism, and each of these pathways be targeted by new classes of develop-
ing anti-metabolic drugs (Stine et al. 2015).

The tumor suppressor p53 (TP53), which was previously thought to execute its 
tumor suppressive function via effects on DNA repair, cell cycle arrest, apoptosis, 
and/or senescence, is able to control the expression of many metabolic genes includ-
ing GLS2, FDXR, FUCA1, PRKAB1, PANK1, and TIGAR (Li et al. 2012; Kruiswijk 
et al. 2015; Fischer 2017). Although the precise nature of p53 target gene regulation is 
cell lineage and context dependent, wild-type p53 is thought to support the increased 
activity of the pentose phosphate pathway and mitochondrial oxidative phosphoryla-
tion at the expense of glycolysis. A key player in this effect is p53- induced expression 
of TIGAR, a fructose bisphosphastase, which removes a  phosphate group from fruc-
tose-2,6-bisphosphate (F-2,6-BP) an allosteric regulator of glycolysis and gluconeo-
genesis (Bensaad et al. 2006; Ko et al. 2016; Bartrons et al. 2018). Work is ongoing to 
determine how the expression of p53 target genes, including metabolic genes, is 
affected in the setting of tumor-specific TP53 mutations.

An emerging concept is the identification of oncometabolites or the products of 
tumor-associated metabolic alterations such as 2-hydroxyglutarate (2-HG) by 
mutant isocitrate dehydrogenase 1 or 2 (IDH1 or IDH2) in glioma and other cancers 
(Collins et al. 2017; Ward et al. 2010). High levels of 2-HG suppress the activity of 
enzymes that require a-ketoglutarate as a cofactor, including the histone demethyl-
ases. This enzymatic modification further affects gene transcription via changes in 
chromatin structure induced by hypermethylation of histones and CpG islands in 
DNA (Figueroa et al. 2010; Lu et al. 2012; Turcan et al. 2012). Thus, a complicated 
picture emerges in which cancer-associated mutations have metabolic effects which 
not only provide selective advantages for survival, growth, and replication in the 
setting of nutrient deprivation but also promote alterations in gene expression and 
chromatin structure which can become a source of further adaptation (Turcan et al. 
2018). In this way, tumor metabolic alterations become a critical source of plastic-
ity, rapid adaptability, tumor heterogeneity, and evolution essential for tumor pro-
gression and resistance to anti-cancer therapies including radiation.

3  Glucose Metabolism in Cancer

Nearly all cancers show increased glucose utilization, commonly referred to as the 
Warburg effect. This phenomenon has been put to clinical use through [F-18]fluoro- 
deoxy- glucose positron emission tomography (FDG-PET) imaging, and this strategy 
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is currently used to image many cancer types (Warburg 1924; Hanahan and Weinberg 
2011; Gambhir 2002). The underlying cause for increased glucose uptake in cancer 
is a combination of tumor metabolic reprogramming outlined above and tumor 
microenvironments with scarce oxygen, glucose, and other nutrients, which select 
for tumor phenotypes that upregulate glucose uptake and glycolysis (Gatenby and 
Gillies 2004; Graeber et al. 1996; Gatenby and Vincent 2003). The importance of 
this phenomenon has been demonstrated by the prognostic significance of FDG- 
PET, both the initial FDG uptake by tumors and the change in FDG uptake through-
out treatment, across a broad number of cancers (Berghmans et al. 2008; Haioun 
et al. 2005; Brun et al. 2002; Kidd et al. 2007; Westerterp et al. 2005; Schwarz et al. 
2007). Increased glucose utilization therefore appears to be related to the initial 
aggressiveness of cancer and a predictor of how well cancer will respond to thera-
pies including chemotherapy and radiation. Glucose utilization by tumors also 
decreases during the course of cancer therapy, and post-therapy assessments of 
tumor glucose uptake by FDG-PET imaging are reliable surrogates for long-term 
survival outcomes after radiation including both local control and overall survival 
outcomes.

3.1  Glycolysis

Glycolysis is an oxygen-independent metabolic pathway that converts glucose into 
pyruvate and serves as a principle means of ATP generation for many cancers, even 
in the presence of oxygen (Warburg 1924; Hanahan and Weinberg 2011). Glycolysis 
also plays a key role in the regulation of reductive/oxidative (redox) metabolism in 
cancer cells. For example, cervical cancer cells that demonstrate increased glycoly-
sis also show increased levels of oxidative stress and are susceptible to combination 
drug strategies targeting glycolysis as well as other redox metabolic pathways 
(Rashmi et  al. 2018). Several potential therapeutic targets within the glycolysis 
pathway are shown in Fig. 10.1. Furthest upstream, the GLUT family of glucose 
transporters can be targeted. For example, WZB117 is an inhibitor of GLUT1, and 
the protease inhibitor ritonavir has off-target inhibitory effects on the GLUT4 trans-
porter. Both have demonstrated anti-neoplastic effects in preclinical models 
(Shibuya et al. 2015; Liu et al. 2012; McBrayer et al. 2012). Hexokinase, the first 
enzyme in the glycolysis pathway, is another potential upstream target. Drugs that 
target hexokinase that have been investigated in the preclinical and clinical settings 
include 2-deoxyglucose (2-DG) and lonidamine (El Mjiyad et al. 2011; Pelicano 
et al. 2006). 2-DG has been extensively studied, including a number of preclinical 
models with promising results, as well as in human glioblastoma patients in combi-
nation with radiation therapy (Zhao et al. 2013; Pelicano et al. 2006; Kennedy et al. 
2013; Mohanti et  al. 1996; Singh et  al. 2005). Ultimately however, the clinical 
 efficacy of 2-DG seems to be limited by unacceptable side effects at high doses, and 
limited efficacy at lower doses (Vander Heiden 2011). Lonidamine has likewise 
proven toxic for clinical use (Price et al. 1996). Further downstream, bromopyru-

D. Wahl et al.



223

vate and oxamate have been studied as glycolytic inhibitors. For example, oxamate 
increases the efficacy of systemic agents such as trastuzumab in preclinical models 
(Zhao et  al. 2011). Bromopyruvate has likewise shown promise in preclinical 
 models, including in abrogating radiation resistance (Gunda et al. 2017). However, 
progress toward clinical use of these drugs is slow primarily due to normal tissue 
effects.

3.2  The Pentose Phosphate Pathway

Another glucose metabolic pathway important to cancer cells is the pentose  phosphate 
pathway (PPP). The PPP is one of the principle sources of nicotinamide adenine 
dinucleotide phosphate (NADPH), which provides electrons for reactive oxygen 
species (ROS) scavenging pathways, namely the glutathione and thioredoxin 
pathways (Fig. 10.1). These pathways are in turn critical to managing oxidative stress 
in cancer cells and help drive progression and treatment resistance (Harris et  al. 
2015; DeNicola et al. 2011; Diehn et al. 2009). There have been some attempts to 

Fig. 10.1 Glycolysis, the pentose phosphate pathway, and potential targets for anti-cancer  therapy. 
Blocking glucose metabolism can inhibit a major energy source for cancer cells as well as a source 
of NADPH, one of the principal reducing equivalents in cells. Drugs that inhibit various steps in 
glycolysis and the pentose phosphate pathway (PPP) are shown in bold. Abbreviations: HK, 
hexokinase; 2-DG, 2-deoxyglucose; LND, lonidamide; G6PD, glucose-6-phosphate 
dehydrogenase; 6-AN, 6-aminonicotinamide; DHEA, dehydroepiandrosterone; PPP, pentose 
phosphate pathway; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 3-BrPA, 
3-bromopyruvate; LDHA, lactate dehydrogenase A; TCA cycle, tricarboxylic acid cycle (Adapted 
and reprinted from Seminars in Radiation Oncology, Vol. 19(1), John M Floberg and Julie K 
Schwarz, Manipulation of Glucose and Hydroperoxide Metabolism to Improve Radiation 
Response, pp. 33–41, 2019, with permission from Elsevier)
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target the PPP directly, for example, using 6-aminonicotinamide (6-AN) or 
dehydroepiandrosterone (DHEA). 6-AN is an inhibitor of glucose-6-phosphate 
dehydrogenase (G6PD) that is toxic to cancer cells in vitro, but whose use is limited 
in vivo by toxicity to normal cells (Pelicano et al. 2006). Perhaps the most effective 
 therapeutic strategy targeting redox metabolism is the combined inhibition of 
glycolysis and the PPP and/or the ROS scavenging pathways that depend upon the 
PPP for NADPH (Floberg and Schwarz 2019). For example, inhibiting the pentose 
cycle with DHEA, thioredoxin metabolism with auranofin, and glycolysis with 2-DG 
is significantly more toxic to breast, prostate, and cervical cancer cells than inhibition 
of glycolysis alone (Li et  al. 2015). Alternatively, targeting both of the principle 
 cellular ROS scavenging pathways, the thioredoxin and glutathione pathways, in 
addition to glycolysis is toxic to cervical cancer cells, and enhances their sensitivity 
to radiation, particularly in cells that show high baseline levels of FDG uptake 
(Rashmi et al. 2018). These results suggest that FDG-PET imaging could be explored 
as a predictive marker for identifying cancers that would be sensitive to drug strategies 
that target the combination of glycolysis and redox metabolic pathways.

4  Glutaminolysis

Glutamine is an essential amino acid in the human body (Alberghina and Gaglio 
2014). It plays a major role as the precursor for the synthesis of nucleotides, proteins, 
amino acids, and other biologically important molecules such as GSH glutathione 
(GSH) and nicotinamide adenine dinucleotide phosphate (NADPH), which help 
maintain redox balance (Lee et al. 2009). Glutamine is also consumed in greater 
quantities and at a quicker rate by cancer cells, compared to normal cells (Vaupel 
et al. 1989). Apart from glucose, proliferating tumor cells depend on glutamine as an 
important energy resource and as substrates for biosynthetic pathways. Enhanced 
glycolysis leads to diminished TCA cycle intermediates. Thus, glycolytic tumor 
cells exhibit an enhanced dependency on exogenous glutamine, which is commonly 
referred to as glutamine addiction. Glutamine is indispensable to the survival of 
certain cancer cells, and glutamine deprivation results in cell death. Glutamine is 
converted to glutamate and an ammonium ion by the enzyme glutaminase (GLS). 
Glutamate is further converted to alpha-ketoglutarate (α-KG) by glutamate 
dehydrogenase (GLUD) which then enters the TCA cycle to provide energy and 
biosynthetic intermediates (glutamine anapleurosis) (Altman et  al. 2016). GLS 
exists in multiple tissue-specific versions, encoded by two genes in mammals, 
kidney- type glutaminase (GLS1) and liver-type glutaminase (GLS2). GLS1 
expression has been reported to show positive correlation with malignancy in cancer 
cells and growth rate in normal cells (Matre et al. 2016).

CB-839 (Glutaminase Inhibitor Telaglenastat) is a potent, selective, and orally 
bioavailable non-competitive inhibitor of GLS and an NCI Cancer Therapy 
Evaluation Program (CTEP)-supported agent that selectively and irreversibly inhib-
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its GLS (Gross et al. 2014; Vogl et  al. 2015; Wang et al. 2015). Preclinical data 
supporting the use of CB-839  in cancer therapy is growing. In a patient-derived 
TNBC mouse xenograft model, CB-839 (200 mg/kg, p.o.) inhibits tumor growth by 
61% relative to vehicle control, and more recent studies have shown that CB-839 is 
effective in combination with mTOR inhibition in preclinical models of 
 triple- negative and advanced estrogen receptor-positive disease (Demas et al. 2019; 
Shibata et  al. 1988). CB-839 also possesses anti-proliferative properties against 
acute myeloid leukemia (AML) as a monotherapeutic agent or in conjunction with 
redox-directed therapies including arsenic trioxide (ATO) or homoharringtonine 
(HHT). In KRAS mutant non-small cell lung cancer (NSCLC), LKB1 loss and acti-
vation of the KEAP/NRF2 pathway are associated with increased sensitivity to 
CB-839 monotherapy (Galan-Cobo et al. 2019). In addition, CB-839 is active in 
combination with erlotinib in EGFR-driven NSCLC (Gregory et al. 2019). Several 
emerging drug strategies pair CB-839 with other metabolically targeted drugs, 
including transporters and enzymes associated with glycolysis and lipid oxidation 
(Reis et al. 2019; Reckzeh et al. 2019). Esophageal squamous cell carcinoma cells 
(ESCC) and ESCC cells with acquired CDK4/6 resistance are sensitive to CB-839 in 
combination with metformin or phenformin (Jacque et al. 2015; Matre et al. 2016; 
Momcilovic et al. 2017; Qie et al. 2019). Currently CB-839 is being evaluated in 
Phase II clinical trials in several drug combinations including cabozantinib, tala-
zoparib, nivolumab, and palbociclib in patients with advanced or metastatic Renal 
Cell Carcinoma (RCC), melanoma, and NSCLC (NCT02771626, NCT03875313, 
NCT03965845, NCT03428217). Several Phase I/II trial studies are evaluating 
CB-839 in combination with panitumumab, irinotecan hydrochloride, azacitidine, 
capecitabine, and osimertinib in patients with colorectal cancer, myelodysplastic 
syndrome and NSCLC (NCT03047993, NCT02861300, NCT03831932, 
NCT03263429).

Given the association between sensitivity to CB-839 and tumor oxidative stress, 
it is interesting to speculate that CB-839 would synergize with radiation therapy. In 
the preclinical setting, CB-839 increased radiation therapy sensitivity of glutamine- 
dependent IDH1 mutant glioma cells, leading to prolonged survival of mice bearing 
these tumors (Zhang 2018). This phenotype is due to the ability of 2-HG to inhibit 
branched chain amino acid aminotransferases, which renders IDH mutant cancers 
entirely dependent on glutaminase for the generation of gluthathione (McBrayer 
et al. 2018). These preclinical studies have motivated an ongoing phase 1b clinical 
trial that studies the side effects and best dose of CB-839 in combination with radia-
tion therapy and temozolomide in treating patients with IDH-mutated diffuse or 
anaplastic astrocytoma (NCT03528642). CB-839 has also been shown to sensitize 
KRAS mutant NSCLC to radiation treatment in in  vitro and in  vivo models. 
(Chakrabarti 2015; Boysen et  al. 2019). Research in our laboratory has demon-
strated high potency of CB-839 monotherapy and drug combinations for highly 
glycolytic, radiation- resistant cervical cancer, and work is ongoing to determine the 
best strategy to combine CB-839 with radiation in cervical cancer preclinical mod-
els (Ramachandran and Schwarz, In Preparation).
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5  Nucleotide Metabolism and the Radiation Response

Combining radiation with nucleotide metabolism inhibitors is a standard of care 
treatment for many malignancies including gastric, rectal, and pancreatic cancer. 
The efficacy of these combination therapies hints at the important biologic relation-
ships between nucleotide metabolism and radiation-induced DNA damage. Indeed, 
an unbiased phosphoproteomic analysis performed 1  h after radiation treatment 
revealed that of 421 annotated phosphorylation events, with nearly half occurring 
on proteins related to DNA and nucleic acid metabolism (Matsuoka et al. 2007). 
The mechanistic and therapeutic links between DNA damage and nucleotide metab-
olism have been extensively investigated, particularly at the levels of ribonucleotide 
reductase and thymidylate synthase.

5.1  Ribonucleotide Reductase

Ribonucleotide reductase (RNR) is an oligomeric enzymatic complex that converts 
nucleotide diphosphates into deoxynucleotide disphosphates, which can eventually 
be incorporated into DNA. In mammals, RNR functions as an α2β2 hetero-tetramer 
where the α subunit is encoded by the RRM1 gene and the β subunit is encoded by 
both the RRM2 and the RRM2B genes (Kauppi et al. 1996; Nordlund and Reichard 
2006). RNR activity varies with the cell cycle and is maximal during S phase when 
deoxynucleotide need is greatest. This regulation is largely due to increased tran-
scription of RRM2 during S phase and degradation of the RRM2 gene-product dur-
ing mitosis (Nordlund and Reichard 2006). After DNA damage, RRM2B is 
transcriptionally activated in a p53-dependent fashion, leading to an acute increase 
in RNR activity and the production of deoxynucleotides (Elledge and Davis 1989; 
Tanaka et al. 2000). The RNR protein also rapidly migrates to sites of DNA damage, 
which ensures that deoxynucleotides are synthesized in close proximity to where 
they are needed for DNA repair (Niida et al. 2010).

Inhibition of RNR activity potentiates the effects of radiation. Gemcitabine (2′, 
2′-difluorodeoxycytidine) is the most widely used clinical RNR inhibitor. Once 
inside cells, gemcitabine must be phosphorylated by deoxycytidine kinase to gener-
ate its active diphosphate (difluorodeoxycytidine disphosphate, dFdCDP) and 
 triphosphate (difluorodeoxycytidine triphosphate, dFdCTP) forms (Heinemann 
et al. 1988). The triphosphate metabolite is the dominant mediator of gemcitabine- 
induced cytotoxicity due to its ability to compete with dCTP for incorporation into 
DNA (Huang et al. 1991). The diphosphate analog of gemcitabine, which inhibits 
RNR and depletes deoxynucleotides (especially dATP), is the principal metabolite 
responsible for radiosensitization (Lawrence et  al. 1999). Gemcitabine treatment 
radiosensitizes multiple cancer models in vitro and in vivo (Shewach et al. 1994; 
Lawrence et al. 1996; Fehlauer et al. 2006; Pauwels et al. 2005). RNR Inhibition 
using genetic silencing (Zhao et al. 2019) or agents other than gemcitabine (Kunos 
et al. 2010) produces similar effects.
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Gemcitabine has been combined with radiation to treat many cancers including 
glioblastoma (Kim et al. 2016), head and neck squamous cell cancers (Popovtzer 
et al. 2014), and NSCLC (Lee et al. 2005). Concurrent gemcitabine and radiation 
continue to form the backbone of standard treatments for patients with locally 
advanced unresectable pancreatic (Loehrer et al. 2011; Cuneo et al. 2019) and blad-
der cancer (Choudhury et al. 2011). While this combination is well tolerated for 
bladder and pancreatic cancer, gemcitabine causes unacceptable mucosal toxicity 
when combined with radiation when it is used to treat patients with head and neck 
cancer (Popovtzer et al. 2014). These results emphasize the need to fully understand 
the metabolism of nearby normal tissue in addition to the cancer itself when design-
ing combination therapies. RNR inhibition using triapine has also been extensively 
studied in vitro and in vivo and is currently being tested in clinical trials in combina-
tion with radiation for cervical cancer (NCT02466971).

5.2  Thymidylate Synthase

Thymidylate synthase (TS) catalyzes the reductive methylation of deoxyuridine 
monophosphate to deoxythymidine monophosphate, which is driven by the conver-
sion of methylene tetrahydrofolate to dihydrofolate (Carreras and Santi 1995). 
Thus, its activity is critical for the production of deoxythimidine triphosphate and 
subsequent DNA synthesis. Knockdown of TS radiosensitizes colon cancer cells 
and is associated with depletion of deoxythymidine triphosphate and deoxyguano-
sine triphosphate (Flanagan et  al. 2012). Enhancement ratios achieved with TS 
knockdown are substantial (Flanagan et al. 2012).

Pharmacologic inhibition of TS achieves similar results (Flanagan et al. 2012). 
The most commonly used class of TS inhibitors are the fluoropyrimidines, which 
include 5-fluorouracil (5-FU) and 5-fluoro-2′deoxyuridine (FdUrd) (Grem 2000). 
5-FU can be converted into fluorouracil triphosphate (F-UTP), which directly incor-
porates into RNA and exerts effects independently of TS. However, the radiosensi-
tizing effects of 5-FU appear related to its ability to inhibit TS and deplete 
intracellular TTP pools (Flanagan et al. 2012). Indeed, metabolites of 5-FU that can 
inhibit TS but not be directly incorporated into RNA are potent radiosensitizers 
in vitro (Flanagan et al. 2012; Bruso et al. 1990).

The combination of 5-FU and radiation is a standard of care for many malignan-
cies, especially those of the gastrointestinal tract. As early as the 1960s, a random-
ized trial of nearly 200 patients with unresectable cancers of the stomach, pancreas, 
and large bowel suggested that the addition of 5-FU to radiotherapy provided a 
several month survival benefit compared to radiation therapy alone (Moertel et al. 
1969). The addition of 5-FU also caused a modest increase in radiation-associated 
toxicity. Similar results were obtained in the last decade for neoadjuvant therapy of 
rectal cancer. A randomized trial of more than 700 patients from France showed that 
the addition of 5-FU to preoperative radiotherapy for locally advanced rectal cancer 
more than doubled the rates of pathologic complete response and halved the rates of 
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local recurrence (Gerard et  al. 2006). Toxicity was modestly increased with this 
regimen and there was no change in overall survival. Similar results were seen in a 
second large randomized trial for locally advanced rectal cancer conducted at 
numerous European sites (Bosset et al. 2005). Capecitabine, an orally administered 
prodrug of 5-FU, confers similar or improved oncologic outcomes compared to 
infusional 5-FU when combined with radiation for rectal cancer with less hemato-
logic toxicity (Hofheinz et al. 2012). Thus, antifolates combined with radiotherapy 
remain a part of standard of care treatment for locally advanced rectal cancer (Beets 
and Beets-Tan 2012). Antifolates continue to be used in combination with radiation 
for the treatment of anal cancer (Meulendijks et al. 2014; Bartelink et al. 1997), 
cholangiocarcinoma (Ben-Josef et al. 2015), gastric cancer (Macdonald et al. 2001), 
and others.

5.3  Nucleoside Analogs

Because of the success of combining radiation with ribonucleotide reductase and 
thymidylate synthase inhibitors, there is interest in developing other pharmacologic 
agents that target nucleotide metabolism to be combined with radiation therapy. 
Iodinated pyrimidine analogs such as IUdR (5-iodo-2′-deoxyuridine) and IPdR 
(5-iodo-2-pyrimidinone-2′deoxyribose) are, like 5-FU, halogenated compounds 
related to uridine (Saif et al. 2007). However, these drugs exert their radiosensitiz-
ing effects through direct incorporation into DNA rather than by inhibiting TS and 
depleting dTTP (Saif et al. 2007). While IUdR can only be administered through 
intravenous (IV) infusion, IPdR is an orally bioavailable prodrug of IUdR that 
undergoes conversion to the active IUdR in the liver (Kinsella et al. 1998). Once it 
enters cells, IUdR is phosphorylated by thymidine kinase and eventually converted 
into its triphosphate form, which competes with dTTP for incorporation into 
DNA. The magnitude of radiosensitization achieved by IUdR is directly propor-
tional to the amount incorporated into DNA (Lawrence et al. 1990).

IUdR was developed for clinical use and tested in combination with radiation in 
clinical trials in the 1980s and 1990s in cancers such as glioblastoma and high-grade 
sarcoma (Robertson et al. 1995; Kinsella et al. 1988). Unfortunately, the half-life of 
IUdR after bolus infusion is less than 5 min, which caused the cessation of clinical 
development due to the need for continuous infusions and difficulties finding effec-
tive doses without dose-limiting systemic toxicity (Belanger et  al. 1986). These 
challenges led to the prioritization of the orally bioavailable IPdR for clinical devel-
opment. A first-in-human phase 0 trial of IPdR in ten patients with advanced malig-
nancies revealed no treatment-related adverse events when drug was administered 
by itself (Kummar et al. 2013). Phase I studies are ongoing that combine IPdR with 
radiation for gastrointestinal cancers (NCT02381561) and patients undergoing 
whole brain radiotherapy for brain metastases (NCT02993146).

The successful use of nucleotide metabolism inhibitors in combination with radi-
ation indicates that the cancer cell metabolism is sufficiently distinct from normal 
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tissues to allow for a favorable therapeutic window where efficacy can be increased 
without causing unacceptable normal tissue toxicity. As our understanding of the 
fundamental metabolic alterations that distinguish cancer cells from normal tissues 
grows, there is every reason to believe that a similar therapeutic window will exist 
for such pathways as iron homeostasis, redox balance, and glutamine catabolism. In 
order to understand how to best combine altered metabolism inhibitors with radio-
therapy without affecting normal tissue toxicity, it will be critical to understand both 
the mechanisms by which radiation interacts with individual metabolic pathways 
and the level at which normal tissues differ from nearby cancer cells.

6  One-Carbon Metabolism and the Radiation Response

6.1  One-Carbon Metabolism Overview

One-carbon metabolism broadly refers to three interlinking pathways: the folate 
cycle, the methionine cycle, and the transsulfuration pathway (Fig. 10.2) (Ducker 
and Rabinowitz 2017). Together, these metabolic pathways are crucial for the bio-
synthesis of nucleotides and fatty acids, the maintenance of redox balance, and 
methylation reactions throughout the cell. The backbone carrier of one of the carbon 
units is the folate molecule, which in mammals is acquired from folic acid. Once 
folic acid enters cells, it undergoes serial NADPH-driven reductions to tetrahydro-
folate (THF). A one-carbon methyl group, which can be derived from serine via the 
serine hydroxymethyltransferase enzymes or from glycine via the glycine cleavage 
system, is then added to THF to form 5,10-methylene THF (Schirch and Szebenyi 
2005; Pai et al. 2015). Other sources of one-carbon units include glucose, whose 
carbons enter the cycle through conversion to serine; histidine, whose catabolism 
generates 5,10-methylene THF directly; and formate, which can combine with THF 
to generate 10-formyl-THF in an ATP-dependent fashion (Brosnan and Brosnan 
2016). 5,10-methylene THF can be further reduced by NADPH through the action 
of methylene-THF reductase to generate 5-methyl THF.

These three one-carbon carrying folate derivatives (5,10-methylene THF, 
10- formyl-THF, and 5-methyl THF) have distinct cellular functions. 5,10- methylene 
THF is the one-carbon donor used by thymidylate synthase to convert deoxyuridine 
monophosphate to deoxythymidine monophosphate (Ducker and Rabinowitz 2017). 
10-formyl-THF donates two carbons during the de novo formation of purine rings 
at the GAR transformylase and AICAR transformylase steps (Lane and Fan 2015). 
Through these reactions, one-carbon metabolism has a clear intersection with 
nucleotide synthesis, the importance of which likely varies based on how dependent 
a cell is on de novo purine synthesis compared to salvage pathways. 5-methyl THF 
is used to re-methylate homocysteine to generate methionine by the cobalamin- 
dependent enzyme methionine synthase (Banerjee and Matthews 1990). Methionine 
is then conjugated to adenosine in an ATP-dependent fashion to form 
S-adenosylmethionine (SAM) by members of the methionine adenosyltransferase 
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enzyme family (Quinlan et al. 2017). Because SAM is the major methyl donor in 
the cell, these series of reactions link one-carbon metabolism to epigenetic methyla-
tion reactions, sulfur metabolism and the biosynthesis of polyamines, creatine and 
lipid head groups (Ducker and Rabinowitz 2017). The one-carbon pathway is also 
linked to redox balance, as serine and homocysteine can combine to form cystathio-
nine and eventually glutathione (Locasale 2013). In addition to these canonical out-
puts of nucleotides, methyl groups, and glutathione, the one-carbon pathway was 
recently discovered to be a major generator of cellular reducing power in the form 
of NADPH (Fan et  al. 2014). In some contexts, the cytosolic and mitochondrial 
forms of methylene tetrahydrofolate dehydrogenase (MTHFD) can produce 
NADPH levels comparable to those produced by the pentose phosphate cycle.

Fig. 10.2 One-carbon metabolic pathways. Dietary folate enters the folate cycle and is converted 
to tetrahydrofolate (THF) by dihydrofolate reductase (DHFR). THF is converted to 
5,10- methylene-THF (5,10-me-THF) by either serine hydroxymethyl transferase (SHMT) or 
glycine decarboxylase (GLDC). Serine and glycine are derived from numerous sources including 
glycolytic intermediates. 5,10-me-THF can be used to generate deoxythymidine or converted to 
either 5-methyl-THF (5-mTHF) or 10-formyl-THF (F-THF), which feed into methionine synthesis 
or de novo purine synthesis. Methionine synthase (MS) and its cofactor vitamin B12 catalyze the 
demethylation of 5-mTHF to regenerate THF and convert homocysteine (hCYS) to form methionine 
(MET). This step links the folate and methionine cycles. Methionine adenosyltransferase (MAT) 
combines ATP and MET to form S-adenosylmethionine (SAM), which is the major cellular methyl 
donor. When it loses its methyl group, SAM is converted to S-adenosyl homocysteine (SAH), 
which is converted back to homocysteine by S-adenosyl homocysteine hydrolase (SAHH)-mediated 
deadenylation. In the transsulfuration pathway, hCYS condenses with serine to form cystathionine, 
which can be cleaved by cystathione lyase (CGL) to form cysteine and α-ketobutyrate (αKB). 
Cysteine is then used to generate glutathione to help maintain cellular redox balance
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6.2  One-Carbon Pathways in Cancer

One-carbon metabolic pathways appear to be especially important in cancer. 
Numerous cytosolic and mitochondrial enzymes involved in one-carbon metabo-
lism are upregulated at the transcript level in breast, colon, lung, and ovarian cancer 
compared to normal tissue controls (Mehrmohamadi et al. 2014). Indeed, the mito-
chondrial enzyme MTHFD2 is the most consistently overexpressed metabolic tran-
script across all cancers (Nilsson et  al. 2014). PHGDH, whose protein product 
catalyzes the first step in de novo serine synthesis, is recurrently amplified in several 
cancer types most notably breast cancer and melanoma (Mullarky et  al. 2011; 
Possemato et al. 2011). Inhibition of PHGDH, either through genetic approaches or 
using small molecules, slows the growth of PHGDH overexpressing cancers in vitro 
or in mouse models, and thus PHGDH is considered a candidate oncogene (Pacold 
et al. 2016). SHMT2, whose protein product catalyzes the entry of serine-derived 
carbons into the one-carbon cycle in the mitochondria, is also overexpressed in a 
variety of cancers and appears to be especially important for the growth of B-cell 
lymphomas (Ducker et al. 2017). The entry of serine into one-carbon metabolism 
may be especially important for cancers to adapt to hypoxia. In high-grade gliomas, 
SHMT2 is preferentially expressed in ischemic regions and is important for 
 maintaining viability in hypoxia (Kim et  al. 2015). Similar findings are seen in 
MYC- driven cancers, which rely on SHMT2 to generate NADPH and maintain 
viability under hypoxia (Ye et al. 2014).

6.3  Pharmacologic Targeting of the One-Carbon Pathway

While one-carbon enzyme inhibitors such as PHGDH, SHMT2, and MAT2a are 
under development with uncertain efficacy in patients (Locasale 2013), folate 
metabolism inhibitors have been a mainstay of cancer therapy for more than 70 years 
(Visentin et al. 2012). Aminopterin was the first anti-folate used clinically in the 
1940s and achieved temporary remissions in children with acute lymphoblastic 
 leukemia (Farber and Diamond 1948). This was followed by methotrexate (MTX), 
which was introduced in the 1950s and remains a standard cancer therapy (Grommes 
and DeAngelis 2017). Pemetrexed was recently introduced where it is now a 
 standard treatment for mesothelioma and NSCLC (Vogelzang et al. 2003; Cohen 
et al. 2010).

Both aminopterin and methotrexate are structural analogs of folic acid and 
achieve their pharmacologic effects by inhibiting DHFR and depleting THF levels, 
resulting in pleiotropic effects on nucleotide metabolism (Bokkerink et al. 1986) 
and cellular methylation reactions (Wang and Chiang 2012). In support of this 
hypothesis, perturbations that slow the consumption of THF (such as the inhibition 
of histidine catabolism) can limit the efficacy of MTX (Kanarek et al. 2018). MTX 
may also exert some of its effects by directly inhibiting thymidylate synthase or the 
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folate-requiring reactions of de novo purine synthesis (Allegra et  al. 1985a, b). 
Pemetrexed has a slightly different action mechanism in that it directly inhibits 
THF-requiring enzymes such as thymidylate synthase, rather than inhibiting DHFR 
and depleting THF levels (Allegra et al. 1985b). Upregulation of thymidylate syn-
thase is closely associated with the development of resistance to pemetrexed (Zhang 
et al. 2011).

Efforts have also been made to target one-carbon metabolism through dietary 
modification. Starving tumor-bearing mice of the two main carbon inputs of the 
one-carbon pathways (serine and glycine) slows tumor growth and forced cancers 
to upregulate de novo serine synthesis to maintain glutathione levels in a p53- 
dependent fashion (Maddocks et  al. 2012, 2017). Similar results are seen when 
methionine is depleted from the diet. Mice fed diets completely lacking in methio-
nine had decreased circulating levels of methionine and its related metabolites (Gao 
et al. 2019). Administering this diet to mice bearing colorectal tumors slowed tumor 
growth and depleted key metabolites including dTTP, L-cysteine, and 
L-homocysteine. These changes in tumor metabolism were associated with 
increased sensitivity to anti-metabolite chemotherapies. Importantly, methionine 
restriction is achievable in humans. Restricting methionine levels by 80% in six 
healthy adults caused perturbations in numerous metabolites related to one-carbon 
metabolism including glutathione and numerous nucleotide species. Whether this 
diet will be tolerable in patients with cancer is uncertain, but worthy of further 
investigation.

6.4  Interactions between One-Carbon Metabolism 
and the Radiation Response

The mechanisms by which radiation kills cancer cells have numerous points of 
intersection with one-carbon metabolism including purine synthesis, dTMP synthe-
sis, and redox balance. Pemetrexed radiosensitizes a variety of cancer cell lines of 
different origins when used in vitro with enhancement ratios between 1.2 and 2.1 
(Bischof et al. 2002, 2003). Pemetrexed has also been combined with radiation in 
cancer patients. While studies in NSCLC showed promising oncologic outcomes 
with minimal toxicity (Brade et al. 2011, 2016), large field-irradiation administered 
after pemetrexed caused high rates of fatal pneumonitis in patients with mesotheli-
oma (Allen et al. 2006). As early as the 1960s, methotrexate had been combined 
with radiation for patients with head and neck squamous cell carcinoma, leading to 
both increased efficacy of radiation and increased toxicity (Condit et  al. 1964). 
Single arm studies combining radiation and methotrexate to treat patients with lep-
tomeningeal disease have shown promising results (Hitchins et al. 1987; Pan et al. 
2016), but this approach is not a standard of care, due in part to the high toxicity 
rates seen when these agents are combined (Peylan-Ramu et al. 1978). When stud-
ied in vitro, methotrexate appears to confer less radiosensitization than pemetrexed 
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(Kim et al. 2012). These results suggest that thymidylate synthase inhibition (which 
is direct in the case of pemetrexed and indirect in the case of methotrexate) may be 
responsible for the radiosensitizing properties of antifolates.

Perturbing one-carbon metabolism by eating a methionine-restricted diet also 
modulates the effects of radiotherapy. In mice bearing autochthonous sarcomas 
lacking functional Kras and p53, a methionine-restricted diet had no effect on tumor 
growth on its own but increased the median time to tumor tripling from approxi-
mately 17  days with radiation alone to 27  days with radiation combined with 
methionine- restricted diet (Gao et al. 2019). This efficacy was associated with per-
turbations in intratumoral concentrations of metabolites related to nucleotide and 
antioxidant metabolism. Whether methionine restriction will favorably combine 
with radiation in patients, or whether it will also potentiate the effects of radiation 
on normal tissues is not yet known.

7  NAD and NADP Metabolism

Nicotinamide adenine dinucleotide (NAD+) is a dinucleotide that consists of  adenine 
and nicotinomide moieties whose ribose sugars are linked by phosphates. 
Nicotinamide adenine dinucleotide phosphate (NADP+) is identical to NAD+ apart 
from an additional phosphate group at the 2′ position of the adenine ribose (Ying 
2008). NAD+ and NADP+ are the oxidized species of these molecules and can also 
exist in reduced species (NADH and NADPH). These structurally similar redox 
pairs are regulated separately and control distinct intracellular functions. NAD+/
NADH levels are critical for mitochondrial ATP production and as a substrate for 
numerous enzymes including the poly ADP-ribose polymerase (PARP) family and 
the sirtuins. NADP+/NADPH levels, on the other hand, are critical for mediating the 
reductive biosynthesis of antioxidants, fatty acids, and deoxynucleotides and for the 
function of the peroxisome (Pollak et al. 2007).

7.1  NAD+ Synthesis

NAD+ can be synthesized through two pathways: de novo NAD+ synthesis or NAD+ 
salvage. In the de novo synthetic pathway, tryptophan is metabolized through the 
kynurenine pathway to generate quinolinate, which is then joined with activated 
ribose by quinolinate phosphoribosyl transferase to form nicotinate mononucleotide 
(NMN). NMN then combines with ATP to form nicotinate adenine dinucleotide, in 
a reaction catalyzed by the nicotinamide nucleotide adenyltransferase (NMNAT) 
family of enzymes. Finally, glutamine donates its amide nitrogen to convert the 
carboxylic acid group of nicotinate to an amide in an ATP-dependent fashion to 
generate NAD+. In the salvage pathway, nicotinate or nicotinamide (either from the 
diet or from NAD+-consuming enzymes) are re-formed into NAD+. Nicotinate is 
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joined to activated ribose to form NMN by the action of the enzyme nicotinate phos-
phoribosyltransferase (NAPRT). As noted above, NMN must still be linked with 
adenosine and amidated by glutamine to generate NAD+. Nicotinamide is joined to 
activated ribose by a different enzyme (nicotinamide phosphoribosyltransferase 
(NAMPT)) and then linked with adenosine to form NAD+ (Bogan and Brenner 
2008). Once NAD+ is synthesized, it can be consumed by numerous NAD+-
dependent enzymes or interconverted with its reduced form (NADH), which does 
not consume the NAD+ backbone.

7.2  NAD+ and the Radiation Response

NAD+ is a critical cofactor in the DNA damage response (Lewis et al. 2019). Within 
seconds of DNA damage, the PARP enzymes are recruited to single-strand break 
sites where they consume large amounts of NAD+ to transfer numerous ADP-ribose 
moieties onto themselves and neighboring nuclear proteins (De Vos et al. 2012). 
This poly-ADP ribosylation (PARylation) facilitates the recruitment of various 
members of the DNA repair pathways that have PAR binding domains, which leads 
to the successful repair of damage (Pleschke et al. 2000). Pharmacologically inhib-
iting this signaling axis sensitizes numerous cancer types to ionizing radiation in 
in vitro and in vivo preclinical models (Speers et al. 2014). This approach is being 
tested in the clinic where PARP inhibitors are being combined with radiation in 
numerous diseases including glioblastoma (Lesueur et al. 2019), aggressive breast 
cancers (Jagsi et al. 2018), and others (Speers et al. 2014; George et al. 2019).

Inhibiting NAD+ synthesis can also potentiate the radiation response. Tryptophan 
catabolism inhibitors (and thus de novo NAD+ synthesis) increase the responsiveness 
of glioblastoma multiforme (GBM) xenografts to radiation in both flank and intracra-
nial models (Kesarwani et al. 2018). Whether these radiosensitizing effects are due 
to NAD+ depletion or a reversal of the immunosuppression induced by other trypto-
phan products such as kynurenine is not certain. When normal liver is irradiated, the 
activity of both NMNAT and NAMPT increases, suggesting that NAD+ salvage may 
play an important role in mitigating the effects of radiation (Batra and Kislay 2013). 
Indeed, mice eating a nicotinamide-supplemented diet have reduced DNA damage 
markers in the liver following radiation (Batra and Kislay 2013). NAMPT is overex-
pressed in a variety of cancers (Wang et al. 2011; Cerna et al. 2012) and its inhibition 
synergizes with radiotherapy in both head and neck  squamous cell carcinoma and 
glioblastoma (Kato et al. 2010; Gujar et al. 2016). NAMPT activity may be espe-
cially important in cancers with mutated isocitrate dehydrogenase 1 (IDH1). Mutant 
IDH1 expression (and accumulation of the oncometabolite 2-hydroxyglutarate) 
represses the expression of NAPRT1, which forces these cells to rely on NAMPT to 
generate NAD+. As a result, pharmacological NAMPT inhibitors kill IDH1 mutant 
glioma cell lines at 1000-fold lower concentrations than they do IDH1 wild-type cell 
lines (Tateishi et al. 2015). Whether these inhibitors also selectively potentiate radia-
tion in IDH1 mutant tumors is not yet known.

D. Wahl et al.



235

7.3  NADP+ and the Radiation Response

NADP+ is formed when NAD+ is phosphorylated by the enzyme NAD kinase (Love 
et al. 2015). Once formed, NADP+ can be reduced by only a handful of enzymes to 
generate NADPH, the primary carrier of electrons for reductive biosynthesis in the 
cell. The reducing power carried by NADPH is used by the cell to keep antioxidants 
in their active (reduced) states, synthesize lipids, and generate deoxyribonucleotides 
from ribonucleotides. Unlike the NAD+/NADH pool, which predominantly exists in 
its oxidized form under physiologic conditions, the vast majority of the NADP+/
NADPH pool exits in its reduced form (NADPH), which underlies the importance 
of the biosynthetic reactions driven by NADPH (Ying 2008).

As discussed earlier, the oxidation of glucose-derived carbons through the pen-
tose phosphate cycle is an important method to keep the NADPH pool reduced. In 
the last few years, alternative NADPH producers have been found to play important 
roles in maintaining redox balance in the cell. These include the methylene tetrahy-
drofolate dehydrogenase enzymes (discussed above in the one-carbon metabolism 
section), malic enzymes, isocitrate dehydrogenase (IDH) enzymes, and nicotin-
amide nucleotide transhydrogenase (NNT).

There are three IDH enzymes in mammalian cells. IDH1 is expressed in the 
cytosol and couples the reversible oxidation of isocitrate to the reduction of NADP+ 
to generate 2-oxoglutarate and NADPH. IDH1 is a dominant producer of NADPH 
in glioblastoma and has important interactions with the radiation response (Calvert 
et al. 2017; Wahl et al. 2017). IDH1 expression is induced by radiation both in 
GBM and other cancers and its inhibition radiosensitizes GBM models in vitro 
and in  vivo by depleting NADPH and NADPH-dependent metabolites such as 
reduced glutathione and deoxynucleotides (Wahl et  al. 2017; Lee et  al. 2004). 
Pharmacologic IDH1 inhibitors have now been described (Jakob et  al. 2018). 
Whether such compounds will have clinical utility is uncertain, however the lack 
of significant phenotype in mice with whole body IDH1 knockout suggests that 
there may be a therapeutic window for this strategy (Itsumi et al. 2015). IDH2, 
which catalyzes the same reaction in the mitochondria also protects cancers from 
radiation (Lee et al. 2007), though whether this enzyme is differentially important 
in cancerous and non- cancerous tissues is not known. IDH3 exists in the 
mitochondria and is an integral part of the TCA cycle by virtue of its dependence 
on NAD+ rather than NADP+. While the enzymatic activity of IDH3 is important 
for some cancers, it is not known to have a role in antioxidant maintenance or the 
radiation response (May et al. 2019).

Malic enzyme (ME) catalyzes the reversible oxidation of malate to pyruvate, 
which is coupled to NAD(P)+ conversion to NAD(P)H and the release of carbon 
dioxide. There are three malic enzyme isoforms: ME1, which is cytosolic and 
NADP+ dependent; ME2, which is mitochondrial and prefers NAD+; and ME3, 
which is mitochondrial and prefers NADP+ (Pongratz et al. 2007). ME1 appears 
to be especially important for maintaining NADPH levels in KRAS mutated 
pancreatic cancers (Son et al. 2013). In these cancers, the mutant KRAS shunts 
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glutamine- derived carbons into cytosolic malate, which is metabolized by ME1 
to generate large amounts of NADPH.  ME1 Inhibition, or numerous other 
members of this metabolic pathway, slows PDAC growth and perturbs redox 
balance (Son et al. 2013). This aberrant metabolic re-wiring and dependence on 
ME1 may exist in other KRAS mutated cancers as well. ME1 may also help 
control the response of cancer to radiotherapy. Increased ME1expression, or the 
related enzyme GOT1, is associated with poor response to radiotherapy in 
NSCLC patients (Chakrabarti 2015). Whether ME1 knockdown or its related 
enzymes promotes the radiation response in vitro or in vivo is not known.

Like the other NADPH-producing enzymes, nicotinamide nucleotide transhy-
drogenase (NNT) may play a role in mediating redox balance in cancer cells (Li 
et  al. 2018; Chortis et  al. 2018). NNT is a mitochondrial enzyme that transfers 
reducing equivalents from NADH to NADPH and thus may partially couple the 
bioenergetics and biosynthetic redox pools, but little is known about its role in the 
radiotherapy response (Ronchi et al. 2016). Thus, most NADPH-producing enzymes 
can play important roles in maintaining the redox balance of cancer cells depending 
on the origin tissue or the governing oncogenes present. Because both normal tis-
sues and cancers must use NADPH-dependent molecules to survive the radiation 
response, a key issue in exploiting this pathway is selectivity. In order to overcome 
radiation resistance in cancers without causing excessive normal tissue toxicity, a 
key goal will be to inhibit those NADPH-producing pathways that are especially 
important to the malignancy in question.

8  Iron Metabolism in Cancer

8.1  Role of Intracellular Labile Iron in Radiosensitivity

Iron metabolism is an integral and often overlooked part of cellular function. Within 
a cell, there are complex metabolic networks geared towards maintaining stable 
intracellular iron levels. At the center of this network is the labile iron pool (LIP) 
(Petronek et al. 2019). Unchelated iron (Fe2+) may participate in reactions that cause 
significant cell damage through its ability to react with oxygen and participate in 
Fenton chemistry (Wardman and Candeias 1996; Hursting and Kari 1999). 
Dysregulation of the iron metabolic network is linked to a myriad of diseases includ-
ing numerous cancers, Alzheimer’s disease, Parkinson’s disease, iron-deficient ane-
mia, chronic kidney disease, and Friedreich Ataxia (Torti and Torti 2011; Li and 
Reichmann 2016; Dev and Babitt 2017).

Iron is considered redox active because it can serve as either an electron donor 
(Fe2+ to Fe3+) or an electron acceptor (Fe3+ to Fe2+). Due to its redox activity, iron is 
involved in many different cellular reactions (Miller et al. 1990). The three major 
classes of iron containing proteins are iron-sulfur containing proteins, heme- 
containing proteins, and iron enzymes that do not contain heme or iron-sulfur 
 clusters (Kaplan and Ward 2013). However, due to its reactive nature, labile iron is 
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readily able to contribute to intracellular oxidative stress when not stored properly 
or utilized in proteins. The LIP contains unbound chelatable iron that makes up a 
small portion of the total iron of the cell (≤2%). The LIP is made up of primarily 
ferrous (Fe2+) iron (≥95%) (Breuer et al. 2008; Kruszewski 2003). Despite the LIP 
making up such a small portion of the total iron content, it is extremely well regu-
lated due to the damage it can cause to a cell. The LIP contributes to the oxidative 
stress of the cell through the generation of ROS via reactions with molecular  oxygen 
and Fenton chemistry (see Eqs.  1–3) (Wardman and Candeias 1996; Qian and 
Buettner 1999; Kruszewski 2003; Silva and Faustino 2015). Because of its strong 
contribution as a catalyst for ROS generation, the LIP concentration acts as a strong 
trigger for intracellular iron metabolism.

 Fe O Fe O
3

2
2

2
+ ⋅− ++ → +  (1)

 Fe H O Fe OH HO
2

2 2
3+ + − ⋅+ → + +  (2)

 Net reaction O H O O OH HO

Fe

: 2 2 2 2
⋅− − ⋅+ → + +  (3)

In the realm of radiation biology, low-linear energy transfer (LET) radiations 
induce cellular damage primarily through the generation of ROS through the indi-
rect action of therapeutic radiation (Radiobiology for the Radiologist 2012; Azzam 
et al. 2012; Kawamura et al. 2018). In the modeling of indirect action, the radiolysis 
of water accounts for approximately two-third of radiation-induced damage through 
the generation of the hydroxyl radical (Radiobiology for the Radiologist 2012). A 
lesser noted consequence of indirect action is iron labilization. By generating a 
large flux of reactive free radical species, natural by-products include the labiliza-
tion of iron due to the thermodynamic favorability of such reactions, described in 
detail by Petronek et al. (Petronek et al. 2019). The role that the LIP plays in cell 
death following radiation exposure has been demonstrated in keratinocytes and 
fibroblasts following exposure to ultraviolet—A (UV-A) radiation (Reelfs et  al. 
2004; Zhong et al. 2004). Following irradiation, both keratinocytes and fibroblasts 
experienced an increase in the LIP resulting in the onset of necrosis. The onset of 
necrosis following exposure to UV-A radiation was blunted by treatment with the 
iron chelators, Desferal and Hemin. Supporting the notion that increased LIP may 
be a key contributor to radiation-induced cell death, there appeared to be an inverse 
relationship between the radiation dose required to induce cell death and the labili-
zation of iron (Zhong et al. 2004). In a Fredrich’s Ataxia (FRDA) fibroblast model, 
it was shown that FRDA phenotypic fibroblasts were prone to an increased mito-
chondrial LIP. The increased mitochondrial LIP was central to FRDA-associated 
sensitivity to UV-A radiation as iron chelation was able to significantly reduce their 
radiosensitivity (Reelfs et al. 2019). While the true effect of LIP modulation has yet 
to be illuminated, a well-characterized example of the impact the LIP can have on 
radiosensitization is the use of pharmacological ascorbate (ascorbate plasma 
 concentrations ≥10 mM).
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8.2  Pharmacologic Ascorbate Works as a Radiosensitizer 
through Labile Iron

Ascorbic acid (AscH2), colloquially known as vitamin C, is a ketolactone with 
 ionizable hydroxyl groups at the 2nd and 3rd positions. At a physiologic pH of 7.4, 
the most prevalent form is the ascorbate monoanion (AscH−) as the hydroxyl groups 
have pKas at 4.2 and 11.6 (Du et al. 2012). Ascorbate may act as a reducing agent 
capable of undergoing a reversible Michaelis oxidation to dehydroascorbic acid 
(DHA) (Eqs. 4 and 5) with a radical intermediate (ascorbate radical; Asc●-) (Du 
et al. 2012; Bielski 1982). The ascorbate radical is considered an unreactive radical 
species due to its rapid dismutation to DHA (Bielski 1982).

 AscH Asc H2 2↔ +⋅− +

 (4)

 2Asc H AscH DHA
⋅− + −+ ↔ +  (5)

Ascorbate may undergo pH-dependent autoxidation via the formation of the 
ascorbate dianion (AscH2−) (see Eq. 6) (Bielski 1982; Du et al. 2012).

 AscH O Asc O
2

2 2
− ⋅− ⋅−+ → +  (6)

 k M s≈ × − − −3 10 1 1 1

 

Therefore, ascorbate may be oxidized to produce superoxide without the aid of 
catalytic metals. However, this reaction occurs very slowly and is not likely to occur 
significantly at physiological pH due to the limited amount of the AscH2− present.

Ascorbate oxidation occurs more readily in the presence of catalytic metals 
(Buettner and Jurkiewicz 1996; Frei and Lawson 2008). Ascorbate can act as a 
 one- electron reducing agent converting ferric (Fe3+) to ferrous (Fe2+) iron resulting 
in the production of an ascorbate radical (see Eq. 7). In the presence of oxygen, 
ferrous iron is able to generate superoxide (see Eq. 8). The superoxide radical is 
then dismuted by superoxide dismutase (SOD) to produce H2O2 and O2 (Eq. 9).

 AscH Fe Fe Asc
− + + ⋅−+ → +3 2

 (7)

 Fe O Fe O
2

2
3

2
+ + ⋅−+ → +  (8)

 2 22 2 2 2O H H O O

SOD
⋅− ++ → +  (9)

H2O2 is a by-product of the high doses of ascorbate delivered throughout treat-
ment and is the central determinant of the cytotoxic effects of ascorbate. When 
ascorbate exists in millimolar levels, the autoxidation of ascorbate (Eq. 9) produces 
considerable amounts of H2O2 without the aid of catalytic metals. An ascorbate 
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concentration of 20 mM will consist of ≈ 1 μM Asc2− (pH = 7.4) and may result in 
a flux of H2O2 at a rate of approximately 10 nM s−1 (Du et al. 2012).

Due to its ability to act as a reducing agent, ascorbate can effectively labilize iron 
in cancerous cells. By increasing the labile iron pool, there is more iron available to 
participate in oxidation reactions with ascorbate, O2, and H2O2 to produce toxic 
ROS. Moser et al. showed that combining ascorbate with ionizing radiation had an 
additive effect in increasing labile iron pools in MIA PaCa-2 tumor homogenates 
(Moser et al. 2013). Schoenfeld, et al. went on to show that ascorbate selectively 
increases the labile iron pool in non-small cell lung cancer and glioblastoma cells 
in vitro relative to normal cells, sensitizing the neoplastic cells to chemoradiation 
therapy (Schoenfeld et al. 2017). In vitro knockdown of TfR and overexpression of 
ferritin rescued cells from the cytotoxic effects of ascorbate evidence that the ascor-
bate driven increase in labile iron is central to its sensitizing effects (Schoenfeld 
et al. 2017).

8.3  Clinical Relevance of Pharmacological Ascorbate

In the 1970s, the potential utility of supraphysiological doses of ascorbate (pharma-
cological ascorbate; achieving mM plasma ascorbate concentrations) given intrave-
nously was established in multiple trials showing safety and efficacy in the treatment 
of various terminal patients (Cameron and Pauling 1976, 1978; Cameron et  al. 
1975; Cameron and Campbell 1974). However, two randomized, double-blind clini-
cal trials with high dose oral ascorbate failed to show a clinical benefit relative to 
placebo (Creagan et  al. 1979). This caused a significant reduction in interest in 
using pharmacologic ascorbate as an anti-cancer agent.

It was later discovered that oral ascorbate administration does not achieve mM 
plasma ascorbate concentrations necessary to provide anti-cancer effects. In the 
plasma, the steady-state concentration of ascorbate is ≈ 80 μM following an oral 
dose of 200 mg. As oral doses exceed 200 mg, plasma saturation occurs at approxi-
mately 1000 mg with a plasma concentration of ≈ 220 μM (Levine et  al. 1996; 
Graumlich et al. 1997). However, an intravenous ascorbate dose of 50 g is able to 
achieve plasma concentrations of 13.4 mM (Padayatty et al. 2004). A pilot clinical 
trial using pharmacological ascorbate delivered intravenously showed that a 10 g 
dose was able to achieve an average plasma concentration of 1.1 mM (Riordan et al. 
2004). Therefore, it was determined that best way to effectively deliver pharmaco-
logical doses of ascorbate is intravenously.

Since determining an efficacious delivery approach, there has been a resurgence 
of interest in evaluating the potential anti-cancer capabilities of pharmacological 
ascorbate. In 2004, Riordan, et  al. found pharmacological ascorbate be safe and 
tolerable in renal cell carcinoma, colorectal cancer, pancreatic cancer, non- Hodgkin’s 
lymphoma, and breast cancer (Riordan et al. 2004). Riordan, et al. then performed a 
pilot study of intravenous, pharmacological ascorbate in 24, terminally ill cancer 
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patients. All patients in the study were vitamin C deficient prior to beginning the trial 
and following the infusion of pharmacological ascorbate the mean plasma 
concentrations reached 1.1 mM. The most common adverse events that this study 
reported included minor nausea, edema, xerostomia, and dry skin. One patient 
experienced the development of a kidney stone 13 days into treatment but had a 
history of renal calculi (Riordan et al. 2004). In 2008, a phase I clinical trial including 
both solid tumor and hematologic malignancies demonstrated no significant toxicity 
but also failed to show any anti-cancer responses and concluded that although 
pharmacological ascorbate may be well tolerated in patients, the promise of ascorbate 
as an anti-cancer therapy may lie in its use with other cytotoxic therapeutic agents 
(Hoffer et al. 2008). In 2012, Monti et al. completed a phase I clinical trial combining 
pharmacological ascorbate with gemcitabine and erlotinib for patients with stage IV 
pancreatic ductal carcinoma. Over the course of 8  weeks, 14 patients received 
ascorbate 3 times per week in combination with gemcitabine and erlotinib with 9 of 
the 14 patients completing the trial. In the patients who completed the trial, seven 
had stable disease while two showed progression according to the RESIST criteria. 
The study reported 15 non-serious adverse events and eight serious adverse events, 
which the investigators believed were attributed to erlotinib and gemcitabine (Monti 
et al. 2012). In 2014, a phase I clinical trial of 14 stage IV pancreas cancer patients 
combined pharmacological ascorbate with gemcitabine to assess safety and efficacy. 
This dose-escalation study gave two infusions of pharmacological ascorbate 
(15–125  g intravenous; ≥20  mM plasma concentration) per week during 4-week 
chemotherapy cycles. Patients received ascorbate infusions until  experiencing a 
grade 3 dose-limiting toxicity or disease progression (as defined by RESIST criteria). 
Nine of the 14 subjects enrolled were able to complete at least two treatment cycles. 
The most common side effects noted were dry mouth, nausea, and diarrhea and no 
dose-limiting toxicities were observed. At the time of publication (August 2014), the 
average overall survival was 15 ± 2 months and average time to progression was 
26  ±  7  weeks. In this setting, pharmacological ascorbate showed a drastic 
enhancement of treatment with gemcitabine where historical overall survival was 
6 months and the historical average time to progression of 9 weeks (Welsh et al. 
2013). Also, in 2014, a phase 1 clinical trial in ovarian cancer showed that 
pharmacological ascorbate enhanced chemosensitivity in murine models and 
protected against carboplatin and paclitaxel chemotherapy-associated toxicity in 
human subjects (Ma et al. 2014). A recent phase 1 clinical trial of newly diagnosed 
glioblastoma (GBM) patients assessed the potential efficacy of ascorbate with 
radiation. Eleven patients received pharmacological ascorbate concurrently with 
radiation and temozolomide chemotherapy followed by adjuvant ascorbate and 
temozolomide. Throughout the study, the only adverse events attributable to 
pharmacological ascorbate were dry mouth and chills. The median progression-free 
survival was 9.4 months and the median overall survival was 18 months (Allen et al. 
2019). Patients receiving temozolomide and radiation alone who lacked methylation 
of the O6-methylguanine-DNA methyltransferase (MGMT) promoter region had 
significantly reduced survival (median OS  =  12.7 vs. 21.7  months) (Stupp et  al. 
2005). In eight patients treated with pharmacological ascorbate with temozolomide 
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and radiation lacking MGMT promoter methylation, the median progression-free 
survival was 10 months and median overall survival was 23 months (Allen et  al. 
2019). A phase 1 clinical trial in  locally advanced pancreas cancer combining 
pharmacological ascorbate with therapeutic ionizing radiation and gemcitabine 
chemotherapy demonstrated a significant improvement in progression-free overall 
survival from 4.6 months to 13.7 months relative to patients receiving radiation and 
chemotherapy alone (Alexander et  al. 2018). Furthermore, pharmacological 
ascorbate protected against radiation and chemotherapy-induced intestinal damage 
(Alexander et al. 2018). These results support the hypothesis that by working through 
the labilization of iron, pharmacological ascorbate has the potential to enhance 
current standard clinical practices, including radiation therapy.

9  Dietary Strategies

9.1  Diet and Cancer

It is estimated that approximately one-third of all cancer-related deaths worldwide 
are related to diet (Doll and Peto 1981). The large differences in cancer incidence 
rates among the various world populations suggest that lifestyle and diet contribute 
to the development of many common cancers. The hypothesis that diet can  influence 
both cancer risk and response to cancer therapy is supported by both descriptive and 
epidemiologic research (Koriech 1994). The relationships among the processes of 
metabolism, aging, and cancer have created a re-emergence of interest in dietary 
modifications as an approach to enhance cancer therapy. Recent results of labora-
tory and clinical trial research encourage further exploration into the association 
between cancer and patient diet (Koriech 1994).

Many cancer therapies exploit fundamental metabolic differences between can-
cer cells and normal cells. Relative to normal cells, cancer cells have increased 
glucose uptake, increased frequency of mutations in mitochondrial and nuclear 
DNA encoding for electron transport chain complexes, and increased levels of the 
ROS including hydrogen peroxide (H2O2) and superoxide (O2

•-) (Polyak et al. 1998; 
Fliss et al. 2000; Spitz et al. 2000; Nishikawa et al. 2001; Liu et al. 2001; Petros 
et al. 2005; Zhou et al. 2007; Kroemer and Pouyssegur 2008; Aykin-Burns et al. 
2009; Schoenfeld et al. 2017). Fluorodeoxyglucose positron emission tomography 
(FDG-PET) as a part of cancer imaging is based upon increased cancer glucose 
demand related to the surrounding normal tissues (Rigo et al. 1996). It has long 
been proposed that cancer cells have increased glucose demand because they have 
defective mitochondrial respiration requiring increased glycolysis as a compensa-
tory mechanism for energy production (Warburg 1956). Defective mitochondrial 
respiration can result in pro-tumorigenic mitochondrial ROS production (Ishikawa 
et al. 2008). In addition to increased glycolysis, cancer cells also have an increased 
pentose phosphate pathway activity to produce the reducing agent, nicotinamide 
adenine dinucleotide phosphate (NADPH). NADPH is a necessary cofactor for the 
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reduction of H2O2 and organic peroxides via glutathione/glutathione peroxidase and 
thioredoxin/thioredoxin peroxidase pathways (Buettner 2011) to reduce cellular 
oxidative stress. Previous studies showed that glucose deprivation selectively 
increases cancer cell oxidative stress relative to normal cells and that treatment with 
a O2

•- or H2O2 scavengers restores the oxidative stress levels in the cell (Ahmad et al. 
2005; Aykin-Burns et al. 2009).

Since cancer cells depend upon glucose metabolism for both energy production 
and the generation of NADPH to mitigate the increased ROS from defective mito-
chondrial metabolism, it is reasonable to propose that approaches which decrease 
cancer cell glucose availability would selectively sensitize cancer cells to ROS 
inducing anti-cancer approaches. Anthracyclines, platinum-containing complexes, 
DNA-alkylating agents, epipodophyllotoxins, and camptothecins are chemotherapy 
agents that induce oxidative stress (Conklin 2004). Therapeutic radiation can 
 damage cells either by direct or indirect action. In direct action, ionizing radiation 
interacts directly with DNA, creating structural damage that may result in cell 
damage or cell death (Radiobiology for the Radiologist 2012). In indirect action, 
therapeutic radiation ionizes water and other organic molecules forming free 
radicals including the hydroxyl radical (HO•) and alkoxy radical (RO2•) 
(Radiobiology for the Radiologist 2012). These free radicals are highly reactive and 
can damage cellular proteins, DNA, and lipids resulting in cell damage or death.

9.2  Ketogenic Diets

Ketogenic diets are high in fat (90% of calorie intake), low in protein (8%) and 
carbohydrate (2%) content (Allen et al. 2014). Because of the minimal carbohydrate 
and protein calorie intake, fat metabolism serves as the main energy source for the 
body. Fatty acid oxidation produces ketone bodies which can then be converted to 
acetyl-CoA and enter the citric acid cycle producing adenosine triphosphate (ATP). 
Since the early twentieth century, ketogenic diets have been used to successfully 
treat childhood epilepsy (Wheless 2004). A recent clinical study in treatment- 
intractable epilepsy randomized children to consuming a ketogenic diet or contin-
ued standard of care (control) found that the diet group experienced significantly 
fewer seizures than the control group (Neal et al. 2008).

Ketogenic diets have recently been studied as a complementary approach to 
enhance cancer therapy in both animal models and early phase clinical trials. In the 
1980s, colon cancer mouse xenografts fed a ketogenic diet had decreased tumor size 
and reduced weight loss (Tisdale et al. 1987). Additional animal studies identified 
that high fat diets decreased tumor growth and improved survival in models of 
malignant glioma (Seyfried et al. 2003; Maurer et al. 2011), colon (Beck and Tisdale 
1989), stomach (Otto et  al. 2008), and prostate cancers (Freedland et  al. 2008; 
Mavropoulos et  al. 2009). Ketogenic diets enhanced radiation effectiveness 
improving overall survival in non-small cell lung cancer (Allen et al. 2013), pancreas 
cancer (Zahra et  al. 2017), malignant glioma (Abdelwahab et  al. 2012) animal 
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models. In addition, ketogenic diets enhanced radiation and chemotherapy 
effectiveness in an NSCLC mouse model (Abdelwahab et al. 2012).

Early clinical examples of consuming a ketogenic diet to enhance cancer therapy 
include a case report of two pediatric patients with advanced stage malignant astro-
cytoma. They consumed a 60% medium chain triglyceride oil-based diet, demon-
strating reduced tumor FDG-PET uptake compared to pre-diet imaging (Nebeling 
et al. 1995). A case report of a 65-year-old female diagnosed with a GBM tumor 
consumed a ketogenic diet while receiving standard radiation and temozolomide 
therapy for 2 months; no detectable tumor was found on FDG-PET or MR imaging 
(Zuccoli et al. 2010). A randomized controlled trial in women with ovarian or endo-
metrial cancer found that ketogenic diets reduced fatigue associated with cancer 
therapy (Cohen et al. 2018). A pilot study of ketogenic diets in 20 subjects with 
recurrent GBM found ketogenic diets to be feasible and safe but without clinical 
activity when used as a single agent (Rieger et al. 2014). Some ongoing and active 
clinical trials combining a ketogenic diet include: a phase 2 trial in children with 
malignant or recurrent/refractory brain tumors (NCT03328858), phase 1 trial refrac-
tory/end stage GBM (NCT01865162), phase 2 trial in GBM (NCT02302235), 
phase 1 trial combining a ketogenic diet with letrozole in estrogen receptor-positive 
breast cancer (NCT03962647), and a trial combining a ketogenic diet and palliative 
chemotherapy in stage IV breast cancer (NCT03535701). However, some patients 
have difficulty tolerating a ketogenic diet in combination with standard cancer ther-
apy. Phase 1 clinical trial patients who combined a ketogenic diet with radiation and 
chemotherapy in locally advanced lung and pancreas cancer had difficulty comply-
ing with the diet and had poor tolerance (Zahra et al. 2017). Observed toxicities 
included grade 4 hyperuricemia and grade 3 nausea, dehydration, and hypokalemia 
(Zahra et al. 2017). A clinical trial combining a ketogenic diet with radiation and 
chemotherapy in GBM found that ketogenic diets may exacerbate nausea and gas-
tric distress (Schwartz et al. 2018).

Many preclinical studies have demonstrated the effectiveness of ketogenic diets 
when combined with radiation and chemotherapy in improving cancer outcomes. 
Early clinical studies with a ketogenic diet alone or in combination with traditional 
cancer therapies are promising. However, some cancer patients are not able to toler-
ate a ketogenic diet in combination with radiation therapy and/or chemotherapy due 
to the gastrointestinal side effects and risk of hyperuricemia. Careful patient selec-
tion is necessary when considering a ketogenic diet trial as an anti-cancer therapy.

9.3  Calorie Restriction

Reducing calorie intake by 20–40% without limiting essential vitamins and nutrients 
has been demonstrated to increase life span across a variety of species (Champ et al. 
2013). The process of calorie restriction can be achieved either via intermittent 
fasting or by overall dietary reduction (Hursting and Kari 1999; Hursting et al. 2003). 
Calorie restriction slows degenerative pathologies including cataract formation, 
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cardiomyopathy, nephropathy, and cancer initiation (Hursting and Kari 1999). 
Several animal studies have demonstrated that calorie restriction protects against 
spontaneous and chemically induced cancers (Weindruch et al. 1988; Hursting et al. 
1993; Silverstone and Tannenbaum 1951). Similarly, humans with anorexia nervosa 
have a much lower risk of developing cancer than the general population (Mellemkjaer 
et  al. 2001; Michels and Ekbom 2004). Alternatively, obesity is associated with 
higher risks of developing cancer as well as cancer-associated mortality (Calle et al. 
2003; Hite et  al. 2011). Because of the strong correlation between the processes 
governing aging, obesity, and cancer; calorie restriction has recently re- emerged as a 
possible dietary modification to enhance traditional cancer therapy (Hursting and 
Kari 1999; Campisi 2013).

As far back as the early 1900s, it was shown that animals fed a calorie restricted 
diet had slower tumor growth rates and metastasis relative to mice fed ad libitum 
(Hursting et al. 2003; Rous 1914; Campisi 2013). More recent animal studies iden-
tified that calorie restriction increases survival times after cancer initiation (Berrigan 
et  al. 2002; Cheney et  al. 1983). Likewise, patients who have undergone gastric 
bypass surgery frequently reduce their calorie intake by >50% and have signifi-
cantly reduced lower cancer incidence rates relative to obese control patients (Dias 
et al. 2006; Adams et al. 2009).

The mechanisms responsible for calorie restriction’s anti-cancer properties 
resemble those of ketogenic diets. Both calorie restriction and ketogenic diets 
decrease the secretion of proliferation promoting hormones including growth 
 hormone, insulin, and insulin-like growth factor I (IGF-1) (Baserga 1992; Parr 
1996; Dunn et al. 1997). IGF-1 modulates cell proliferation by binding to insulin-
like growth factor receptors (IGF-1R) which in turn activate the PI3K/AKT path-
way promoting cell growth and inhibiting apoptosis (Resnicoff et al. 1994; Champ 
et al. 2013). Calorie restriction reduces serum IGF-1, insulin, and IGF-1R expres-
sion in breast cancer animal models (Ruggeri et  al. 1989). Therapeutic radiation 
increases IGF-1R expression on tumor cells likely as a survival mechanism follow-
ing radiation- induced DNA damage (Cosaceanu et al. 2007). Inhibition of IGF-1R 
leads to enhanced radiation sensitivity, inhibited proliferation, and induced apopto-
sis in breast cancer cell lines (Wen et al. 2001). Fasting mice for 72 h showed a 70% 
reduction in circulating IGF-1 (Lee et al. 2010). Calorie restriction also decreases 
insulin receptor and phosphatidylinositol-3-kinase expression resulting in enhanced 
radiation sensitivity and reduced tumor growth in both in vivo and in vitro models 
(Price and Youmell 1996; Cataldi et al. 2001; Kandel et al. 2002; Gupta et al. 2003; 
Soderlund et al. 2005). These data suggest that the combination of radiation with 
calorie restriction or ketogenic diets enhance tumor cell killing.

Calorie restriction is currently being assessed as an adjuvant to radiation and 
chemotherapy in variety of clinical trials. Current active and ongoing clinical trials 
include a caloric restriction diet prior to surgery in patients with endometrial, pros-
tate, or breast cancer (NCT02983279); calorie restricted ketogenic diet as a treat-
ment in malignant tumors (NCT03160599); caloric restriction and exercise for the 
protection from anthracycline toxicities in breast cancer (NCT03131024); and the 
effect of caloric restriction on post-operative complications in sarcoma patients 
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treated with neoadjuvant radiation therapy (NCT02792270). However, methods of 
measuring adherence to calorie restriction diets is difficult relying predominantly on 
food journals, interviews, and questionnaires (Heilbronn et al. 2006). In addition, 
caloric restriction may not be suitable for all cancer patients as possible complica-
tions include weight loss, impaired wound healing, and impaired immune function 
(Reed et al. 1996; Fontana et al. 2010).

In conclusion, the data supporting an association between dietary modification 
and the influence on cancer incidence, treatment, and survival is strong. Both keto-
genic diets and caloric restriction downregulate several molecular pathways 
involved in cancer cell progression and survival. The exciting clinical trials utilizing 
ketogenic diets and caloric restriction may change the treatment paradigm for a 
variety of malignancies.

10  Conclusion

Metabolic reprogramming is a hallmark of cancer, and many cancer therapies, 
including radiation, are known to impact tumor metabolism. A strong preclinical 
rationale exists to combine drugs that increase intracellular oxidative stress and/or 
interfere with nucleotide metabolism with primary radiation therapy. Preclinical 
and clinical evidence support the combined use of a number of metabolically 
 targeted agents with radiation therapy. Work is ongoing to determine the optimized 
strategy for combining these drugs with conventionally fractionated and hypofrac-
tionated schemes. New strategies, including dietary manipulation during the course 
of radiation therapy, are currently being explored.
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Chapter 11
Targeting Tumor Hypoxia

Michael Skwarski, Elizabeth Bowler , Joseph D. Wilson ,  
Geoff S. Higgins , and Ester M. Hammond 

Abstract Hypoxia (oxygen levels below 1–2%) is a common finding in solid 
tumors. The development of tumor hypoxia can be viewed as an imbalance between 
oxygen supply and demand. Tumor hypoxia significantly impacts tumor radiosensi-
tivity and subsequently leads to poor clinical outcomes in patients treated with radi-
ation therapy. The presence of molecular oxygen supports the production of lethal 
DNA damage in irradiated cells; therefore, the radiation dose required under 
severely hypoxic conditions to achieve a certain biological effect is generally 2- to 
3-fold higher than the dose needed under normoxic conditions (i.e., oxygen enhance-
ment ratio (OER)  =  2–3). Several therapeutic approaches have been historically 
used and are emerging to target tumor hypoxia in order to improve radiation therapy 
outcomes. These include hyperbaric oxygen, correction of anemia, combination of 
radiation with carbogen and nicotinamide (ARCON), oxygen mimetics such as 
nimorazole, hypoxia-activated prodrugs, vascular normalization strategies (reviewed 
in Chap. 12), and emerging therapies to target tumor oxidative phosphorylation. 
Even though tumor hypoxia has long been established as a negative factor for radia-
tion therapy outcomes in the clinic, we still lack robust, widely available, and ade-
quately validated biomarkers for assessing tumor hypoxia in patients. This has not 
only significantly impeded the investigation of the efficacy of hypoxia modifiers, 
but it has also resulted in an inability to accurately select patients who are likely to 
benefit from such treatment. It is likely that only when hypoxia biomarkers are 
widely available will hypoxia modification enter the era of personalized medicine 
and improve outcomes.
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1  Introduction

Oxygen is vital for all living cells and plays a primordial role in key cellular  activities. 
Central to our evolution into large and complex multicellular organisms has been the 
development of an intricate vascular system to ensure the adequate supply of oxygen 
to support cellular function (Pittman 2011). At the ends of the branching vascular 
network, capillaries provide the blood–tissue interface for  oxygen delivery. In terms 
of distance, the diffusion limit for oxygen in tissue is in the region of 100–200 μM 
(Thomlinson and Gray 1955); therefore, cells must be within this proximity of a func-
tional vessel to ensure adequate oxygenation. Given the limit of oxygen diffusion, 
tissue oxygenation is not binary, but rather exists in continuous gradients. Interestingly, 
the permission of low and near sub-physiological levels of oxygen are important for 
certain normal tissue functions, such as fetal development, tissue healing, and liver 
zonation (Dunwoodie 2009). However, the presence of such low levels of oxygen in 
healthy tissue is highly restricted and tightly regulated for specific purposes only.

When discussing tissue oxygenation, it is firstly important to define the units 
used and the relevant nomenclature. Several units are used to report oxygen levels 
and include the international system pressure unit the Pascal (Pa) beside millimeter 
of mercury (mmHg) (1 kPa = 7.5 mmHg) and the percentage of oxygen (1 kPa = 1%), 
both commonly used in medicine. The term “normoxia” refers to the atmospheric 
oxygen level of 21% (160 mmHg). “Tissue normoxia,” also referred to as “phys-
ioxia,” varies depending on tissue type and is significantly lower than atmospheric 
normoxia (Hammond et al. 2014). For example, in outer layers of skin the oxygen 
levels are in region of 1% (8 mmHg) (Wang et al. 2003), whilst in lung tissue they 
are 6% (42 mmHg) (Le et al. 2006) and 10% (72 mmHg) in the kidney (Müller et al. 
1998). It is important to note that these values are significantly lower than the major-
ity of in vitro experiments aimed to replicate tissue normoxia, which are conducted 
using 95% air and 5% carbon dioxide, and thus performed at around 20% oxygen 
(150 mmHg). The term “hypoxia” should be reserved for oxygen levels below that 
of the normoxia range for the tissue in question (Carreau et al. 2011), and generally 
refers to levels below 1–2% (7.5–15 mmHg).

In contrast to normal tissues, hypoxia is a common finding in solid tumors. The 
development of tumor hypoxia can be viewed as an imbalance between oxygen sup-
ply and demand. Rapid proliferation and high metabolic rates result in high oxygen 
consumption, which quickly surpasses supply. The subsequent hypoxic microenvi-
ronment results in the upregulation of angiogenic factors and thus turns on the “angio-
genic switch” stimulating tumor neovascularization (Semenza 2012), a phenomenon 
first described over a century ago (Goldmann 1908). However, despite an abundance 
of new vessels, the resulting microvasculature is invariably highly dysregulated and 
“chaotic” (Jain 2014). In particular, the vessels are tortuous, friable, and leaky. The 
highly abnormal endothelium results in non-laminar flow and further leakiness pre-
disposes to thrombosis and edema, which further impedes perfusion (Hashizume 
et al. 2000; Dvorak et al. 1999). Overall, the tumor vasculature is sub-functional and 
unable to match the oxygen demand of tumors and therefore, hypoxic regions arise.
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The paradox that increased tumor angiogenesis can result in decreased  
perfusion is well established (Yang et  al. 2017). In fact, frequently used anti- 
angiogenesis therapies, such as anti-vascular endothelial growth factor (VEGF) 
agents including bevacizumab, aim to exploit this phenomenon. These drugs 
improve tumor perfusion by inhibiting uncontrolled angiogenesis, enabling more 
regulated vessel development and leading to “vascular normalization” (Jain 2014). 
When combined with chemotherapy, as is often the case, this results in improved 
drug delivery to tumors.

Traditionally, tumor hypoxia is classified as either chronic or acute. Chronic 
hypoxia occurs in tumor regions located beyond the diffusion capacity of oxygen 
and is fairly stable. In contrast, acute hypoxia, also referred to as transient or cycling 
hypoxia, refers to regions of dynamic changes in oxygenation with the potential for 
reoxygenation (Brown 1979; Michiels et al. 2016). Transient hypoxia is commonly 
observed in tumors with in vivo studies demonstrating that up to 20% of the tumor 
volume may be affected (Bennewith and Durand 2004), with cycle lengths ranging 
from seconds to days. It is postulated that high frequency hypoxia cycling arises 
from alterations in vessel perfusion and red cell flux, whereas remodeling of vascu-
lature is responsible for low frequency cycling occurring over a matter of days 
(Dewhirst 2009). Clinically, in patients with head and neck tumors, for example, 
significant change in the location of hypoxic regions has been observed using 
hypoxia imaging a short number of days apart (Nehmeh et al. 2008). Interestingly, 
chronic and acute hypoxia result in differing cancer cellular signaling responses, 
thus further highlighting them as distinct pathophysiological entities.

Overall, due to the complex spatiotemporal distribution of tumor hypoxia, accu-
rate characterization of hypoxia within tumors is challenging with results from 
sample-based measurement potentially not representative of the tumor as a whole. 
Nevertheless, the presence of measurable hypoxia is an almost universal feature of 
tumors. Certain tumor types have consistently been shown to contain higher levels 
of hypoxia than others (Horsman et al. 2012). For example, polarographic oxygen 
electrode measurements in patients with non-small cell lung carcinoma (NSCLC) 
have shown median oxygen levels ranging from 14 to 17 mmHg (Le et al. 2006; 
Falk et al. 1992), whilst in head and neck squamous cell carcinoma (HNSCC) the 
average level was 9 mmHg (Falk et al. 1992; Nordsmark et al. 2005) and only in the 
region of 2 mmHg in prostate cancer (Movsas et al. 2000, 2002), therefore high-
lighting an additional layer of complexity in the study of tumor hypoxia.

2  The Cellular Response to Hypoxia: 
Hypoxia-Inducible Factors

Central to the cellular response to hypoxia are the hypoxia-inducible factors 
(HIFs)—the principal oxygen sensing machinery. The HIF family of transcription 
factors includes the well-studied HIF1 and HIF2, as well as HIF3. Each of these 
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factors consists of an oxygen-sensitive and tightly regulated HIF-α subunit 
(HIF1-α, HIF2-α, or HIF3-α, respectively), which forms a heterodimer with a 
 constitutively expressed HIF1-β subunit (also known as ARNT) (Wang et al. 1995). 
The HIF-α subunit contains two highly preserved proline residues (HP402/P564 
for HIF1-α and P405/P531 for HIF2-α), which are hydroxylated in the presence of 
oxygen by prolyl hydroxylase domain-containing proteins (PHDs). This in turn 
permits binding to the von Hippel-Lindau (VHL) tumor suppressor protein, lead-
ing to HIF-α ubiquitination and its targeting for degradation (Ohh et  al. 2000; 
Jaakkola et  al. 2001). Under hypoxic conditions, HIF-α is stabilized through 
decreased hydroxylation, allowing binding with HIF1-β and translocation to the 
nucleus where it recognizes and binds to hypoxia-responsive elements (HREs), 
resulting in the transcription of a multitude of target genes (Liu et al. 2012). An 
additional layer of HIF regulation occurs at the level of recruitment of coactivators. 
Further oxygen-dependent hydroxylation of HIF1-α, and to a lesser extent HIF2-α, 
occurs on the C-terminal transactivation domain on aspartate reside 803 by factor-
inhibiting HIF1 (FIH) (Lando et al. 2002; McNeill et al. 2002), which results in the 
inability of HIF1 to transactivate certain target genes (Dayan et  al. 2006). The 
oxygen tension required to inactivate FIH is lower than that of the PHDs (Koivunen 
et al. 2004), thus enabling a graded transcriptional response dependent upon the 
severity of hypoxia.

HIF1-α and HIF2-α have differing expression profiles in tissues and tumors, with 
expression of HIF1-α ubiquitous whereas HIF2-α far more restricted (Wiesener 
et al. 2003). Together with the difference in their target genes, this provides a dif-
ferential HIF-responsive transcriptome dependent on tissue and tumor type. Further 
still, in chronic hypoxia, HIF1-α levels rapidly increase and are stabilized within 
hours but within days decrease to much lower expression levels (Ginouvès et al. 
2008). HIF1 has been shown to upregulate PHDs, which appear to retain enough 
activity to hydroxylate HIF1-α even under lower oxygen tensions, resulting in its 
reinstated degradation (Ginouvès et al. 2008; Berra et al. 2003). In contrast, cycling 
hypoxia results in an enhanced activity and stabilization of HIF1-α, at much greater 
levels than witnessed in chronic hypoxia (Dewhirst et al. 2008). The sophisticated 
regulation of HIF signaling points to its importance in regulating wide-ranging 
aspects of cellular function, with an ever-growing number of HIF target genes iden-
tified (Dengler et al. 2014; Choudhry and Harris 2018). Perhaps therefore unsurpris-
ingly, hypoxia-related HIF signaling contributes significantly to tumorigenesis by 
directly contributing to the majority of the hallmarks of cancer, with its effects rang-
ing from stimulation of invasion and metastasis, to promotion of sustained prolifera-
tion and immune system evasion (Petrova et al. 2018; LaGory and Giaccia 2016; 
Rankin et  al. 2016). Overall, through such means, tumor hypoxia results in an 
aggressive tumor phenotype.
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3  Tumor Hypoxia as a Barrier to Radiation Therapy

There is overwhelming evidence that tumor hypoxia significantly impedes tumor 
radiation sensitivity and subsequently leads to poor clinical outcomes in patients 
treated with radiation therapy. Nearly three quarters of a century ago the seminal 
work of Thomlinson and Gray demonstrated that the cellular response to ionizing 
radiation is highly dependent upon the presence of oxygen (Gray et al. 1953; Wright 
and Howard-Flanders 1957; Palcic et al. 1982). In the majority of cell types studied, 
the ratio of radiation dose required under severely hypoxic or anoxic conditions 
versus normoxic conditions to achieve the same biological effect, termed the oxy-
gen enhancement ratio (OER), is typically 2.5–3.5 for ionizing radiation such as 
X-rays or γ-rays which are characterized by low linear energy transfer (LET). The 
most pronounced change in radiosensitivity occurs as oxygen levels increase from 
0 to 30 mmHg (0–4%), with further increases in oxygenation having little additional 
effect. As a significant proportion of tumor oxygen readings fall within this range, 
with normal tissue readings normally above this range, this highlights the everyday 
clinical challenge of treating tumors successfully without causing excessive sur-
rounding normal tissue toxicity.

In order to understand how oxygen potentiates cellular radiosensitivity, it is first 
important to briefly consider how ionizing radiation results in cellular damage. 
Radiation results in damage through its effects on DNA, with DNA double-strand 
breaks being the principle cytotoxic lesions. The effects on DNA can be viewed as 
either direct or indirect. Direct damage results from ionization of the DNA without 
the involvement of intermediate steps, and is the principal way by which high LET 
radiation, such as neutrons and α particles, exert their effect (Hall and Giaccia 
2011). By contrast, megavoltage (MV) photons do not produce chemical and 
 biological damage by themselves, but rather predominantly as a result of indirect 
ionization when they are absorbed in the material through which they pass and their 
energy is transferred to produce fast-moving charged particles that in turn elicit 
DNA damage (Hall and Giaccia 2011). At the energies used by most clinical linear 
accelerators, the MV photons predominantly interact with “free” electrons of the 
absorbing material with some of the photon energy transferred to the electron in the 
form of kinetic energy and the scattered photon traveling further into the material 
interacting with more “free” electrons (Compton Effect) (Steel 2002). This ulti-
mately leads to a large number of fast electrons, which can ionize other atoms in the 
irradiated material. As cells are 80% comprised of water, it is important to consider 
the radiochemistry of water. Following exposure to ionizing radiation, water 
becomes ionized as shown:
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H2O+ is an ion radical and rapidly interacts with another water molecule to form 
the highly reactive hydroxyl radical (OH•) as follows:

 H O H O H O OH2 2 3
+ ++ → + •

 

Such free radicals interact with the DNA molecule and cause damage. The 
 mechanisms responsible for oxygen increasing cellular radiosensitivity can now be 
explained as outlined by the Oxygen Fixation Hypothesis first described in the 
1950s (Alper and Howard-Flanders 1956). Following irradiation, DNA damage can 
be restored through reactions with free radical scavengers such as sulfydryl-con-
taining compounds (Held et al. 1984; Hutchinson 1961). However, in the presence 
of molecular oxygen, DNA damage can be “fixed” by the DNA radical reacting with 
oxygen to form RO2•, which is significantly less amenable to scavenger restoration 
(Chapman 1979).

4  Tumor Hypoxia and Poor Radiotherapy Clinical Outcomes

Given the multitude of tumor adaptations to hypoxia contributing to many cancer 
hallmarks, it is not surprising that the presence of tumor hypoxia has been repeat-
edly shown to be a negative prognostic factor and to be associated with resistance to 
therapy regardless of treatment modality used (Le et al. 2006; Walsh et al. 2014; 
Scharping et al. 2017; Doktorova et al. 2015). However, given that oxygen is a direct 
“facilitator” of radiation-induced DNA damage, it is perhaps unsurprising that the 
impact of hypoxia on radiation therapy outcomes is most profound. The effect of 
hypoxia on radiation therapy outcomes has been most studied in patients with 
HNSCC. In a large analysis of data from numerous HNSCC radiation therapy stud-
ies, Nordsmark et al. demonstrated that pre-treatment hypoxia directly measured 
using oxygen electrodes was a highly significant prognostic factor for overall sur-
vival after radiotherapy alone, or in combination with surgery, chemotherapy, or a 
radiosensitizer (Nordsmark et al. 2005). Multivariate analysis in this study found 
that pre-treatment proportion of pO2 values ≤2.5 mmHg (HP2.5) was independently 
prognostic for poor survival using a hypoxia threshold of HP2.5  <  20% (median 
value). Furthermore, the negative impact of hypoxia on radiation therapy efficacy 
can be deduced from the large study of 918 patients with HNSCC randomized to 
receive CHART versus conventional radiation (Dische et al. 1997). Although this 
study failed to show improved locoregional tumor control (LRC) or overall survival 
(OS) with CHART, a retrospective subgroup analysis of pre-treatment tissue from 
nearly 200 patients demonstrated that expression of endogenous markers of hypoxia 
for the HIF-1 and HIF-2 pathway was strongly associated with post-radiation 
 failure. This led the authors to postulate that hypoxic tumors were resistant to the 
potential benefit of CHART due to insufficient time for tumor reoxygenation to 
occur during treatment (Koukourakis et al. 2006).
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In other tumor types, hypoxia has also been shown to predict poor radiation 
therapy outcomes (Rischin et al. 2006; Eschmann et al. 2005; Milosevic et al. 2012). 
For example, in patients with NSCLC, higher baseline levels of hypoxia, as deter-
mined by multiple hypoxia PET imaging parameters, was predictive of lower rates 
of local control following radical radiotherapy (Eschmann et al. 2005). In another 
study in patients with localized prostate cancer receiving radical radiotherapy, direct 
measurement of tumor oxygenation revealed that the presence of hypoxia, using a 
HP10 cut-off of 63% (median value), was associated with local recurrence within the 
gland and early biochemical failure (Milosevic et al. 2012).

5  Measuring Tumor Hypoxia in the Clinical Setting

Key to determining the impact of hypoxia on therapy outcomes has been our devel-
oping ability to accurately measure tumor hypoxia in patient samples. Over the last 
few decades, a wide range of methods have been used to study tumor hypoxia in 
patients, each with specific advantages as well as limitations. The various methods 
will be summarized here and have been reviewed (Hammond et al. 2014; O'Connor 
et al. 2019; Lee et al. 2014).

Direct measurements of tumor oxygenation using glass electrodes began in the 
1960s with many early studies demonstrating the relationship between tumor oxygen 
level and radiation response, especially in cervical cancer and HNSCC (Kolstad 1968; 
Gatenby et al. 1988). However, our understanding of tumor oxygenation increased 
exponentially in the early 1990s with the introduction of the commercially available 
Eppendorf pO2 histograph, also referred to as the polarographic electrode (Vaupel 
et  al. 2007). This technique, which is able to measure oxygen tensions as low as 
1–2 mmHg, demonstrated the significant intra- and inter-tumor variability in oxygen-
ation and a large number of clinical studies quickly utilized this technique to demon-
strate the correlation between hypoxia and poor clinical outcomes, as previously 
described. There were numerous limitations of electrode-based methods for studying 
tumor oxygenation. Determining oxygen tensions was limited to only accessible 
tumors and the invasive nature of the procedure, which requires the insertion of the 
probe along multiple tracks in order to collect sufficient readings, was understandably 
viewed as somewhat unattractive by patients and clinicians. Furthermore, due to the 
complex spatiotemporal heterogeneity of hypoxia within tumors, this method was 
subject to sampling error. Therefore, although this technique is regarded by many as 
the gold standard for evaluating hypoxia, it has been universally discontinued.

More recently, the most widely adopted approach for preclinical and clinical 
assessment of hypoxia has become the use of exogenously administered nitroimid-
azole-based agents. Such electron-deficient nitroaromatic compounds are selec-
tively reduced by intracellular nitroreductase enzymes under hypoxic conditions to 
form reactive products, which bind irreversibly to nucleophilic molecules within the 
cell. Different nitroreductase enzymes in the cytoplasm, mitochondria, and micro-
somes are capable of the reductive metabolism of nitroheterocycles and include 
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NADPH-cytochrome P450 reductase, cytochrome b5 reductase, xanthine oxidase, 
aldehyde dehydrogenase, and DT-diaphorase (Kedderis and Miwa 1988). The 
reduction of nitroimidazoles is accomplished by tissue nitroreductases that are plen-
tiful and which do not represent a rate-limiting factor (Prekeges et al. 1991), thus 
enabling repeated evaluation of hypoxia by such agents without reaching enzyme 
saturation. Importantly, bioreduction and intracellular retention of nitroimidazole 
compounds is inversely proportional to oxygen levels and requires intact nitrore-
ductase enzymes. As a result, it detects only viable hypoxic cells and does not accu-
mulate in regions of tumor necrosis. Typically, such agents have minimal protein 
binding, permitting efficient transport from blood into tissues (Kizaka-Kondoh and 
Konse-Nagasawa 2009) and as they are not actively metabolized, their diffusion 
distance is significantly greater than that of molecular oxygen (Dische 1985), and 
therefore can still reach poorly perfused areas typical of hypoxic regions. Also of 
importance is that in vitro experiments have demonstrated that nitroimidazoles are 
retained over the same oxygen range at which the OER is observed, with sharply 
increasing retention below oxygen tensions of 10  mmHg (Kizaka-Kondoh and 
Konse-Nagasawa 2009), therefore highlighting them as clinically relevant markers 
for the study of tumor hypoxia in radiation oncology. The stability of nitroimidazole 
adducts in viable hypoxic tissues permits immunohistochemical quantification to be 
carried out after the administration of nitroimidazole-based agents. Such agents 
have been widely used to study tumor hypoxia and include EF5 (Lord et al. 1993) 
and pimonidazole hydrochloride (Raleigh et al. 1999). The degree of immunodetec-
tion of such agents has been shown to correlate well with polarographic electrode 
readings predominantly in preclinical studies (Raleigh et  al. 1999). However, as 
with direct measurements, sampling-specific tumor regions may be unrepresenta-
tive of hypoxia throughout the tumor. In addition, obtaining tissue for this purpose 
is an invasive procedure, which has associated practical limitations.

Nitroimidazoles also provide an exciting and clinically attractive opportunity for 
the noninvasive evaluation of tumor hypoxia by using PET-CT imaging with radiola-
beled nitroimidazole- based tracers (Chapman 1979). [18F]-fluoromisonidazole 
(FMISO) is the prototypical and most widely used radiotracer for this purpose. In 
vitro experiments have demonstrated that the under anoxic conditions, [3H]-FMISO 
binding was approximately 25-fold greater than normoxic controls with binding 
reduced to 40% at oxygen pressures of 4 mm Hg (Martin et al. 1992), thus demon-
strating FMISO as a marker of severe and clinically relevant hypoxia. Relevant to 
measuring hypoxia in tumors, in  vivo data demonstrates no correlation between 
regional blood flow and FMISO retention with numerous studies concluding that 
FMISO uptake is independent of blood flow (Martin et al. 1992). In vivo, agreement 
between FMISO and pimonidazole immunohistochemistry has been observed 
(Dubois et al. 2004); however, such studies are lacking in patients. In the clinical set-
ting, numerous studies have demonstrated the ability of FMISO to identify heteroge-
neously distributed hypoxic tissue within human tumors (Rajendran and Krohn 2005).

The partition coefficient describes the lipophilic/hydrophilic nature of molecules 
and is commonly evaluated as the distribution coefficient between octanol and water. 
As FMISO partitions nearly equally between octanol and water, once distribution 
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equilibrium is achieved, all tissues should have the same concentration of tracer as 
blood. Only regions of hypoxia or organs involved in excretion or metabolism will 
have uptake levels greater than blood. The advantage is that the concentration ratio for 
normoxic tissue to blood will be very close to one and will be completely independent 
of blood flow. However, because of such partitioning characteristics of FMISO, whole 
body clearance is relatively slow, resulting in limited image contrast and requiring 
imaging following a relatively long period of time after injection of tracer (Rajendran 
and Krohn 2015). These limitations have led to the development of newer tracers such 
as [18F]-fluoroazomycin arabinoside (FAZA), which have higher normal tissue clear-
ance kinetics with improved hypoxia-to-normoxia contrast (Fleming et al. 2015).

Clinical imaging protocols for using FMISO PET-CT in the study of tumor 
hypoxia are fairly well established (McGowan et al. 2019; Koh et al. 1992), with 
increasing validation and high reproducibility of FMISO demonstrated in NSCLC 
(Grkovski et al. 2016) and HNSCC (Okamoto et al. 2013). This imaging technique 
enables the assessment of hypoxia heterogeneity within tumors and for multiple 
measurements per individual patient. However, the limitations are that it is prohibi-
tively expensive for use in large studies, is associated with logistical challenges in 
terms of tracer supply and subjects patients to not insignificant radiation exposure. 
Oxygen-enhanced MRI (OE-MRI) imaging potentially enables the quantification of 
tumor hypoxia without exposing patients to additional ionizing radiation. Although 
it has yet to be widely used in clinical studies, OE-MRI might be associated with 
fewer logistical hurdles than nitroimidazole PET imaging (O'Connor et al. 2019).

As our understanding of the complex tumor response to hypoxia continues to 
improve, methods used for the assessment of hypoxia have shifted to measuring 
endogenous markers of this response. The majority of such markers are known to be 
direct transcription targets of HIF-1 as the detection of HIF-1 itself is challenging 
due to its instability and rapid degradation.

In terms of tumor tissue hypoxia analysis, immunohistochemistry for carbonic 
anhydrase IX (CAIX) has been commonly performed. CAIX is a transmembrane 
metalloenzyme that belongs to the family of α-carbonic anhydrases, which catalyze 
the reversible hydration of carbon dioxide to bicarbonate ions and protons, thereby 
regulating the cellular and extracellular pH (Pastorek et al. 1994). Sixteen human 
CA isoforms have been identified, but it is CAIX that is most strongly induced by 
hypoxia in a broad range of cell types. Expression of CAIX is tightly regulated by 
HIF-1-dependent HRE and subsequently, levels are highly responsive to hypoxia 
(Wykoff et al. 2000). High expression of CAIX has consistently been reported in 
human tumors and shown to predict poor clinical outcomes (Giatromanolaki et al. 
2001; Kaluz et al. 2009). CAIX expression as detected by immunohistochemistry 
has been shown to grossly co-localize with that of HIF-1 as well as pimonidazole 
staining (Olive et al. 2001; Gillies et al. 2011) and has also been shown to correlate 
with direct pO2 measurements (Le et al. 2006).

When considering such endogenous markers of hypoxia, it is important to appre-
ciate that their expression level may be influenced by numerous factors other than 
oxygen level, such as other cellular signaling pathways (Hughes et al. 2018). In addi-
tion, the level of oxygenation and thus severity of hypoxia required to induce HIF 
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signaling (and increase associated response proteins such as CAIX) differs to that 
required for the retention of exogenous nitroimidazoles. On detailed inspection of 
tumor tissue staining, binding of pimonidazole is more restricted to severely hypoxic 
and peri-necrotic regions as compared to HIF-1 expression (Sobhanifar et al. 2005). 
In addition, HIF1 expression and its response proteins can also be found in regions 
of cycling hypoxia, which are not necessarily positive for nitroimidazole retention at 
the time of measurement. In recognition of the complex tumor response to hypoxia, 
gene expression profiling is becoming more commonly used to evaluate the tran-
scriptional response to hypoxia with numerous hypoxic metagene signatures now 
identified and increasingly well validated (Buffa et  al. 2010; Winter et  al. 2007). 
Importantly, the clinical utility of these gene expression signatures is enhanced by 
the fact that they can be derived from routine, formalin-fixed tumor samples. For a 
comprehensive review, see Harris et al. (Harris et al. 2015).

In addition to tumor tissue-based measurements, endogenous markers of hypoxia 
also provide the opportunity for identifying circulating hypoxic biomarkers, which 
may ultimately function as a plasma hypoxia signature. One of the most well-stud-
ied circulating markers to this effect is VEGF. Numerous studies have demonstrated 
the correlation between plasma VEGF levels and direct tumor oxygen measure-
ments (Dunst et al. 2001), with higher levels predicting poor treatment response and 
outcomes in numerous tumor types (Ostheimer et al. 2014).

Another circulating hypoxia marker which has been studied extensively is osteo-
pontin. This multifunctioning glycoprotein is recognized to play an important role in 
signaling pathways involved in many aspects of cancer progression including promot-
ing proliferation, angiogenesis, and metastasis (Zhao et  al. 2018). Osteopontin is 
upregulated under hypoxic conditions by AKT activation and stimulation of the 
 ras-activated enhancer (RAE) in the OPN promoter (Zhu et  al. 2005). Circulating 
osteopontin levels have been demonstrated to correlate inversely with polarographic 
electrode oxygen measurements and function as a prognostic and predictive biomarker 
with regard to radiotherapy outcomes in NSCLC (Ostheimer et  al. 2014; Le et  al. 
2006) and HNSCC (Nordsmark et al. 2007; Petrik et al. 2006; Overgaard et al. 2005; 
Le et al. 2003). In NSCLC, a recent meta-analysis has demonstrated that osteopontin 
as measured by both IHC and as a circulating marker, is highly predictive of overall 
survival (Wang et al. 2015).

A different class of hypoxia-related circulating biomarkers are microRNAs 
(miRNAs). These approximately 21 nucleotide non-coding RNAs are key post-tran-
scriptional regulators of gene expression (Krol et al. 2010). In the cellular response 
to hypoxia, and directly targeted by HIF-1α, miR-210 has emerged as the “master 
hypoxiaMIR” (Dang and Myers 2015). Shown to correlate with other measures of 
tumor hypoxia, both tissue and circulating miR-210 have been reported to be 
 diagnostic, predictive, and prognostic hypoxia-related biomarkers in a number of 
tumor types (Chakraborty and Das 2016; Madhavan et al. 2016; Jiang et al. 2018; 
Świtlik et al. 2019).
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6  Historical Hypoxia Modification Strategies 
with Radiation Therapy

Over the last half-century, numerous strategies have been investigated in an attempt 
to overcome the detrimental effect of tumor hypoxia on radiation therapy outcomes.

6.1  Increasing Tumor Oxygenation

Early approaches to address tumor hypoxia focused on increasing tumor oxygen 
delivery. One such method involved patients breathing 100% oxygen under hyper-
baric conditions (HBO). A meta-analysis of HBO in patients with HNSCC treated 
with radiotherapy demonstrated a small but significant improvement in locoregional 
control (Overgaard 2011). A comprehensive Cochrane review of 19 clinical trials 
which delivered HBO concluded that HBO improved local control rates in cervix 
and HNSCC, but these benefits were small and may have only arisen in the context 
of unconventional fractionation schedules. In addition, HBO was associated with 
significant adverse effects, including oxygen toxic seizures and severe tissue 
 radiation injury (Bennett et al. 2005). Given the modest benefit observed, practical 
inconvenience of treatment delivery and safety concerns, HBO was not adopted into 
clinical practice.

6.2  Correction of Anemia

Additional methods aimed at increasing tumor oxygenation have focused on admin-
istering blood transfusions to increase hemoglobin levels. Anemia is a very com-
mon finding in patients presenting for radiotherapy with 40 to 64% of patients being 
anemic prior to treatment with anemia shown to be associated with worse LRC and 
survival in numerous tumor types (Harrison et al. 2002; Lee et al. 1998). However, 
although the etiology of anemia in patients can be multifactorial, it often reflects 
patients with higher disease burden and therefore those who are more likely to have 
poor clinical outcomes. Numerous studies, mainly in HNSCC and carcinoma of the 
cervix, have investigated correcting anemia with blood transfusions during radia-
tion treatment with overall mixed results observed (Varlotto and Stevenson 2005). 
An alternative method explored for correcting anemia during radiotherapy in 
HNSCC has been erythropoietin injections. However, unfortunately a significant 
detrimental impact on survival was observed with this approach (Henke et al. 2006), 
postulated to be attributable to promoting tumor cell proliferation through stimula-
tion of tumor erythropoietin receptors (Henke et al. 2003).
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6.3  ARCON

Other studies have aimed to improve oxygen delivery to tumors during radiation 
therapy by reversing acute hypoxia by combining the vasodilator nicotinamide with 
inhaled carbogen (95% oxygen and 5% carbon dioxide). This approach has been 
used as part of the Accelerated Radiation, Carbogen, and Nicotinamide (ARCON) 
regime and has demonstrated promising LRC rates and toxicity in large phase II 
studies in patients with HNSCC (Kaanders et al. 2002) and bladder cancer (Hoskin 
et al. 2009). Subsequently, in a phase III trial in laryngeal cancer, ARCON was well 
tolerated and resulted in improved LRC rates, with the poor regional control seen in 
more hypoxic tumors specifically addressed by this approach (Janssens et al. 2012). 
Furthermore, in bladder cancer the phase III BCON trial demonstrated improve-
ment in LRC and OS using this treatment (Hoskin et al. 2010). However, due to the 
not insignificant practical challenges involved in delivering this regime, it has not 
been widely adopted.

6.4  Oxygen Mimetics

An alternative approach to address hypoxia-mediated radioresistance has been to 
combine drugs which function as “oxygen mimetics” by promoting the fixation of 
free radical damage following radiotherapy. These agents belong to the nitroimid-
azole class of agents, which undergo bioreduction and intracellular trapping under 
hypoxic conditions, as previously described. Misonidazole was the first of such 
agents to be shown to result in radiosensitization in vitro (Asquith et al. 1974) and 
subsequently a number of clinical studies were conducted in many different tumor 
types combining this agent with radiotherapy (Mäntylä et al. 1982; Bleehen et al. 
1981; Overgaard et al. 1989a, b; Papavasiliou et al. 1983). With a few exceptions, 
generally the results did not demonstrate significant improvements in radiotherapy 
outcomes and this was associated with high toxicity, in particular with regard to 
peripheral neuropathy, preventing dose escalation to levels thought to be required to 
produce tumor radiosensitization (Melgaard et al. 1988). Subsequently, other nitro-
imidazoles were developed with more favorable toxicity profiles, of which the 
5-nitroimidazole nimorazole has been the most widely studied in combination with 
radiotherapy. In the large randomized phase III Danish Head and Neck Cancer 
(DAHANCA) study, nimorazole significantly improved LRC in carcinoma of the 
supraglottic larynx and pharynx (Overgaard et al. 1998). This study, and others in 
different tumor sites in the head and neck with the addition of cytotoxic chemother-
apy, demonstrated acceptable toxicity (Bentzen et al. 2015; Metwally et al. 2014). 
Despite such promising results, nimorazole is only routinely used in Denmark, with 
the lack of demonstrated improvement in OS limiting its uptake elsewhere. The 
results of the randomized nimorazole with radiation versus radiation alone UK phase 
III study in HNSCC (NIMRAD) are currently awaited (Thomson et al. 2014).
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6.5  Hypoxia-Activated Cytotoxic Prodrugs

Hypoxia-activated prodrugs have also been explored in an effort to target hypoxic 
cells directly and have been reviewed recently (Mistry et al. 2017). Such agents also 
become preferentially activated and reduced in low oxygen tensions but this time to 
form highly cytotoxic species (Fig. 11.1). The most well- known molecule in this 
class is tirapazamine, which has been shown preclinically to be significantly more 
cytotoxic under hypoxic conditions (Zeman et al. 1986). Unfortunately, randomized 
phase III studies using tirapazamine in combination with chemoradiation in 
 carcinoma of the cervix (DiSilvestro et al. 2014) and HNSCC (Rischin et al. 2010) 
have failed to demonstrate improvement in outcomes. More recently, molecularly 
targeted hypoxia-activated prodrugs have been described which, instead of being 
reduced to release a cytotoxin, release an inhibitor of a molecular target (reviewed 
in (Mistry et al. 2017)). It should be noted that patient stratification is likely to be 
absolutely essential to this approach as mechanism of action for these agents 
requires hypoxia, i.e., they cannot and should not work in non-hypoxic tumors.

6.6  Vascular “Normalization”

Intracellular signal transduction pathways are known to play an important role in 
determining tumor response to radiation with the well-studied EGFR/Ras/
PI3K/AKT pathway shown to be of particular importance. Preclinical experiments 
have demonstrated that inhibitors of EGFR, Ras, PI3K, and AKT produce marked 
“normalization” of tumor microvasculature with increased perfusion and alleviation 
of tumor hypoxia (Qayum et al. 2009; Cerniglia et al. 2009). Furthermore, in xeno-
graft models it was observed that PI3K inhibition resulted in significant tumor 

Fig. 11.1 Schematic representation of tumor hypoxia and the mechanism of action of hypoxia-
activated prodrugs. As described regions of hypoxia occur at distances of 100–200  μM from 
 functional blood vessels due to the metabolism of oxygen by the tumor cells. Hypoxia-activated 
prodrugs, which traditionally release a cytotoxin but more recently are molecularly targeted inhibi-
tors, are inactive in oxic conditions but in response to hypoxia become reduced to release the active 
agent. In some cases, the active agent not only kills the hypoxic cells but also enters the surround-
ing oxic cells through a bystander mechanism
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growth delay after radiation because of vascular remodeling, which was indepen-
dent and synergistic to increasing intrinsic radiosensitivity (Fokas et  al. 2012). 
Excitingly, recently the specific PI3K inhibitor buparlisib has been shown to result 
in a reduction in tumor hypoxia as measured by FMISO PET in patients with 
advanced NSCLC and to be well tolerated in combination with palliative thoracic 
radiation (McGowan et al. 2019) although no assessment of radiation response was 
possible in this study.

Novel strategies to normalize tumor angiogenesis and microenvironment to 
improve hypoxia and radiation outcomes are comprehensively described in 
Chap. 12.

6.7  Summary of Past Approaches

Over the last three decades, a truly wide range of different approaches has been 
employed to tackle hypoxia-mediated radioresistance and a meta-analysis of such 
treatments in HNSCC has demonstrated improvement in LRC and OS, thus provid-
ing level 1a evidence for hypoxia modification with radiation. However, due to 
inconsistency of results observed over the years with any outcome improvements 
only modest at best, no such treatment is widely used. Concerns regarding toxicity 
and challenges in practical delivery have further curbed enthusiasm. It is now well 
recognized that one of the major reasons why hypoxia modification has failed to 
show significant changes in radiation therapy outcomes is that there has been a 
complete lack of selecting patients for treatment based on tumor hypoxia and there-
fore likely to benefit most from such intervention. The reasons for this are largely 
due to the fact that there is currently no agreement as to which measure of hypoxia 
should be used for this purpose with many current techniques lacking sufficient 
validation. We should also consider our selection of in vivo models for testing of 
hypoxia modifying therapies. The tendency is to choose cell line/tumor models with 
levels of hypoxia, which are perhaps non-realistic of human tumors. Undeniably, 
novel and more efficacious hypoxia modification treatments are also required and 
more recently attention has focused on modulation of tumor metabolism, as will be 
discussed below.

7  Oxidative Phosphorylation as an Emerging Target 
to Tackle Tumor Hypoxia

In contrast to previous methods largely aimed at increasing oxygen delivery to 
tumors, an alternative and exciting novel strategy to tackle tumor hypoxia is to 
reduce the tumor oxygen consumption rate (OCR), thus addressing the other side of 
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the oxygen supply and demand equation. More specifically, there is growing interest 
in reducing tumor OCR through inhibition of oxidative phosphorylation (OXPHOS).

7.1  Overview of Cellular Respiration

Cellular respiration describes a series of well-characterized metabolic reactions by 
which cells convert available nutrients into biochemical energy in the form of ade-
nosine triphosphate (ATP). The most readily available source of cellular energy is 
glucose and molecular oxygen plays a key role in its conversion to ATP. The first 
step in cellular respiration in most organisms is glycolysis, also referred to as the 
Embden-Meyerhof-Parnas pathway. This oxygen-independent pathway constitutes 
a ten-step multienzyme process occurring in the cytosol and converts one molecule 
of glucose into two molecules of pyruvate whilst producing two reduced nicotin-
amide adenine dinuceotide (NADH) and two ATP molecules (net yield). The fate of 
pyruvate and cellular respiration hereon is highly dependent on the presence of 
molecular oxygen (Lunt and Vander Heiden 2011). In the absence of oxygen, pyru-
vate is reduced to lactate by lactate dehydrogenase (LDH). This results in the regen-
eration of NAD+ through NADH oxidation and as NAD+ is required during glycolysis 
for ATP production, this enables ongoing cellular energy production under anaero-
bic conditions. Lactate may be converted back to pyruvate by LDH and used for 
aerobic respiration if oxygenation has increased, or it diffuses into the circulation 
and can be converted back into glucose by the liver in the Cori cycle.

In contrast, in the presence of oxygen, pyruvate generated during glycolysis 
enters the mitochondrial matrix, where it undergoes oxidative decarboxylation by a 
series of enzymes which make up the pyruvate dehydrogenase complex (PDH) and 
is converted into acetyl coenzyme A (acetyl CoA). Acetyl CoA enters the citric acid 
cycle, also known as the Krebs or tricarboxylic acid cycle, by combining with oxa-
loacetate to form citrate, which is systematically converted back to oxaloacetate and 
then combines with acetyl CoA, and so the cycle repeats. Each full cycle produces 
one guanosine triphosphate (GTP), one reduced flavin adenine dinucleotide 
(FADH2) and three NADH molecules. FADH2 and NADH move to the inner mito-
chondrial membrane and facilitate ATP production during the process of OXPHOS 
(Lunt and Vander Heiden 2011).

The electron transport chain (ETC) uses NADH and FADH2 produced by the 
Krebs cycle and NADH from glycolysis to produce ATP. Electrons from NADH and 
FADH2 are released and transferred systematically through protein complexes 
located in the inner mitochondrial membrane, thus forming the ETC. These inner 
membrane protein complexes include four enzyme complexes, complex I, complex 
II, complex III, and complex IV, and two coenzymes, ubiquinone (also known as 
co-enzyme Q) and cytochrome c. As electrons are passed from one electron carrier 
to another, it results in their reduction and then oxidation, which releases enough 
energy to pump hydrogen ions across the inner membrane into the space between in 
the inner and outer mitochondrial membranes. The accumulation of protons in this 
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intermembrane space creates a steep electrochemical gradient across the inner 
membrane. As protons traverse the protein pore complex ATP synthase embedded 
in the inner membrane back into the mitochondrial matrix, the shaft of the complex 
rotates and catalyzes the production of ATP by attaching a phosphate to ADP. In 
total, for every glucose molecule that enters aerobic respiration, a net yield of 36 
ATPs is produced. Once the electrons have passed through the ETC, they are com-
bined with molecular oxygen and hydrogen ions to form water molecules. Therefore, 
oxygen can be viewed as the terminal electron acceptor and electron flow through 
the ETC ceases without oxygen. The ETC couples the transfer of electrons from 
donor molecules to oxygen with ATP production, thus representing the process 
known as OXPHOS (Kühlbrandt 2015).

7.2  Altered Metabolism in Cancer and the Impact 
of Tumor Hypoxia

A well-established hallmark of cancer is highly abnormal energy metabolism (Jones 
and Thompson 2009; Hanahan and Weinberg 2011). First observed by Otto Warburg 
in 1920s (Koppenol et al. 2011), cancer cells reprogram energy metabolism to pre-
dominantly rely on glycolysis, even in the presence of normal oxygenation. This 
phenomenon of “aerobic glycolysis” is characterized by marked increase in glucose 
uptake by cancer cells, largely by upregulation of glucose transporters such as trans-
porter 1 (GLUT1) (Jones and Thompson 2009). Although relying on glycolysis for 
energy metabolism may seem counterintuitive due to lower yields of ATP per mole-
cule of glucose molecule compared with OXPHOS, the sheer abundance of glucose 
due to increased uptake results in far greater ATP production and at a faster rate.

Pro-proliferative signal transduction pathways are known to function as glyco-
lytic drivers with increased PI3K/AKT/mTOR signaling and overexpression of 
RAS and c-myc known to be of key importance (Jones and Thompson 2009; 
DeBerardinis et  al. 2008). For example, AKT has been shown to be perhaps the 
most important as it appears to be sufficient to drive glycolysis independently 
(Elstrom et al. 2004), whilst c-myc increases transcription of GLUT1, as well as 
multiple key enzymes involved in glycolysis (Osthus et al. 2000; Dang et al. 1997).

Tumor hypoxia also plays an important role in fueling glycolysis, primarily 
through HIF-1 signaling. For example, HIF-1 upregulates GLUT1 as well as virtu-
ally all of the glycolytic enzymes, with key examples being HK, PGI, and LDH 
(Dang and Semenza 1999; Semenza 2010). In addition, HIF-1 also increases expres-
sion of PDH kinase 1 which inhibits PDH complex activity, thus preventing the 
irreversible conversion of pyruvate into acetyl CoA and entry into the citric acid 
cycle (Kim et al. 2006), and therefore functions as an important switch between 
glycolysis and OXPHOS respiration. Within the mitochondria itself, HIF-1 tightly 
regulates the expression of different isoforms of subunit COX4 and the function of 
ETC complex IV of the electron transport chain, thus impacting on ATP production 
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and oxygen consumption (Fukuda et  al. 2007). More recently, it is increasingly 
recognized that HIF-1 also regulates the expression of a wide range of miRNAs 
which fine tune metabolic pathways, as outlined in a comprehensive review (Orang 
et al. 2019).

In terms of OXPHOS activity in cancer, downregulation has been demonstrated 
in several tumor types and attributed to mitochondrial DNA (mtDNA) mutations, or 
reduced mtDNA content, given that mtDNA codes for many of the subunits of 
OXPHOS protein complexes I to V (Yu 2011). Such downregulation of OXPHOS 
has been demonstrated to correlate with poor clinical outcomes in many cancers and 
shown to be associated with invasive and metastatic tumor phenotypes (Gaude and 
Frezza 2016).

7.3  Emergence of the Importance of OXPHOS in Cancer

Because of the observation that glycolysis is upregulated and OXPHOS is down-
regulated in tumors, it has become a long-held belief that OXPHOS is largely redun-
dant in cancer and thus has been largely forgotten. However, more recently it has 
been demonstrated that in a number of tumor types mitochondrial metabolism is not 
downregulated, including pancreatic and endometrial cancer as well as in lym-
phoma and high OXPHOS subtype melanoma (Moreno-Sánchez et  al. 2007; 
Weinberg and Chandel 2015). In addition, it has increasingly become recognized 
that OXPHOS is indeed active in cancer cells and does in fact contribute, although 
to a varying degree, to cellular energy production (Zu and Guppy 2004). Such is the 
higher yield of ATP production with OXPHOS compared with glycolysis, that it has 
been shown that when OXPHOS activity is reduced as low as 6%, it still contributes 
to 50% of the cell’s energy requirements (Mookerjee et al. 2017). In a meta-analysis 
of normal cell types and cancer cell lines, the average contribution of OXPHOS to 
ATP production was 80% in normal cells and 83% in cancer cells (Zu and Guppy 
2004). Despite the often severely hypoxic conditions within tumors, the level of 
oxygen, the key determinant of the oxygen consumption rate (OCR) (Moreno-
Sánchez et al. 2009; Vaupel and Mayer 2012), is generally above that which would 
impair mitochondrial respiration as the KmO2 of COX is as low as 0.1–0.8 μM in 
different biological systems (Moreno-Sánchez et al. 2007).

The previous explanation that decreased OXPHOS in cancer is attributable to 
significantly decreased or mutated mitochondrial (mt) DNA is controversial. In fact, 
many types of cancer have increased mtDNA content relative to normal tissue 
(Reznik et al. 2016; Yu 2011). With regard to mtDNA mutations, analysis of paired 
tumor and normal tissue samples has revealed deleterious somatic tumor-specific 
mtDNA mutations in the majority of rectal and colon adenocarcinomas (Larman 
et al. 2012). Furthermore, such mutations were identified in all mtDNA genes many 
of which were predicted to impair OXPHOS. Interestingly, it has been shown that 
cancer cells with these mutations in OXPHOS-related genes such as complex I 
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subunits, have much higher sensitivity to complex I inhibitors (Birsoy et al. 2014), 
indicating these mutations play an important role in cancer cell function.

Further still, in vitro experiments using ethidium bromide to deplete mitochon-
drial DNA have demonstrated that reduction of mitochondrial respiration dramati-
cally changes the behavior of cancer cells and decreases tumorigenic potential 
(Cavalli et al. 1997). This is supported by a number of different cancer cell in vivo 
models, which have demonstrated that depletion of mitochondrial respiratory com-
plexes results in delayed tumor formation following transplantation and an inability 
of cancer cells to metastasize (Tan et al. 2015). Interestingly, when tumors did even-
tually form and disseminate, they showed marked reactivation of OXPHOS due to 
acquisition of host mitochondrial DNA. There is also growing evidence that reli-
ance on OXPHOS, and in fact impaired glycolysis, is a key feature of cancer stem 
cells and quiescent cancer cells resistant to standard therapies and responsible for 
repopulation of tumors after treatment (Viale et al. 2015).

Perhaps one important role of OXPHOS in carcinogenesis is the production of 
reactive oxygen species (ROS). High levels of ROS production has long been rec-
ognized to be a classical feature of tumors (Szatrowski and Nathan 1991) with many 
early studies focused on the DNA damaging effects of ROS, which is believed to be 
tumorigenic by promoting genomic instability (Ames et al. 1993). However, more 
recently a paradigm shift has occurred in our understanding of ROS with a more 
nuanced view of the importance of ROS as signaling pathway molecules, promoting 
tumorigenesis by regulation of cellular proliferation, metabolic alterations, and 
angiogenesis (Sullivan and Chandel 2014).

Therefore, after decades of disregard, OXPHOS has re-emerged as a functioning 
and important part of cancer cellular function. As OXPHOS consumes significant 
quantities of oxygen, inhibition of this process is a novel approach to reduce tumor 
oxygen consumption and therefore tackle tumor hypoxia.

7.4  OCR Inhibition to Alleviate Tumor Hypoxia

Over the last few years, there has been growing interest in using OXPHOS inhibi-
tors to reduce tumor OCR. Such an approach would permit unconsumed oxygen to 
diffuse into adjacent low oxygen regions and therefore alleviate tumor hypoxia. 
Indeed, 3D multicellular spheroid studies have demonstrated that OCR reduction 
alleviates central hypoxic regions by increasing the availability of free oxygen 
(Secomb et al. 1995; Grimes et al. 2014). In support of this approach, mathematical 
modeling suggests that only a 30% decrease in OCR would abolish severe hypoxia 
(Grimes et al. 2014) and that reduction in OCR is likely to be a more effective strat-
egy to reduce hypoxia than previous methods aimed at increasing oxygen supply 
(Secomb et al. 1995).

Inhibition of OXPHOS has been shown to reduce OCR in many different cancer 
cell types, indicating potential wide applicability (Ashton et  al. 2016). Also this 
approach is thought less susceptible to poor tumor perfusion as such inhibitors 
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would initially target OXPHOS in well-perfused and non-hypoxic regions, which 
would then result in oxygen rapidly diffusing to adjacent regions of chronic hypoxia, 
thus targeting “hard to reach” tumor regions indirectly (Ashton et al. 2018).

A number of FDA-approved drugs are known to inhibit OXPHOS through off-
target effects and have gained attention as potentially clinically useful OCR inhibi-
tors (Ashton et al. 2018). In particular, the anti-diabetic medication metformin has 
been most studied in this context. This biguanide is the most widely prescribed 
medication for treatment of type II diabetes mellitus and exerts its glucose-lowering 
effect through inhibition of hepatic gluconeogenesis (Hunter et  al. 2018). The 
potential of metformin as an anti-cancer agent first came to light when large epide-
miological and retrospective studies demonstrated that diabetic patients taking 
 metformin had significantly lower incidence of cancer and better clinical outcomes 
following treatment, including in the context of radiotherapy, than patients with 
diabetes taking alternative medication (Cao et al. 2017; Koritzinsky 2015; Pernicova 
and Korbonits 2014). The observed benefits of metformin have been attributed to a 
number of its effects, including systemically lowered insulin/insulin-like growth 
factor-1 (IGF-1) as well as potential inhibition of mammalian target of rapamycin 
(mTOR), activation of AMP-activated kinase (AMPK), and reduction in ROS 
(Belfiore et al. 2009; Algire et al. 2012; Dowling et al. 2007). The mechanism by 
which metformin reduces OCR is through inhibition of complex I of the ETC 
(Owen et  al. 2000). Preclinical data has shown that metformin reduces OCR in 
numerous cancer cell lines leading to alleviation of hypoxia in spheroids as well as 
in xenograft models with corresponding improvement in radiation response (Ashton 
et al. 2016; Zannella et al. 2013; De Bruycker et al. 2019).

However, unfortunately despite such promise, clinically achievable concentra-
tions of metformin are significantly lower than those required in preclinical models 
to result in meaningful OCR reduction, and thus unlikely to be a good anti-hypoxia 
agent. Furthermore, in a number of cell types, metformin was shown to be ineffec-
tive at inhibiting OCR, suggesting potential limited applicability (Ashton et  al. 
2016). A recent clinical study in breast cancer has demonstrated that metformin 
does alter tumor metabolism, switching it to a glycolytic phenotype (Lord et  al. 
2018), suggesting sufficient tumor metabolism modulatory activity in patients; 
however, no hypoxia measures were utilized. A recent randomized study of concur-
rent chemoradiation therapy with or without metformin in locally advanced NSCLC 
failed to demonstrate improvement in outcomes (Tsakiridis et al. 2019). Recently, 
Lord et al. reported that treatment of breast cancer patients with metformin, which 
inhibits OXPHOS through complex I rather than complex III inhibition, resulted in 
a shift in tumor metabolism from OXPHOS to glycolysis (Lord et al. 2018), there-
fore supporting that metabolic reprograming is achievable using OXPHOS inhibi-
tors in the clinical setting. As glycolysis has long been associated with tumor 
progression and metastasis (Heiden and DeBerardinis 2017), some may voice con-
cern that this approach may be detrimental in terms of disease progression. However, 
retrospective studies have unanimously demonstrated superior outcomes for cancer 
patients receiving metformin compared to diabetic patients taking alternative medi-
cation, with such improvements independent of diabetic control (Cao et al. 2017; 
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Koritzinsky 2015; Pernicova and Korbonits 2014; Belfiore et al. 2009; Algire et al. 
2012; Dowling et al. 2007). A number of clinical studies are currently underway to 
investigate the effect of metformin on tumor hypoxia with no reported results 
as of yet.

Numerous other FDA-approved drugs, as well as new experimental agents, have 
been shown to inhibit OXPHOS preclinically but several have significant toxicity 
and unfavorable pharmacokinetics, and are thus unattractive candidates (Wang et al. 
2003; Ashton et al. 2016). In one early phase study of the novel complex I inhibitor 
BAY87–2243, the trial was terminated early due to unexpected toxicity (Kirkpatrick 
and Powis 2017), demonstrating the importance of carefully assessing the safety of 
such agents, especially when combined with chemotherapy or radiation.

Another complex I inhibitor papaverine has also been shown to reduce hypoxia 
and improve tumor radiation response preclinically (Benej et al. 2018). Parpaverine 
is an FDA-approved compound conventionally used to treat arterial spasm; this is 
independent of its ability to inhibit complex I, but instead by inhibiting phosphodies-
terase 10A (PDE10A). An attractive property of parpaverine is that pre-treatment of 
just 45  min resulted in a significant reduction in tumor hypoxia, and subsequent 
radiosensitization. This relatively short pre-treatment time adds to the potential of 
parpaverine being translated to a clinical setting. Papaverine is undergoing phase I 
testing in combination with stereotactic ablative body radiotherapy (SABR) in 
NSCLC but unfortunately, once again, no hypoxia readouts have been included in the 
study design.

Overall, preclinical data is highly encouraging for developing OXPHOS inhibi-
tors in order to reduce OCR and thus tumor hypoxia. However, the translation of 
such agents into the clinical setting has proven challenging with no clinical evidence 
to date of alleviation of tumor hypoxia. Any agent being developed for this purpose 
must not only have strong preclinical data to support its effect on OCR and hypoxia, 
but do so at clinically relevant concentrations and with favorable toxicity profile.

7.5  Atovaquone as a Novel Tumor Hypoxia Modifier 
and Radiosensitizer

The recent discovery that the commonly prescribed and well-tolerated antimalarial 
drug atovaquone meets criteria of affecting OCR/hypoxia at clinically relevant con-
centrations and acceptable toxicity is of great promise. Atovaquone is an FDA-
approved drug in widespread clinical use for over 20 years. It is currently used as a 
single agent for the treatment of the Pneumocystis pneumonia caused by the oppor-
tunistic fungus Pneumocystis jirovecii, and in combination with proguanil for the 
prophylaxis and treatment of malaria caused by the protozoa Plasmodium falciparum.

Atovaquone (2-[trans-4-(4′-chlorophenyl) cyclohexyl]-3-hydroxy-1,4-naphtho-
quinone, 566C80) is a ubiquinone (co-enzyme Q10) analogue which emerged in 
1991 as the leading compound with efficacy against malaria and opportunistic 
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infections such as Pneumocystis pneumonia in immunosuppressed patients with 
favorable pharmacokinetic properties (Hudson et  al. 1991). Following required 
improvements in synthesis methodology, atovaquone became a commonly used 
antimicrobial in patients from the mid-1990s. Today, in combination with progua-
nil, atovaquone accounts for over 70% of malarial prophylaxis prescriptions in the 
USA (LaRocque et al. 2012).

The mechanism of action of atovaquone against Plasmodium falciparum is 
mediated through inhibition of mitochondrial complex III (Fry and Pudney 1992; 
Srivastava et al. 1997), whereas the mechanism responsible for atovaquone’s activ-
ity against Pneumocystis species still remains unknown. Complex III, also known as 
cytochrome bc1 complex or co-enzyme Q cytochrome c reductase, is a multi-sub-
unit transmembrane protein located in the inner mitochondrial membrane which 
couples the electron transfer from ubiquinol, the reduced form of ubiquinone or 
co-enzyme Q, to cytochrome c, resulting in the movement of four protons across the 
lipid bilayer and thereby contributing significantly to ATP production. Atovaquone 
binds to the catalytic Qo site through hydrogen bonding to the Rieske iron-sulfur 
proteins which form the most important catalytic subunit of complex III required for 
transfer of electrons from ubiquinol during the ETC (Birth et al. 2014; Mather et al. 
2005). By disrupting mitochondrial respiration in this way, atovaquone significantly 
prevents energy production in parasites. In addition, atovaquone also acts by block-
ing essential pyrimidine biosynthesis, which has been shown to be the predominant 
metabolic function of complex III in Plasmodium falciparum (Painter et al. 2007).

Atovaquone causes very few side effects and has an excellent safety profile. 
Adverse events which have potentially been attributed to atovaquone are generally 
very mild and most commonly include rash, fever, vomiting, diarrhea, abdominal 
pain, and headache (MEPRON (atovaquone) Suspension–GSKSource, Anon. n.d.-
a; Wellvone 750 mg/5 ml oral suspension—Summary of Product Characteristics 
(SmPC)—(emc), Anon. n.d.-b). Encouragingly, an overdose of atovaquone with 
31,500 mg resulted in no observed toxicity (Cheung 1999).

Using a Seahorse XF analyzer, Ashton et al. (Ashton et al. 2016) conducted a 
high-throughput screen of 1697 FDA-approved drugs to assess their effect on OCR 
in FaDu hypopharyngeal cancer cells. Subsequently, it was demonstrated that 10 μM 
atovaquone dramatically reduced OCR by approximately 80–90% in A549 NSCLC, 
H1299 NSCLC, H460 NSCLC, HCT116 colorectal cancer, DLD-1 colorectal can-
cer, MCF7 breast cancer, and T24 bladder cancer cells. A lesser but still impressive 
reduction of 58% in OCR was seen in PSN-1 pancreatic cancer cells. Furthermore, 
the effect on OCR was dose-dependent with smaller but still significant decreases in 
OCR observed at 2 μM (Ashton et al. 2016). Atovaquone was then demonstrated to 
completely alleviate hypoxia in 3D spheroids of FaDu, H1299, and HCT116 3D 
cells, again at clinically achievable concentrations. Combination of atovaquone 
treatment and radiation in FaDu spheroids resulted in increased growth delay follow-
ing irradiation. In vivo experiments provided further support for atovaquone as a 
tumor hypoxia modifier and radiosensitizer. Using FaDu and HT116 mice xenograft 
models, 7 days of atovaquone treatment was shown to eradicate tumor hypoxia as 
detected by tumor EF5 staining, with mean mice plasma levels comparable to those 
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seen in patients. There was no effect on tumor growth in FaDu xenografts with 
 atovaquone treatment alone, but marked tumor growth delay was observed when 
combined with radiation (Ashton et al. 2016).

Mechanistic experiments in FaDu cells demonstrated that, as per its antimicro-
bial mode of action, atovaquone specifically inhibits mitochondrial complex 
III. With regard to radiosensitization, colony formation assays performed under dif-
ferent oxygen conditions revealed that atovaquone did not alter radiosensitivity, 
indicating that atovaquone is not an intrinsic radiosensitizer (Ashton et al. 2016).

Overall, this data provides compelling evidence that atovaquone decreases OCR 
through mitochondrial complex III inhibition, which results in a reduction in tumor 
hypoxia and in turn results in tumor radiosensitization. Given that hypoxia is pre-
dominantly a tumor-specific phenomenon, it is hypothesized that atovaquone would 
preferentially sensitize tumors and not normal tissues to radiation and thus improve 
the therapeutic index for radiation therapy.

A number of recent studies have also demonstrated that atovaquone inhibits cancer 
cell proliferation. For example, atovaquone has been shown to inhibit proliferation 
and induce apoptosis in renal cell carcinoma cells through a mechanism dependent 
upon mitochondrial complex III inhibition and increased ROS production (Chen et al. 
2018). This group also showed that in vitro and in vivo atovaquone increased the 
efficacy of 5-fluorouracil (5-FU) and interferon-α (IFN-α) in this tumor type. Further 
still, in hepatocellular carcinoma (HCC) cells, atovaquone significantly inhibited pro-
liferation through S phase cell cycle arrest with both intrinsic and extrinsic apoptotic 
pathway induction associated with upregulation of p53 and p21. Further investigation 
revealed that atovaquone induced double-stranded DNA breaks, leading to sustained 
activation of ataxia-telangiectasia mutated (ATM) kinase and its downstream mole-
cules such as cell cycle checkpoint kinase-2 (CHK2) and H2AX. Subsequent in vivo 
experiments demonstrated that atovaquone-inhibited tumor growth and prolonged 
survival of tumor-bearing mice (Gao et al. 2018). However, in this study atovaquone 
did not have any significant effect on tumor growth. Furthermore, as previously 
described Ashton et al. did not observe any direct antiproliferative effect of atova-
quone in numerous cancer cell types or tumor growth delay in xenograft models 
(Ashton et al. 2016), thus suggesting that perhaps the antiproliferative effects of ato-
vaquone are dependent on cell type, as well as specific experimental conditions.

Lastly, atovaquone has also recently been shown to have direct activity against 
cancer stem-like cells (CSCs). In MCF7 breast cancer cells, atovaquone inhibits 
oxygen consumption and induces glycolysis as well as oxidative stress. Given that 
MCF7-derived CSCs are highly dependent on mitochondrial respiration, atova-
quone inhibits CSC proliferation with an IC-50 of just 1 μM. Furthermore, in cer-
tain CSC populations, atovaquone induces apoptosis (Fiorillo et al. 2016).

Overall, there is therefore growing evidence that in addition to hypoxia modifica-
tion and thus its potential as a radiosensitizer, atovaquone may be a multifunction-
ing anti-cancer agent. Atovaquone is extremely well tolerated, which is of key 
importance especially for combining it with toxic therapies such as radiation and 
chemotherapy where the therapeutic window is often already very narrow. The find-
ing that atovaquone is so well tolerated is somewhat surprising given that OXPHOS 
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is an integral part of normal cellular function and the main source of energy produc-
tion. Perhaps the answer lies in the fact that atovaquone has been shown not to alter 
the metabolic state of normal cells. For example, in normal human fibroblasts no 
alteration in metabolic function were observed following atovaquone treatment 
(Fiorillo et  al. 2016). This apparent cancer-specific inhibition of OXPHOS adds 
further impetus for developing this agent as an anti-cancer treatment.

8  Summary

Tumor hypoxia is arguably the best validated target in oncology due to its multifari-
ous role in tumorigenesis and the profound resistance to radiation therapy it confers. 
In no other tumor type is the need for improving tumor radiosensitivity more evi-
dent than in locally advanced NSCLC where exceptionally poor outcomes follow-
ing chemoradiation are unfortunately part of everyday clinical practice. Therefore, 
the development of novel hypoxia modifiers to improve radiation efficacy repre-
sents an unmet and urgent clinical need for this patient population. An exciting new 
strategy to tackle tumor hypoxia is reprogramming cellular metabolism through 
inhibition of OXPHOS to reduce tumor OCR. The commonly prescribed antimicro-
bial drug atovaquone has emerged as the most promising agent for this purpose. 
However, despite decades of clinical research combining promising hypoxia modi-
fiers with radiotherapy, no such agent has been adopted into widespread clinical use. 
The reasons for this are clear and multifactorial. Although improvement in out-
comes has been observed, it has been modest at best and often with concerns regard-
ing toxicity or practical deliverability (Overgaard 2011). However, perhaps of 
greater importance is that there has been an almost complete absence of proof-of-
principle studies to confirm the ability of such agents to reduce tumor hypoxia in 
patients. The barrier to conducting such studies has undeniably been a lack of 
robust, widely available and adequately validated biomarkers for the clinical evalu-
ating tumor hypoxia. This has not only significantly impeded the investigation of 
the efficacy of hypoxia modifiers, but it has also resulted in an inability to accurately 
select patients who are likely to benefit most from such treatment. It is likely that 
only when hypoxia biomarkers are widely available will hypoxia modification enter 
the well-established era of personalized medicine and significant improvements in 
outcomes be realized.
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Chapter 12
Normalizing the Tumor Microenvironment 
for Radiosensitization

John D. Martin and Rakesh K. Jain

Abstract Radiation is used in various cancer treatment regimens. However, 
hypoxia—a hallmark of the tumor microenvironment (TME)—drives disease pro-
gression and limits response to radiation, chemo-, immuno-, and targeted therapies. 
Hypoxia is a prognostic biomarker of worse outcome in most types of solid tumors. 
Combinations of radiation therapy and molecular targeted radiosensitizers are lim-
ited by hypoxia through multiple mechanisms. Thus, targeting the tumor microenvi-
ronment to ameliorate hypoxia is a promising strategy for cancer treatment broadly 
and radiosensitization specifically. Key processes that cause hypoxia are dysregu-
lated angiogenesis and desmoplasia, which induce formation of tumor vessels that 
are abnormal in structure and function thereby reducing vessels’ efficiency in deliv-
ering oxygen, other nutrients, immune cells, and drugs. Judiciously inhibiting angio-
genesis and desmoplasia normalizes the tumor microenvironment towards alleviating 
hypoxia and reversing treatment resistance. By increasing oxygen, drug, and anti-
tumor immune-cell accumulation and distribution within tumors and their metasta-
ses, TME normalization could be a beneficial component of radiation regimens for 
many patients. We describe opportunities to combine molecular targeted and other 
radiosensitizers to improve outcomes in cancer patients. We also outline challenges 
to the preclinical development and clinical translation of these combinations.
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1  Introduction

Radiation therapy (RT) is widely used to treat cancer, but its use can be expanded 
because it can prime tumors to be sensitive to other therapies and also its efficacy 
can be improved by radiosensitizers (Bristow et al. 2018; Sharabi et al. 2015). Our 
hypothesis is that tumor progression and treatment resistance are fueled by sub- 
physiological oxygen concentration—hypoxia—within tumors (Martin et  al. 
2019b). Furthermore, we propose that RT should be employed to reduce hypoxia 
towards sensitizing tumors to other therapies. In addition, alleviation of hypoxia can 
effectively sensitize a tumor for RT alone as well as with other treatments.

The tumor microenvironment (TME)—the non-cancerous components of solid 
tumors (Fig. 12.1)—is co-opted by cancer cells to promote hypoxia. The abnormal 
growth (angiogenesis) and structure of vessels (Goel et al. 2011; Carmeliet and Jain 
2011a), fibrosis (desmoplasia) (Jain et al. 2014), and immune cells (inflammation) 
(Datta et al. 2019; Munn and Jain 2019; Mazzone and Bergers 2019) causes tumor 
blood vessels to inefficiently deliver blood and oxygen to tumor tissue. Accordingly, 
biomarkers of these processes along with hypoxia are prognostic biomarkers of 
worse outcome across most cancer types (Martin et al. 2019b). Thus, strategies that 
normalize the TME towards reversing hypoxia have succeeded in certain cancer 
types in combination with other therapies and are currently being integrated more 

Fig. 12.1 Solid tumors are made up of malignant cancer cells and stroma produced abnormally 
through dysregulated angiogenesis, desmoplasia, and inflammation. Cancer cells enlist 
nonmalignant stromal cells, including fibroblasts, immune cells, and blood and lymphatic vascular 
cells and the extracellular matrix. The result is a pathological molecular, metabolic, and physical 
microenvironment that promotes tumor progression while resisting therapy and host immune 
response. From Martin et al. (2019b) with permission
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broadly (Jain 2001, 2005, 2008; Carmeliet and Jain 2011b; Goel et al. 2011; Vasudev 
and Reynolds 2014; Martin et al. 2016, 2019b; Viallard and Larrivée 2017).

Vascular normalization using anti-angiogenic therapies (AAT), cancer-associ-
ated fibroblast (CAF)/extracellular matrix (ECM) normalization through CAF 
reprogramming using mechanotherapeutics (Sheridan 2019) and immunothera-
peutics particularly immune checkpoint blockade (ICB) alone or in combination 
can normalize the TME towards alleviating hypoxia (Martin et al. 2019b). Here, 
we will describe these strategies in the context of serving as radiosensitizers. In 
addition, we will explore how RT can prime tumors for other therapies. After dis-
cussing considerations for various combinations of these therapies, we will pro-
vide an overview of some challenges involved in the translation of preclinical 
studies investigating various drug combinations to clinical practice.

2  Hypoxia Is a Critical Biomarker of Treatment Resistance 
and Response

Cancer cells rely on nutrients delivered by nearby vessels to grow and proliferate. 
However, cancer cells induce these vessels to become inefficient, and the vessels 
quickly become leaky and collapsed (Hagendoorn et al. 2006). Specifically, cancer 
cells stimulate angiogenesis to produce immature vessels (Goel et  al. 2011) and 
generate forces that produce solid stress and stimulate CAFs to produce ECM that 
stores the stress (Jain et  al. 2014). The neovasculature in tumors does not fully 
mature and the result is vessel hyperpermeability and abnormal morphology (Jain 
2003). The solid stress compresses vessels. Permeability and compression vary with 
the tumor type, stage, and location within a single lesion and between lesions in the 
same patient (Martin et al. 2019b; Yuan et al. 1994; Netti et al. 2000).

While healthy cells require nutrients to grow, cancer cells benefit from inefficient 
vasculature. Low oxygen concentrations—hypoxia—grant cancer cells a survival 
advantage by exerting a selection pressure for malignant cells and helping them 
avoid immune surveillance. Additionally, hypoxia promotes resistance to radiation, 
chemotherapy, and immunotherapy. Indeed, oxygen is a validated prognostic bio-
marker and an emerging potential biomarker of response (Martin et al. 2019b).

2.1  Hypoxia Promotes Disease Progression

Hypoxia exerts a selection pressure that enables the most malignant cancer cells to 
survive despite the apoptotic cues of hypoxia (Wilson and Hay 2011; Carmeliet 
et al. 1998). Furthermore, hypoxia inhibits tumor-suppressive genes, which enables 
cancer cells to expand (Thienpont et  al. 2016). Additionally, hypoxia promotes 
more aggressive invasive phenotypes of cancer cells. Specifically, hypoxia influences 
cancer stem cell (Semenza 2016) and epithelial-to-mesenchymal transition (Philip 
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et  al. 2013) phenotypes. Finally, hypoxia facilitates portions of the metastatic 
cascade, which enables cancer cells to spread throughout the body. For example, 
hypoxia stimulates production of pro-migratory and ECM-degrading signals that 
enable cancer cells to move through the tumor, intravasate into vessels and circulate 
throughout the host (Estrella et al. 2013; Schito and Semenza 2016).

2.2  Hypoxia Promotes Treatment Resistance

Hypoxia promotes treatment resistance to radiation, chemotherapy, and immunother-
apy. Besides affecting cancer cells, hypoxia also affects stromal cells in the TME, 
which ultimately results in immunosuppression and resistance to immunotherapy.

2.2.1  Radiation

Ionizing radiation damages mitochondria thereby promoting reactive oxygen species 
(ROS) production, which causes DNA damage leading to cell death. However, RT 
causes less DNA damage in hypoxic tumors (Rockwell et al. 2009). One mechanism 
involves hypoxia-mediated stabilization of hypoxia-inducible factor 1 (HIF1) thereby 
inducing glycolysis and accumulation of NADPH, which then scavenges ROS (Meijer 
et al. 2012). Glycolysis also induces the accumulation of lactate, which upregulates 
HIF1 to complete a cycle of hypoxia-mediated RT resistance (Lee et al. 2015).

2.2.2  Chemotherapy

Just like oxygen, intravenously administered chemotherapy relies on immature, 
inefficient tumor blood vessels to reach cancer cells. Thus, the characteristics of 
vessels that result in hypoxia also result in limited delivery of small-molecule 
chemotherapy. Indeed, even the delivery of larger nanomedicines, whose transport 
is also limited by slow diffusion in the extravascular space, is correlated with 
perfusion in mice (Stapleton et al. 2013). Because the delivery of drugs to a tumor 
lesion is correlated with the lesion’s response to treatment in patients (Lee et al. 
2017; Ramanathan et al. 2017), the presence of hypoxia is related to resistance to 
chemotherapy. Additionally, most—but not all—chemotherapies are less potent in 
hypoxia. Similarly, weak-base chemotherapies are neutralized by acidity, which is a 
feature of a hypoxic TME (Martin et al. 2019b).

2.2.3  Immunotherapy

ICB has generated exciting improvements in the survival of a subset of patients. 
However, ICB is estimated to benefit currently <13% of patients with cancer 
(Haslam and Prasad 2019) and a substantial fraction of patients will develop 
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immune-related adverse events (Postow et al. 2018). Hypoxia in the TME is a major 
cause of resistance to ICB through various mechanisms (Martin et al. 2020, Martin 
et al. 2019b; Fukumura et al. 2018; Datta et al. 2019; Munn and Jain 2019).

Hypoxia induces the expression of chemokines that recruit regulatory T (Treg) 
cells (Facciabene et al. 2011). These cells support tumor growth by promoting 
the immune system to tolerate the presence of cancer cells (Facciabene et al. 
2011; Togashi et al. 2019). Hypoxia also promotes expression of VEGF, which 
impairs the immune system’s recognition of cancer cells, because VEGF inhib-
its the maturation of dendritic cells (DCs) (Veglia and Gabrilovich 2017). As a 
result, DCs cannot effectively present cancer cell antigens to train the immune 
system to attack cancer cells. Even if DCs can train the immune system, angio-
genic signaling impairs leukocytes from binding to the vessel wall and trans-
porting into the extravascular space (Fukumura et  al. 2018, 1995). Indeed, T 
cells move slower in tissues with hypoxia (Rytelewski et al. 2019; Hatfield et al. 
2015). Even if T cells can transport into the tumor parenchyma to attack cancer 
cells, hypoxia limits their function. Hypoxia recruits immunosuppressive cells 
such as Treg that impair the ability of antitumor T cells to recognize and kill 
cancer cells (Maenhout et  al. 2014; Facciabene et  al. 2011). Hypoxia and 
hypoxia-induced signaling upregulates immune checkpoints on T cells and their 
ligands on cancer and stromal cells thereby halting the function of T cells (Voron 
et al. 2015; Palazon et al. 2017; Wallin et al. 2016; Noman et al. 2014, 2015). 
Similarly, acidity reduces the cytotoxic activity of T cells (Calcinotto et  al. 
2012). Like drugs and oxygen, some immune cells use blood vessels to traffic to 
tumors. In hypoxic tumor regions, perfusion is limited, which impairs immune-
cell infiltration. Indeed, perfusion is associated with response to ICB in mice 
(Zheng et al. 2018).

2.3  Hypoxia as a Prognostic Biomarker

Consistent with the mechanistic studies identifying hypoxia as a cause of disease 
progression and treatment resistance, there are numerous clinical studies validating 
hypoxia as an independent prognostic biomarker of poor outcome (Martin et  al. 
2016, 2019b; Wilson and Hay 2011). Paradoxically, oxygen is delivered by blood 
vessels and researchers have long observed that high vascularization is necessary 
for tumor growth (Goel et al. 2011). Indeed, microvascular density (MVD) in areas 
of intense vascularization (Weidner et  al. 1992) is an independent, prognostic 
biomarker of worse response that also has been validated broadly (Martin et  al. 
2019b). These findings present a paradox because high vascularity is required for 
tumor growth but the lack of oxygen, which is carried in the blood, also predicts 
more tumor progression.
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3  Components of the TME Cause Hypoxia

Low oxygen predicts worse outcome for patients, but even though vessels carry oxy-
gen, high vascularity also predicts worse outcome (Martin et al. 2019b). To resolve 
this paradox, in 2001 we postulated that the judicious use of angiogenesis inhibitors, 
which block the formation of new vessels through angiogenesis could improve vas-
cular function and thus improve oxygenation (Jain 2001, 2005). Here, we will 
describe how the various components of TME (Fig. 12.1) cause vascular abnormali-
ties in tumors thereby diminishing blood flow and oxygen delivery to tumors.

3.1  Vascular Abnormalities

3.1.1  Structure

The phenotype of endothelial cells (ECs), which make up the vessel wall, is abnor-
mal in tumors. In healthy vessels, ECs are polarized with blood flow and connected 
tightly to each other. In tumors, they are misaligned with blood flow, loosely con-
nected and sometimes protruding into the vessel lumen or extravascular space 
(Carmeliet and Jain 2011a; Mazzone et al. 2009). Like normal ECs, tumor ECs also 
have vesiculo-vacuolar organelles, which provide a trans-EC connection between 
the lumen and extravascular space that is enhanced by VEGF (Hashizume et  al. 
2000; Goel et al. 2011; Feng et al. 1996). The cells around vessels—known as peri-
cytes—structurally support vessels and fill gaps between ECs (Carmeliet and Jain 
2011a). Although they support EC quiescence, they detach from ECs during angio-
genesis (Morikawa et al. 2002). These tumor pericytes are less contractile thereby 
losing their ability to influence vessel function (Greenberg et al. 2008). In healthy 
vessels, the vascular basement membrane (BM) holds ECs and pericytes together. 
In tumors, the BM is discontinuous with holes and thicker regions (Baluk et  al. 
2003). Thus, the components of tumor vessels have irregular phenotypes (Jain 2003; 
Carmeliet and Jain 2011a; Goel et al. 2011).

The pathological angiogenic signaling and the abnormal phenotype of vessels 
results in a heterogeneous collection of vessels within tumors (Arvanitis et al. 2020). 
Even single vessels, which typically branch according to an orderly hierarchy of 
arteries, arterioles, capillaries, venules, and veins in normal organs lack these 
phenotypes and can vary substantially across their length (Less et al. 1991, 1997; 
Baish et  al. 2011). Tumor vessels can feature a large, dilated diameter, and be 
tortuous rather than being straight (Chauhan et al. 2011; Sevick and Jain 1989a). 
Other vessels can be collapsed shut and buckled (Griffon-Etienne et al. 1999; Padera 
et al. 2004; Stylianopoulos et al. 2012). They can be saccular and their branching is 
irregular (Less et al. 1991). As a result, there are regions of high vessel density and 
regions of low vessel density. Sometimes, tumor tissue volumes as large as cubic 
millimeters lack vessels, while in normal tissues there are vessels within at least 
100–200 micrometers of each other (Baish et al. 2011).
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3.1.2  Function

As tumor vessels undergo angiogenesis and ECs detach from each other and peri-
cytes, vessels become leaky (Carmeliet and Jain 2011a). Vesiculo-vacuolar organ-
elles might also contribute to leakiness (Hashizume et al. 2000; Feng et al. 1996). 
As fluid leaks from vessels, the pressure difference across the vessel wall is reduced 
and fluid transport into tumors is slowed (Netti et al. 1996; Chauhan et al. 2011). 
Additionally, vessel leakiness reduces intravascular blood flow by allowing plasma 
to leak thereby increasing the red blood cell density within vessels causing blood 
viscosity to increase (Sevick and Jain 1989b). Also, plasma leaking from vessels 
into the extravascular space reduces the pressure in vessels upstream thereby reduc-
ing the intravascular pressure gradient, which is the driving force of intravascular 
blood flow (Stylianopoulos et al. 2018). The abnormal phenotype of ECs and peri-
cytes limits their ability to control flow, which is transient in tumors and sometimes 
reverses direction. Additionally, some tumor vessels that collapsed under elevated 
solid stress lack blood flow (Chauhan et al. 2013). Non-collapsed, yet compressed 
vessels have reduced flow rate because shorter vessel diameters impair flow 
(Stylianopoulos et  al. 2018; Less et  al. 1997). In various regions within tumors, 
there is no flow because a local or upstream vessel is collapsed (Less et al. 1991; 
Stylianopoulos et al. 2012; Chauhan et al. 2013). Thus, abnormal vascular morphol-
ogy leads to spatial and temporal variations in blood flow (Jain 1988; Sun et al. 2007).

3.2  Causes of Vascular Abnormalities

3.2.1  Angiogenesis

One century ago, researchers observed that the vascular system is associated with 
tumor growth (Goldman 1907). In the 1940s, more insights into the vasculature of 
tumors using transparent window techniques were developed (Algire and Chalkley 
1945; Ide et al. 1939; Jain et al. 2002, 1997). In 1968, researchers proposed that 
tumors produce an “angiogenic” substance that stimulates neovascularization 
(Greenblatt and Philippe 1968). Shortly thereafter in 1971, Folkman put forth the 
hypothesis that blocking angiogenesis reduces tumor growth and metastasis 
(Folkman 1971). In 1978, it was observed that tissues acquire angiogenic capacity 
during neoplastic transformation—and, thus, the concept that anti-angiogenesis 
could be used to prevent cancer was put forward (Gullino 1978). Decades later, 
bevacizumab received the first approval as an anti-angiogenic agent (AAT) for treat-
ment of cancer. It is an antibody specific to vascular endothelial growth factor 
(VEGF) and initially demonstrated increased survival in metastatic colorectal can-
cer patients with standard chemotherapy (Hurwitz et al. 2004). Now, more than a 
dozen AAT are approved for various types of cancer in combination with various 
treatments, including five with ICB (Martin et al. 2019b).
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Angiogenesis is regulated by the relative amounts pro- and anti-angiogenic fac-
tors (Jain 2005). In normal physiology, this balance is in equilibrium spatially and 
temporally “angiogenic switch” is “off” except when needed “on” (e.g., during 
embryonic development, wound healing, formation of the corpus luteum). During 
tumor initiation and progression, this balance is tipped, and blood vessels form 
haphazardly to support a growing tumor mass. During “sprouting” angiogenesis, 
BM and other ECM are digested; ECs divest of pericytes and migrate and proliferate 
forming a sprout; a lumen forms through canalization; branches form through 
confluence and anastomoses of sprouts enabling perfusion; and finally, the newly 
formed vessels invest in BM and pericytes (Carmeliet and Jain 2011a). While in 
tumors vessels remain immature, typically vessels then differentiate into arterioles, 
capillaries, and venules (Carmeliet and Jain 2011a; Jain 2003; Jain and Carmeliet 
2001; Jain et al. 1997).

Besides sprouting (angiogenesis), there are at least five mechanisms of vascular-
ization of tumors: co-option (Seano and Jain 2020; Voutouri et al. 2019), intussus-
ception (Patan et al. 1996), vasculogenesis (Carmeliet and Jain 2011a; Duda et al. 
2006), mimicry (Chang et al. 2000), and cancer cell to EC transdifferentiation (Goel 
et al. 2011). In co-option, tumor cells migrate and proliferate surrounding vessels 
forming “perivascular” cuffs. These cuffs expand past the diffusion limit of oxygen 
and other nutrients. Furthermore, they can collapse vessels as the generate solid 
stress (Voutouri et  al. 2019). In intussusception, a vessel enlarges in response to 
angiogenic factors from cancer cells, and a tissue column grows in the expanded 
vessel lumen to separate the lumen into a vessel branch point (Dvorak 2002; Patan 
et al. 1996, 2001a, b). In tumor vasculogenesis, endothelial precursor cells (EPCs)—
transporting from bone marrow niches into the peripheral blood circulation—can 
also promote neovascularization (Duda et al. 2006; Isner 2002; Rafii et al. 2002). 
EPCs of non-bone marrow origin can be recruited from adjacent tissues and/or 
circulation (Ergun et al. 2008; Aicher et al. 2007). In mimicry, the luminal surface 
of vessels may be lined by cancer cells (Chang et  al. 2000). Finally, trans- 
differentiated cancer cells (Sajithlal et al. 2010) or cancer stem-like cells (Ricci- 
Vitiani et al. 2010; Soda et al. 2011; Wang et al. 2010; Carmeliet and Jain 2011a) 
could make up a fraction of ECs in tumor vessels. Thus, “vasculogenesis” is used to 
describe neovascularization induced by cancer stem cell integration into the vascu-
lature (Kozin et al. 2012). Discerning the relative amounts of these processes could 
lead to better drugs to ameliorate pathological angiogenesis (Kozin et al. 2011).

3.2.2  Desmoplasia

Another component of the TME are CAFs and the ECM components they produce 
and maintain thereby providing physical structure to tumors. Through fibroblasts, 
cancer cells stimulate desmoplasia, which is the growth of fibrotic tissue and 
ECM. Depending on the tumor type and its stage of differentiation, neoplastic cells 
may be dispersed in the ECM as individual cells (e.g., lymphomas, melanomas) or 
as clumps or nests (e.g., carcinomas). In a poorly differentiated carcinoma, the 
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cancer cells may be loosely packed in clumps, whereas in a well-differentiated 
carcinoma, the cells may be connected with intercellular junctions and tightly 
packed in a nest enveloped by a BM. Host cells such as fibroblasts may proliferate 
and migrate from the adjacent connective tissue or from primary tumor to the 
metastatic site (Duda et al. 2010).

Similar to angiogenesis, desmoplasia is dysregulated in tumors. Cancer cells co-
opt fibroblasts through signaling proteins (e.g., transforming growth factor β or 
TGF-β), transcriptional factors, interleukins, matrix metalloproteinases, and ROS 
(Sahai et al. 2020). In parallel, hypoxia can induce fibroblasts to produce and main-
tain ECM through connective tissue growth factor (CTGF), TGF-β, and Sonic 
hedgehog signaling (Eguchi et al. 2013; Spivak-Kroizman et al. 2013). Once acti-
vated, CAFs excessively differentiate, contract, proliferate, and generate ECM com-
ponents. Like cancer cells, CAFs generate physical forces that are stored in and  
transmitted by the dense ECM, thereby elevating solid stress levels and leading to 
compression of blood and lymphatic vessels (Stylianopoulos et al. 2018, 2012). As 
a result, desmoplasia contributes to elevated interstitial pressure (IFP) in tumors by 
reducing fluid drainage through collapsed lymphatics (Stylianopoulos et al. 2012) 
and trapping fluid in extravascular space (Netti et  al. 2000). Thus, therapies that 
reduce solid stress also reduce IFP and therefore have been referred to as mechano-
therapeutics (Sheridan 2019), even though these agents also affect other compo-
nents of TME such as immune cells and ECs (Regan et al. 2019).

By contributing to elevated solid stress and IFP, desmoplasia exacerbates reduced 
blood flow in tumors. This contributes to hypoxia-induced disease progression. 
Additionally, solid stress directly promotes disease progression by making cancer 
cells more invasive (Tse et  al. 2012) and the surrounding normal tissue more 
malignant (Fernández-Sánchez et  al. 2015). Desmoplasia also directly promotes 
angiogenesis and immunosuppression, as certain CAF populations produce 
angiogenic molecules (Fukumura et al. 1998) and inflammatory cytokines (Öhlund 
et al. 2017; Costa et al. 2018).

4  TME Normalization Alleviates Hypoxia and Overcomes 
Resistance

4.1  Vascular Normalization

Microvascular density (MVD) in vascularized areas within tumors (Weidner et al. 
1992) and hypoxia (Martin et al. 2016; Wilson and Hay 2011) are two independent 
biomarkers predictive of worse patient outcome consistent across most cancer types 
(Martin et al. 2019b). In 2001, we postulated that the judicious use of AAT could 
increase vascular function and reduce hypoxia (Jain 2001). Afterwards, data from 
clinical trials have demonstrated that vascular normalization does occur with judi-
cious use of AAT (Carmeliet and Jain 2011b; Goel et al. 2011; Jain 2013, 2014). 
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Furthermore, patients with increased tumor vessel function and reduced hypoxia 
after AAT have better outcomes (Jain 2013, 2014; Martin et al. 2016, 2019b). These 
clinical results are consistent with the notion that alleviation of hypoxia post-AAT 
reduces disease progression and treatment resistance. Hypoxia should be investi-
gated to validate whether it is a predictive biomarker of response.

Passive vessel normalization results in pruning of immature vessels (their leaki-
ness shown in Fig. 12.2a), so that the remaining vessels are mature. The vessels are 
on average more efficient, but the density of the vessels might not be enough to 
effectively supply the entire tumor volume. Active vessel normalization results in 
the fortification of immature vessels with perivascular cells, which makes them 

Fig. 12.2 Angiogenesis results in hyperpermeable tumor vessels. (a) Intravital microscopy image 
of murine tumor vessels (black; negative contrast). 24 h post-injection, 90-nm liposomes (bright 
red) extravasated from and accumulated around leaky tumor vessels (black). The liposomes’ 
extravasation is heterogeneous. Scale bar, 100 μm. (b) Schematics of perfusion and hypoxia before 
and after normalization. In the top image, the schematic depicts untreated tumor vessels, with one 
vessel having limited flow (few red blood cells) and the other vessel well-perfused (many red blood 
cells). The tissue around the perfused vessel is normoxic (pink), while the tissue farther from the 
vessels is hypoxic (purple). The region of normoxia surrounding each vessel is denoted by a black 
dashed line. Vessel fortification occurs when pericytes are recruited and basement membrane is 
repaired to produce an intact perivascular layer (green), which leads to increased blood flow that 
results in normoxia in the surrounding tissue. (c) Normalization results in homogenous perfusion 
throughout tumors. In untreated tumors (green, top panel), perfused vessels are heterogeneous and 
of limited density (red). Fortifying—not pruning—vascular normalization produces a homogenous 
distribution of perfused vessels (bottom). Scale bars, 500 μm. From Martin et al. (2019b) with 
permission
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more mature (Fig. 12.2b). The vessels are on average more efficient and the density 
of vessels is more likely to be sufficient to supply the entire tumor volume 
(Fig.  12.2c). Data from clinical trials demonstrate that vascular normalization 
occurs after judicious administration of AAT (Carmeliet and Jain 2011b; Goel et al. 
2011; Jain 2013, 2014; Martin et  al. 2019b). There is also clinical evidence that 
active rather than passive normalization is associated with improved patient response 
to chemotherapy (Tolaney et al. 2015).

4.2  Hypoxia as a Potential Biomarker of Response to Vascular 
Normalization

Data from hypothesis-generating clinical trials indicates that patients with tumors 
that after AAT have increased tumor vessel function (e.g., perfusion, vessel matu-
rity) and alleviated hypoxia derive the most benefit (Jain 2013, 2014; Martin et al. 
2016, 2019b). Specifically, in recurrent glioblastoma (GBM) patients, as in mice 
(Kamoun et  al. 2009), cediranib, an oral pan-VEGFR tyrosine kinase inhibitor 
(TKI), normalizes tumor vessel structure and reduces leakiness (Batchelor et  al. 
2007). Indeed, progression-free survival (PFS) and overall survival (OS) increased 
with the relative amount of normalization as quantified by a set of biomarkers char-
acterizing vessel structure and function (Sorensen et al. 2009). This correlation was 
confirmed subsequently, as cediranib-increased perfusion and oxygenation corre-
lates with survival of GBM patients (Batchelor et al. 2013; Emblem et al. 2013; 
Sorensen et al. 2012). In breast cancer (BC) patients, similar correlations of normal-
ization with outcome have been observed with nintedanib (Quintela-Fandino et al. 
2016), eribulin (Ueda et al. 2016), and bevacizumab (Garcia-Foncillas et al. 2012; 
Ueda et  al. 2014, 2016, 2017). Along these lines, non-small cell lung cancer 
(NSCLC) patients with increased perfusion after bevacizumab treatment had 
improved OS (Heist et al. 2015). These potential predictive physiological biomark-
ers of response to normalizing therapy must now be verified prospectively.

4.3  Stromal Normalization

Stromal or CAF/ECM normalization is a complementary strategy to vessel normal-
ization and is best embodied by the reprogramming of CAFs to a quiescent pheno-
type (Chauhan et al. 2013, 2019; Sherman et al. 2014; Chen et al. 2019a). While 
vessel normalization can enhance the function of many tumor vessels, it cannot 
affect collapsed vessels (Fig.  12.3a). Reprogramming of CAFs normalizes their 
function thereby limiting their ability to produce and maintain ECM (Sherman et al. 
2014; Chauhan et al. 2013, 2019; Chen et al. 2019a). As a result, ECM levels in 
tumors are reduced. Reprogramming is favored because killing CAFs and/or digest-
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ing ECM directly could result in tumor progression and immunosuppression (Martin 
et al. 2019b). By normalizing CAFs and ECM, the fluid and solid stress are reduced 
towards normal levels (Stylianopoulos et al. 2012, 2013, 2018). Thus, therapies that 
induce stromal normalization through CAF reprogramming have been referred to as 
mechanotherapeutics (Sheridan 2019), even though they might have other addi-
tional direct effects on stromal cells including immune cells. After CAF reprogram-
ming, vessels are decompressed (Fig. 12.3b) and perfusion is increased (Fig. 12.3c). 
Furthermore, the transport of oxygen and drugs is increased.

4.4  Combined Vascular and Stromal Normalization

Reprogramming the ECs, pericytes, and/or CAFs participating in creating dysfunc-
tional vessels can normalize vascular function, thereby reducing hypoxia and treat-
ment resistance (Martin et al. 2019b; Mpekris et al. 2020). Nonetheless, combining 

Fig. 12.3 Desmoplasia results in compressed tumor vessels. (a) Histological image of murine 
tumor vessels. Most vessels are non-perfused (red) in this collagen-rich (blue) tumor, and there is 
a lack of blood flow (yellow). Scale bar, 100 μm. (b) Vessel decompression occurs after solid stress 
is alleviated. The decompressed blood vessel is re-perfused and normoxia around the vessel is 
restored. (c) In untreated tumors (top panel), collagen (blue) and other components of desmoplasia 
promote vessel compression, such that large regions lack perfused vessels (green). CAF/ECM 
normalization (bottom) reduces collagen and re-perfuses compressed vessels. Scale bars, 500 μm. 
From Martin et al. (2019b) with permission
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AAT with mechanotherapies will depend on the context. First, the existing character 
of the vessels matters. In tumors with hyperpermeable, hypoperfused vessels, the 
combination will be most effective (Stylianopoulos and Jain 2013). Second, early 
clinical data supports the notion that often mechanotherapeutics might best precede 
AAT because more vessels with open lumen pre-AAT might increase outcomes to 
subsequent AAT and cytotoxic therapy (Tolaney et al. 2015). Also supporting this 
rationale, vascular destruction caused by AAT leads to hypoxia and resistance (Jain 
2013, 2014). By increasing the density of perfused vessels before AAT, mechano-
therapeutics could reduce the impact of vessel pruning by AAT. Thus, we hypothe-
size that maximizing decompressed MVD before AAT will improve outcomes. 
Some clinical data supports this hypothesis. In GBM patients, angiotensin system 
inhibitors (ASIs) that can decompress vessels and have other effects on tumors 
(Regan et al. 2019), increased the amount of perfused vessels (Emblem et al. 2016) 
and retrospective studies indicate that ASIs alone and in combination with other 
therapies increases survival of patients (Levin et al. 2017; Martin et al. 2020; Pinter 
and Jain 2017). AAT preceding mechanotherapeutics is necessary in some cases 
because AAT can induce CAF activation and ECM deposition, so administering 
mechanotherapies after AAT could reduce this AAT-induced treatment resistance 
(Rahbari et al. 2016; Chen et al. 2014, 2015).

4.5  TME Normalization for Immunotherapy

TME normalization has the potential to improve immunotherapy (Fukumura et al. 
2018; Martin et al. 2020; Munn and Jain 2019; Mpekris et al. 2020; Arvanitis et al. 
2020). As immunotherapy can be radiosensitizing (Sharabi et al. 2015) and RT can 
prime tumors for immunotherapy, for example, through the abscopal effect 
(Rodríguez-Ruiz et  al. 2018), understanding how TME normalization and 
immunotherapy interact is necessary to develop radiosensitizing strategies. The 
cancer-immunity cycle must be perpetuated for immunotherapy to be effective 
(Fig. 12.4 outer ring). The TME defines the “set-point” of response and resistance 
to immunotherapies including ICB (Chen and Mellman 2017). We propose that 
TME normalization can help to overcome resistance at each of the set-points 
(Fig. 12.4 inner ring) (Martin et al. 2020). These set-points are classified into three 
main TME phenotypes.

4.5.1  Cancer-Immune TME Phenotypes

The immune-desert phenotype is the phenotype most resistant to immunotherapies 
(Tumeh et al. 2014). It is characterized by a lack of the following: antitumor immune 
cells, antigens, and/or their presentation, response to antigen presentation and T cell 
priming (Fig.  12.4 light orange). TME-normalizing strategies could promote 
progression through the cycle (Fig.  12.4 blue) towards the immune-excluded 
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Fig. 12.4 Cancer-immune TME phenotypes define the set-points that predict sensitivity to immu-
notherapy (Chen and Mellman 2017) while TME normalization perpetuates the cancer- immunity 
cycle (Martin et al. 2020). TME normalization (blue inner circle) pushes the cycle through the vari-
ous set-points. In the immune-desert phenotype (yellow), the TME with sparse immune cells is 
immunosuppressed. The immune system allows malignant cell expansion because often it does not 
recognize antigens, tolerates the antigens if it does recognize them, and/or eventually fails to prime 
cytotoxic T cells. Hypoxia affects these steps in the cycle. In the immune- excluded phenotype 
(purple), the stroma restricts immune-cell infiltration such that immune cells are retained in the 
tumor periphery and/or stroma. The TME characteristics that distinguish immune-exclusion also 
reduce the delivery of various radiosensitizers and/or oxygen. In the inflamed phenotype (red), 
there are proinflammatory cytokines that stimulate the relatively large amounts of immune cells 
migrating through the parenchyma. However, inhibitory factors often induced by hypoxia reduce 
antitumor immunity. The structure and function of vessels may be normalized by inhibiting angio-
genic factors and/or immune checkpoints. Meanwhile, normalization of CAFs and/or the ECM 
could decompress vessels collapsed by solid stress. These two strategies work independently or as 
a combination to improve perfusion, oxygen delivery, and drug distribution. Strategies that cause 
excessive vessel, CAF and/or ECM depletion could induce disease progression. Immune check-
point blockade therapies such as anti-programmed cell death protein 1 (PD-1) or programmed cell 
death 1 ligand 1 (PD-L1) antibodies induce blood vessel maturation in some tumor types 
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phenotype (Fig.  12.4 purple) because angiogenesis and hypoxia promote the 
immune-desert phenotype. Specifically, VEGF promotes immunological ignorance 
by reducing DC maturation thereby interfering with antigen presentation (Veglia 
and Gabrilovich 2017). Hypoxia also promotes immune tolerance by inducing the 
expression of chemokines that recruit pro-tumor Treg cells (Facciabene et al. 2011; 
Togashi et al. 2019).

The immune-excluded phenotype (Fig. 12.4 purple) features immune cells in the 
tumor periphery and/or stroma but not parenchyma (Chen and Mellman 2017). The 
infiltration and migration of these immune cells is impaired by abnormal vessels 
and excessive fibrosis. Increased levels of TGFβ, ECM, and CAFs characterizes 
immune-exclusion (Mariathasan et  al. 2018; Chen et  al. 2019a; Chauhan et  al. 
2019). This phenotype can be more sensitive to ICB than immune-deserts (Fig. 12.4 
red) because of the presence of T cells (Mariathasan et al. 2018; Tumeh et al. 2014). 
Signaling that causes desmoplasia, solid stress, and vessel compression also limits 
immune cells’ cancer cell killing. CAF secretion of chemokines like TGFβ and 
stromal cell-derived factor 1α (SDF-1α) hamper cytotoxic T lymphocytes (CTLs) as 
they infiltrate the tumor parenchyma (Chen et  al. 2019a; Chauhan et  al. 2019; 
Mariathasan et  al. 2018). Also, TGFβ promotes Treg phenotypes in naïve T cells 
(Togashi et al. 2019). Furthermore, desmoplasia physically impedes CTL migration 
(Salmon et al. 2012). Angiogenesis also causes immune-exclusion, as its signaling 
reduces the amount of adhesion factors on vessel walls thereby limiting CTL 
adhesion and ultimately transport into tumors (Fukumura et  al. 2018, 1995; 
Schmittnaegel et  al. 2017). Thus, abnormal angiogenesis and desmoplasia cause 
hypoxia, and both the signaling and the physiological consequences of these 
processes directly limit the distribution of CTLs. Indeed, T cell migration is reduced 
in hypoxic tumor regions (Rytelewski et al. 2019; Hatfield et al. 2015).

The inflamed phenotype (Fig. 12.4 red) feature T cells in the parenchyma and 
proinflammatory cytokines, which is evidence of an earlier antitumor immune 
response (Chen and Mellman 2017). In other words, there is a large number of T 
cells that have T cell receptors (TCRs) against tumor-associated antigens, so 
inflamed tumors are relatively sensitive to ICI (Mariathasan et al. 2018). Still, this 
phenotype also has suppressed immune cells that could be reprogrammed towards 
antitumor immunity through TME normalization. Specifically, VEGF signaling 
recruits pro-tumor immune cells, such as Treg cells, myeloid-derived suppressor cells 

Fig. 12.4 (continued) thereby protecting them from excessive pruning by anti-angiogenic agents, 
which affect immature vessels. Blocking TME-normalizing signaling pathways such as those acti-
vated by VEGF, angiopoietin-2, CXCL12/CXCR4, and TGFβ can also alleviate immunosuppres-
sion through additional mechanisms. Thus, combination of these therapies that inhibit some of 
these pathways with radiosensitizers and immunotherapies could have synergy. In conclusion, 
TME normalization strategies tailored to TME immune phenotype of a tumor could enhance 
response rates and duration of responses to radiosensitizing immunotherapies. CTLA-4, cytotoxic 
T-lymphocyte protein 4; MHC, major histocompatibility complex; TME, tumor microenviron-
ment; PD-1, programmed cell death protein 1; PD-L1, programmed cell death 1 ligand 1; TAA, 
tumor-associated antigen; TME, tumor microenvironment. From Martin et  al. (2020) with 
permission
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(MDSCs), and M2-like tumor-associated macrophages (TAMs) (Maenhout et  al. 
2014). Similarly, hypoxia and CAFs facilitate recruitment of Treg cells (Facciabene 
et al. 2011; Costa et al. 2018). Another feature of the inflamed phenotype is the 
expression of immune checkpoints, which reduce the immune-cell activity. Indeed, 
VEGF causes the upregulation of various immune checkpoints on T cells (Voron 
et al. 2015; Palazon et al. 2017; Wallin et al. 2016). Additionally, hypoxia through 
HIF-1α does the same on MDSCs, TAMs, DCs, and cancer cells (Noman et  al. 
2014, 2015). Finally, acidity (Calcinotto et al. 2012), CAFs (Costa et al. 2018), and 
collagen density (Kuczek et al. 2019) might impair the cytotoxic activity of CTLs in 
the parenchyma.

Thus, VEGF and abnormal angiogenesis have a role in promoting the cancer- 
immunity phenotypes. Meanwhile, immune cells can promote pathological 
angiogenesis (Mazzone and Bergers 2019; Huang et  al. 2018; Tian et  al. 2017; 
Zheng et al. 2018) thereby completing a circularity of abnormal vasculature and 
pro-tumor immunosuppression. To break from this cycle, we propose normalizing 
the TME to alleviate hypoxia (Martin et  al. 2016, 2019b) and in turn increase 
immune-cell density and antitumor function (Jain 2014; Martin et al. 2019b; Munn 
and Jain 2019). This approach is particularly promising because many patients have 
primary tumors and metastases featuring heterogeneous cancer-immunity 
phenotypes (Baine et  al. 2015; Müller et  al. 2016; Lee et  al. 2017; Ramanathan 
et al. 2017).

4.5.2  TME Normalization through Inhibition of Immunosuppressive 
Signaling Pathways

Increasing tumor perfusion and oxygenation facilitates progression through and 
perpetuates the cancer-immunity cycle (Fig. 12.4 inner ring) (Zheng et al. 2018). 
Besides TME-normalizing effects, blocking vascular “abnormalizing” pathways 
such as VEGF and ANG-2 as well as other pathways such as TGFβ and SDF-1α/
CXCR4 promote antitumor immunity by interfering with immunosuppressive sig-
naling in tumors (Martin et al. 2020; Fukumura et al. 2018; Munn and Jain 2019). 
Indeed, murine studies demonstrate that vascular normalization can enhance the 
antitumor efficacy of ICB (Allen et  al. 2017; Schmittnaegel et  al. 2017; Shigeta 
et al. 2019), whole cancer cell vaccines (Huang et al. 2012) and adoptive cell therapy 
(ACT) (Shrimali et al. 2010). These findings mirror the success of AAT with ICB in 
patients. Indeed, phase III trials showed that combining the anti-VEGF antibody 
bevacizumab with the ICB atezolizumab and the chemotherapy paclitaxel in patients 
with metastatic non-squamous NSCLC (Socinski et  al. 2018) and the small- 
molecule VEGFR1–3 inhibitor axitinib with either ICB of avelumab (Motzer et al. 
2019) or pembrolizumab (Rini et al. 2019) in patients with advanced-stage RCC. In 
addition, ICBs can induce immune cells to cause vascular normalization in certain 
preclinical models (Shigeta et al. 2019; Tian et al. 2017; Zheng et al. 2018). Thus, 
clinical evidence supports the preclinical observations that combining vascular 
normalization and ICB might cause a beneficial cycle of efficient vasculature 
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alleviating hypoxia towards simultaneously increasing the antitumor efficacy of 
AAT and ICB (Shigeta et al. 2019; Munn and Jain 2019; Huang et al. 2018; Martin 
et al. 2020, Martin et al. 2019b).

Like AAT, mechanotherapeutics, which modify the mechanics of tumor tissue 
and often directly affect immune cells, are in clinical trials with 
ICB. Mechanotherapeutics that interfere with TGFβ signaling in CAFs such as 
angiotensin receptor blockers (ARBs) like losartan (Chauhan et  al. 2013, 2019; 
Diop-Frimpong et  al. 2011; Pinter and Jain 2017) could increase the efficacy of 
immunotherapies through various mechanisms besides alleviating stresses in the 
TME (Chakravarthy et al. 2018). Among the multiple roles of TGFβ signaling in 
cancer, it is immunosuppressive (Chakravarthy et al. 2018; Mariathasan et al. 2018; 
Tauriello et  al. 2018). Specifically, TGFβ promotes immune evasion in murine 
metastases (Tauriello et al. 2018) and excludes T cells from the tumor parenchyma, 
thereby associating with poor responses to ICB in patients (Mariathasan et al. 2018). 
Relatedly, TGFβ signaling inhibition increases the amount of adhesion molecules 
(such as ICAM-1 or VCAM-1) on tumor blood vessels so that leukocytes may better 
bind tumor vessels and penetrate into tumors (Munn and Jain 2019). In addition, 
TGFβ signaling inhibition promotes abscopal effects induced by RT (Vanpouille- 
Box et al. 2015).

Clinical data supports the notion that ARBs may increase efficacy of immuno-
therapeutics. In patients with pancreatic ductal adenocarcinoma (PDAC), there was 
more gene expression associated with T cell activation with losartan treatment (Liu 
et al. 2017). Retrospective analyses largely indicate patients fare better when taking 
ARBs long-term versus those without long-term ARB use (Martin et al. 2020; Pinter 
and Jain 2017). These various mechanisms support the ongoing clinical trial in 
patients with locally advanced PDAC receiving losartan  
in combination with nivolumab, FOLFIRINOX, and stereotactic body RT 
(NCT03563248).

4.6  Immunotherapy-Induced Vascular Normalization

While vessel normalization increases immunotherapy efficacy through multiple 
mechanisms (Fukumura et  al. 2018; Martin et  al. 2020; Munn and Jain 2019; 
Arvanitis et al. 2020), ICB activates immune cells, which then normalize vessels 
(Munn and Jain 2019). In tumor prevention studies, CD4+ rather than CD8+ T cells 
normalized vessels in an IFN-γ dependent manner (Tian et al. 2017). In one thera-
peutic setting, CD8+ T cells normalized vessels in an IFN-γ dependent manner 
(Zheng et al. 2018), while in another setting CD4+ T cells did (Shigeta et al. 2019).

Besides differences in the immune cells that normalize vessels, there is also vari-
ability between studies and tumor types of the type of normalization that occurs. 
Several studies in relatively desmoplastic tumor models such as breast, pancreatic 
and colorectal cancers have found that AAT and ICB therapies passively normalized 
vessels, with enhanced vessel maturity after pruning (Allen et al. 2017; Schmittnaegel 
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et  al. 2017; Zheng et  al. 2018). In hepatocellular carcinoma, which is more 
vascularized and sensitive to AAT monotherapy (Jayson et  al. 2016), AAT (both 
high and low doses) and ICB combinations fortified vessels resulting in active 
normalization that avoids pruning (Shigeta et al. 2019).

5  Opportunities for Molecular Targeted Radiosensitizers 
in Combination Therapy Regimens

Although RT is a local treatment, patients with few metastases in spatially restricted 
sites may have these oligometastases directly treated by RT, which may prolong 
OS.  This oligometastasis hypothesis puts forth a strategy that might expand the 
fraction of patients who can benefit from RT with or without radiosensitizers 
(Bristow et al. 2018; Ko et al. 2018; Pitroda et al. 2019). Nonetheless, even in this 
setting the TME likely impairs efficacy of RT. Thus, we propose that radiosensitizers 
could benefit patients with oligometastases thereby increasing the fraction of 
patients with localized cancer cured by RT (Bristow et al. 2018). In patients with 
widespread disease, systemically administered radiosensitizers could also induce 
antitumor efficacy against non-irradiated lesions. First, these systemically 
administered radiosensitizers will directly act on non-irradiated lesions. Second, 
these systemic radiosensitizers can make these distant lesions more amenable to 
abscopal effects induced by RT treatment against the accessible lesion by enabling 
antitumor immune cells to efficiently infiltrate distant lesions. Third, these systemic 
radiosensitizers can magnify the generation of abscopal effects by sensitizing the 
accessible lesion to RT, thereby facilitating immunogenic cell death (ICD) and 
presentation of tumor antigens to cytotoxic T lymphocytes. Thus, here we will 
describe combination strategies for RT enhancement by nanomedicine-, TME 
normalization-, chemotherapy-, and/or immunotherapy-based radiosensitizers.

5.1  Combination with Passively Targeted Systemically or 
Locally Administered Nano-Radiosensitizers

The most common radiosensitizers are high atomic number metals. When high 
atomic number metals are irradiated, the metal atoms undergo inner shell ionization, 
and electrons are emitted. These electrons can directly damage cancer cells or do so 
indirectly by producing ROS (Liu et  al. 2018). Nanomedicines containing these 
RT-sensitizing materials could enhance the efficacy of RT while enabling a lower 
dose of irradiation (Liu et  al. 2018). Alternatively, nanomedicines encapsulating 
chemotherapies and/or TME-normalizing drugs may also be used as radiosensitiz-
ers (Martin et al. 2020). These nanomedicine-based radiosensitizers can be admin-
istered systemically to passively accumulate in tumors through the enhanced 
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permeability and retention effect (Jain and Stylianopoulos 2010; Gerlowski and 
Jain 1986; Chauhan et al. 2011; Martin et al. 2020; Matsumura and Maeda 1986). 
They may also be administered through an intratumoral injection in superficially 
located tumors, where they are retained more than locally administered small 
molecules (Liu et  al. 2018). The approval by the European Medicines Agency 
(EMA) of intratumoral injections of NBTXR3 hafnium oxide nanoparticles, which 
enhance the RT abscopal effect in locally advanced soft-tissue sarcomas validates 
this strategy (Bonvalot et al. 2019). Furthermore, the finding that the efficacy of RT 
combined with immunotherapy is inversely correlated to the RT dose to healthy 
immune cells indicates the importance of using radiosensitizers to maximize the 
dose of RT administered to tumors and limit that to healthy tissue (Jin et al. 2017).

Nano-based chemotherapy can act as a more efficient radio sensitizer than small- 
molecule chemotherapy for several reasons (Martin et al. 2020). First, systemically 
administered nanomedicines often have less or altered toxicity compared to small 
molecules (Chauhan and Jain 2013). Second, nano-based chemotherapy can act 
similarly to metronomic chemotherapy in normalizing the TME (Mpekris et  al. 
2017; Panagi et al. 2020). One potential reason is that the constant presence of che-
motherapy in the circulation with frequently administered metronomic small- 
molecule chemotherapy or long-circulating nanomedicine reduces  the proliferation 
of endothelial cells leading to an anti-angiogenic effect. Similarly, it alleviates solid 
stress by eliminating proliferating cancer cells thereby decompressing vessels. 
Thus, in some cases, nano-based chemotherapy can act as an anti-angiogenic ther-
apy, a mechanotherapeutic and a cytotoxic chemotherapy that induces immuno-
genic cell death (ICD).

TME-normalizing strategies often rely on drugs that are repurposed from other 
diseases to act as mechanotherapeutics in cancer, where they can reprogram CAFs 
to a quiescent phenotype thereby alleviating stresses, decompressing vessels, 
restoring perfusion, and reducing hypoxia. Apart from effects on tissue mechanics, 
these drugs might directly polarize immune cells towards antitumor immunity 
(Regan et al. 2019). These small-molecule drugs can benefit from nanoformulation 
because the nanoformulation reduces the normal systemic effects of these drugs 
while increasing their accrual in the tumor (Martin et al. 2020). For example, ARBs 
typically used to treat hypertension, when encapsulated in a nanoformulation, did 
not reduce blood pressure but had increased TME-normalizing effects (Chauhan 
et  al. 2019). Still, whether these nanoformulations will be more effective in the 
clinic compared to relatively inexpensive generic TME-normalizing drugs is 
unclear.

5.2  Combination with TME Normalization

RT relies on oxygen to kill cancer cells. TME normalization increases oxygen deliv-
ery to tumors. Accordingly, TME-normalizing therapies may act as radiosensitizers 
when administered before RT by alleviating hypoxia and improving outcomes in 
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preclinical and clinical studies (Jain 2014; Batchelor et al. 2013; Winkler et al. 2004). 
In mice, AAT transiently normalizes vessels thereby enhancing their function and 
providing a window of reduced hypoxia in which RT is effective (Winkler et  al. 
2004). In patients, AAT is used with radiation and the patients that have increased 
tumor oxygenation after AAT have increased survival (Batchelor et  al. 2013). 
Similarly, losartan enhanced tumor shrinkage by chemoradiation in patients with 
locally advanced PDAC thereby enabling more tumor resections  (Murphy et  al. 
2019). Besides effects on hypoxia, TME normalization could facilitate RT-induced 
abscopal effects by altering the distribution and phenotype of immune cells. VEGF 
and TGFβ signaling pathways act directly on immune cells suppressing their func-
tion and also construct barriers to immune-cell migration within the TME (Vanpouille-
Box et  al. 2015). Thus, at various stages TME normalization could facilitate 
progression through the cancer-immunity cycle that is initiated when RT induces 
ICD causing the release of tumor-associated antigens (Fig. 12.4).

5.3  Combination with Chemotherapy

Systemic chemotherapy can synergize with local RT by acting against distant 
metastases that RT cannot affect (independent of inducing a systemic antitumor 
immune response). Additionally, chemotherapy and RT may cooperate through at 
least five mechanisms (Nishimura 2004). First, certain chemotherapies that 
incorporate into DNA enhance radiation damage. Halgenated pyrimidines and 
cisplatin, through different mechanisms, interact with DNA to enhance RT (Vokes 
and Weichselbaum 1990). Second, while some cancer cells can repair themselves 
after RT (particularly sublethal doses), certain chemotherapies (e.g., halogenated 
pyrimidines, nucleoside analogs, and cisplatin) reduce this capacity. This could be 
particularly important in fractionated RT so as to induce the abscopal effect because 
lower sublethal doses are used (Grégoire et al. 1996; Milas 2009). Third, certain 
chemotherapies can help accumulate cells in a proliferative radiosensitive phase 
while other chemotherapies can eliminate radioresistant cells that are in a 
 non- proliferative phase. Taxanes arrest cells in proliferative phases of the cell cycle 
(Mason et al. 1997; Milas et al. 1995; Suzuki et al. 2003), while nucleoside analogs 
affect non-proliferative cancer cells (Milas 2009). Fourth, chemotherapies can 
affect hypoxic cells. For example, paclitaxel increases tumor oxygenation (Milas 
et  al. 1995) in part by decompressing vessels thereby increasing blood flow and 
killing cancer cells thereby reducing oxygen consumption. Alternatively, certain 
chemotherapies become toxic in hypoxic conditions thereby selectively killing 
hypoxic cells so that RT will primarily act on normoxic cancer cells (Milas 2009). 
Fifth, chemotherapies combined with fractionated RT can inhibit repopulation of 
cancer cells thereby improving the effectiveness of the subsequent fraction of RT 
(Nishimura 2004). One downside of these combinations is the chemotherapy could 
increase the toxicity of RT to normal tissues.
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On the other hand, cytotoxic nanomedicines might benefit when used after 
RT. Specifically, RT increases the penetration of nanomedicines in murine tumors 
by normalizing the TME and modulating immune cells (Stapleton et al. 2018; Miller 
et al. 2017). However, in murine studies the TME-normalizing effects of RT are 
dependent on the dose and vary across tumor types (Clément-Colmou et al. 2020), 
so this approach might require personalization. Alternatively, the delivery of 
nanomedicines targeting P-selectin can be improved by RT-induced expression of 
P-selectin (Shamay et  al. 2016). Whether the successful outcome seen in these 
murine studies will translate into human cancer is an outstanding question.

5.4  Combination with Immunotherapy

Immunotherapy promotes TME normalization and ameliorates hypoxia (Munn and 
Jain 2019), which causes resistance to radiation. Thus, in settings where 
immunotherapy enhances oxygen delivery, it is radiosensitizing and could precede 
RT (Sharabi et  al. 2015). Alternatively, RT modulates the TME to promote 
subsequent immunotherapy through several mechanisms. First, RT normalizes the 
TME and ameliorates hypoxia (Clément-Colmou et  al. 2020; Netti et  al. 1999; 
Stapleton et al. 2018). While radiation immediately kills normoxic cancer cells and 
therefore increases the fraction of hypoxic cells, the depletion of cancer cells 
reduces solid stress and decompresses vessels (Stylianopoulos et al. 2012) thereby 
increasing perfusion and ameliorating hypoxia by increasing supply and also 
reducing consumption (Bussink et  al. 2000). Meanwhile, reduced cancer cell 
density reduces the expression of pro-angiogenic factors, and RT might directly kill 
proliferating ECs, so RT could have an anti-angiogenic effect that drastically prunes 
tumor vessels and eventually results in regrowth of the vasculature (Kozin et  al. 
2012). In this case, care must be taken to confirm that RT is not inducing hypoxia 
through excessive pruning. Reduced solid stress, in this case caused by RT-induced 
cancer cell killing, also decompresses lymphatic vessels (Stylianopoulos et  al. 
2012). Thus, RT modulates IFP transiently, which can be exploited to increase 
delivery of macromolecules and nanomedicines including immunotherapies and 
radiosensitizers (Stapleton et al. 2018; Netti et al. 1999).

The RT-induced abscopal effect involves inducing ICD in one or more lesions, 
which can then induce a systemic immune response against distant metastases (Min 
et al. 2017; Peng et al. 2018; Chen et al. 2019b, 2018; He et al. 2016). RT-induced 
ICD increases the diversity of the TCR repertoire in tumors (Twyman-Saint Victor 
et  al. 2015). However, radiation dose and fractionation affect the induction of 
abscopal effects. Fractionated rather than single-dose RT seems to induce ICD 
(Dewan et al. 2009; Demaria et al. 2005). High-dose RT may limit immunogenicity 
because it causes enzymatic digestion of cytosolic DNA, which eliminates one 
mechanism of immune recognition, though more research is likely needed to 
determine the dose dependency in different tumors (Vanpouille-Box et al. 2017). 
Indeed, EMA-approved NBTXR3 with RT stimulates an antitumor immune 
response (Thariat et al. 2019), underscoring the potential of this approach.
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5.5  Treatment with Three or Four Modalities

There is potential to combine these various sensitizers. Nano-based high atomic 
number metal radiosensitizers, whether administered systemically or locally, could 
have increased intratumor distribution with TME normalization (Jain and 
Stylianopoulos 2010; Martin et  al. 2020). Vascular normalization increases the 
delivery of smaller nanomedicines (Chauhan et  al. 2012; Martin et  al. 2019a; 
Chauhan and Jain 2013). Mechanotherapeutics enhance the delivery of systemically 
administered (Panagi et al. 2020; Chauhan et al. 2013; Papageorgis et al. 2017) and 
locally administered nanomedicines (Diop-Frimpong et al. 2011; Liu et al. 2012). 
Increased accumulation and intratumor distribution could increase the number of 
cancer cells undergoing ICD.  Similarly, TME normalization could increase the 
accumulation and intratumor delivery of small-molecule chemotherapy towards 
inducing more ICD. As discussed, antitumor T cells can normalize the vasculature 
in some types of tumors, so both immunotherapy and TME normalization could 
alleviate hypoxia towards potentiating RT. Thus, through multiple mechanisms, 
TME normalization might be able to increase the amount of antitumor T cells in the 
tumor, thereby further reducing hypoxia.

In addition, various immunotherapies can benefit from TME normalization 
(Fukumura et al. 2018; Munn and Jain 2019), which helps to overcomes each bar-
rier posed in the cancer-immunity cycle (Martin et al. 2020). As mentioned, TME 
normalization might increase the ability of chemotherapy and/or RT to induce ICD, 
which could then enhance efficacy of ICB. Also, TME normalization could limit 
amounts of immunosuppressive cytokines originating in the tumor and collecting in 
the draining lymph nodes. T cells move through the circulatory system and infiltrate 
tumors, eventually penetrating the parenchyma. Although tumors limit chemotaxis 
of T cells (Harlin et  al. 2009), vascular normalization pushes TAMs towards an 
M1-like antitumor phenotype secreting chemokines that bind T cells (Rolny et al. 
2011) and modulates T cells to express receptors to facilitate chemotaxis (Wallin 
et al. 2016). Once reaching tumors, T cells must penetrate from blood supply to 
cancer cells. Vascular normalization might increase T cell infiltration and activity 
(Huang et al. 2012), in part by increasing the number of perfused vessels with TME 
normalization, which reduces the distance T cells must migrate because they 
initially flow closer to cancer cells (Huang et al. 2012; Chauhan et al. 2019; Chen 
et al. 2019a). Nonetheless, T cells (Taggart et al. 2018) and natural killer (NK) cells 
(Melder et al. 1996) both are inhibited from passing through the wall of immature 
vessels because of low levels of adhesion molecules. By inducing maturation, 
vascular normalization with AATs enhances the steps of T cell penetration (Shrimali 
et  al. 2010; Hamzah et  al. 2008; Wallin et  al. 2016). Afterwards, vascular 
normalization increases T cell recognition of cancer cells by (a) reducing hypoxia- 
induced shedding of MHC I molecules (Siemens et  al. 2008) and (b) increasing 
expression of MHC I molecules by limiting nitric oxide (Siemens et al. 2008) and 
VEGF (Wallin et al. 2016). Accordingly, vascular normalization increases antigen- 
specific migration of T cells (Wallin et al. 2016).
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6  Challenges

6.1  Rigorous Preclinical Models

Genetically engineered mouse models (GEMMs) are often considered ideal because 
they form tumors without implantation and have mutations reflecting clinical 
disease. They can often recapitulate the physiology of the TME, such as 
hypoperfusion in PDAC (Olive et al. 2009). Cell lines isolated from such GEMMs, 
which are then grown in mice and can be transplanted as a solid chunk into the 
recipient mice, can recapitulate hypoperfusion (Chauhan et al. 2013). One advantage 
of this solid passage technique is that cancer cells are introduced along with their 
co-opted TME. In cancer initiation, mutations occur in single cells gradually and the 
physiology TME is affected in the earliest stages of malignant transformation 
(Hagendoorn et al. 2006). In contrast, GEMMs have mutations in many cells before 
there are any changes to the TME. Similar to solid passage, there is value of 
implanting tumor spheroids rather than inoculating with single cell suspensions to 
better reflect the growth and spread of cancer in patients (Aktar et al. 2019).

Orthotopic models are useful to recapitulate the TME. Subcutaneous models 
have different TME properties than orthotopic tumors (Olive et al. 2009; Netti et al. 
2000; Yuan et  al. 1994). Another consideration is syngeneic versus human 
xenografts, but the latter have mixed human cancer cells and murine host cells in the 
TME, so testing TME modulating radiosensitizers is suboptimal in these models 
especially when the importance of the immune system is considered (Bristow et al. 
2018). Nonetheless, by using human stromal cells with murine cancer cells in 
immunocompromised mice, it is possible to deplete the human cells selectively with 
diphtheria toxin to isolate the effects of specific cells in the TME (Padera et  al. 
2004; Duda et al. 2010; Stylianopoulos et al. 2012).

There should be standard operating procedures in the use of preclinical models 
to determine optimal combinations of drugs. Indeed, comparing data across studies 
is complicated by suboptimal experimental design, execution, and reporting (Stone 
et al. 2016). When testing radiosensitizers, they should be tested in combination 
with the standard of care, which is often chemoradiation (Coleman et  al. 2016). 
Appropriate primary endpoints such as local tumor control or tumor regrowth delay 
should be carefully selected (Coleman et al. 2016).

6.2  Treatment Windows

Over long courses of treatment, TME normalization might lose its effectiveness. 
Tumors can develop resistance pathways (Goel et al. 2011) and excessive doses and/
or treatment lengths could excessively deplete the stroma leading to treatment 
resistance (Winkler et  al. 2004; Huang et  al. 2012). Thus, strategies that fortify 
vessels by reinvesting them of pericytes and reprograms CAFs towards quiescence 
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should be prioritized to avoid facing a limited window of TME normalization effi-
cacy (Martin et al. 2019b). If stroma destruction could be avoided with TME nor-
malization, then the normalization window may be lengthened.

If the TME normalization window is known, then RT and/or chemotherapy 
towards inducing ICD should be administered in this window. However, it is not 
clear when immunotherapy should be administered after ICD-inducing 
chemotherapy and/or RT. Furthermore, it is not clear whether these cytotoxic 
therapies should be continued during the course of ICB. The answers to these 
questions might be further complicated by the long circulation time of nano- and 
macromolecule-based therapies.

6.3  Imaging Biomarkers

Imaging could be used to measure predictive biomarkers of response to RT (Kirsch 
et  al. 2017) and to radiosensitizers. As we proposed above, hypoxia is a critical 
biomarker of treatment resistance and response. Low hypoxia leads to better 
responses to RT. Thus, imaging hypoxia in patients could be useful in developing 
radiosensitizers, predicting patient response to RT and determining windows to 
administer radiosensitizers and RT.

Many radiosensitizers are nanomedicines or macromolecules, which could have 
heterogeneous distribution in the various metastases within patients and spatially 
within a single lesion (Martin et al. 2020). Thus, drug tracing of radiosensitizers 
could help serve as predictive biomarkers, biomarkers of response and tools to 
investigate mechanisms of resistance.

Imaging of probes sized similar to nanomedicines and macromolecules that emit 
PET or MRI signals have demonstrated heterogeneous distribution in patients with 
solid tumors (Lee et  al. 2017; Ramanathan et  al. 2017). Advances in imaging 
approaches could help probe the TME (Mi et al. 2016) and the effects of immuno-
therapies in patients (Kulkarni et al. 2016). These probes could be used to evaluate 
TME-normalizing strategies that reduce heterogeneity of small-molecule, oxygen, 
nanomedicine, and macromolecule distribution. Thus, they might serve as predic-
tive markers of delivery and response. While current predictive biomarker strate-
gies, including tumor histology, flow cytometry, and whole-genome sequencing, 
provide a small window of the TME characteristics that affect RT response, imaging 
of drugs could facilitate visualization of dynamic events that could complement or 
replace other biomarker methods. With such an approach, TME normalization could 
help advance nanomedicine development and vice-versa.

7  Perspectives

More research will help to effectively combine RT with radiosensitizers, including 
identifying and validating predictive biomarkers and biomarkers of response. 
Additionally, developing an understanding of the temporal effects of the various 
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radiosensitizers will allow more effective drug combinations that have fewer 
toxicities and possibly personalization of therapeutic strategies. Here, we propose 
that alleviating hypoxia is the critical biomarker for radiosensitizers and RT.

Indeed, hypoxia is a biomarker of worse outcomes for patients, induces tumor 
progression through multiple mechanisms, and promotes resistance to most cancer 
treatment modalities, including RT and TME-targeting radiosensitizers. Hypoxia is 
caused by poor tumor vessel function. Pathological angiogenesis and desmoplasia 
impair vessels causing hypoperfusion and resulting in hypoxia, acidity, and 
immunosuppression. Here, we described how normalizing the TME will reverse 
these pathologies, thereby potentiating the effectiveness of RT.  Thus, TME- 
normalizing strategies can be considered radiosensitizers. Furthermore, we describe 
how TME-normalizing strategies benefit immunotherapy and particularly ICB, 
which has revolutionized cancer treatment yet is estimated to currently only benefit 
13% of cancer patients (Haslam and Prasad 2019). The limited percentage of 
patients who currently benefit from ICB alone indicates an urgent need for novel 
combination strategies, so we highlight the mutually beneficial combinations of RT 
with ICB and how TME normalization can improve the efficacy of this combination. 
Various nanotechnologies and chemotherapies can be integrated rationally to further 
enhance efficacy and limit the toxicity of RT, immunotherapy, and TME-normalizing 
combination regimens.

Given the various mechanisms of synergies between these cancer therapies, 
future research will elucidate how to optimally combine these drugs. Unfortunately, 
preclinical studies are often limited by suboptimal model choices, inconsistent 
reporting and protocols, and a lack of proper controls and study endpoints. These 
challenges limit researchers’ ability to determine optimal treatment windows for 
each therapy, as has been done for TME normalization. One solution is the use of 
imaging biomarkers in patients. Recently, imaging of perfusion, oxygen, and drug 
delivery in tumors has improved, and these biomarkers are central to determining 
how to best combine RT with radiosensitizers that target the TME including 
chemotherapy, immunotherapy, AATs, and mechanotherapeutics.
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Chapter 13
Radiosensitizers in the Era 
of Immuno-Oncology

Jonathan E. Leeman and Jonathan D. Schoenfeld

Abstract Radiation treatment is known to have immunomodulatory effects that 
contribute to its therapeutic efficacy. With the introduction and approval of immune 
checkpoint inhibitors in recent years, interest in combinatorial approaches has 
grown, as there is a strong scientific rationale that may account for synergy between 
radiation and immunotherapies. This includes enhancement of local effects of 
radiation via immune activation as well as the potential for abscopal effects that 
have been observed in unirradiated lesions. The optimal radiation dose and 
fractionation, timing and sequencing with immunotherapy and treatment volumes 
are important practical questions that are currently being explored. Combination of 
radiation with immunotherapies as well as additional molecular targeted agents 
with immunomodulatory activity are just beginning to be explored. This chapter 
summarizes the use of immunotherapies as radiosensitizers or agents to enhance 
systemic responses in combination with optimized local therapy.

Keywords Abscopal effect · Clinical trials · CTLA-4 · Cytosolic DNA · Immune 
checkpoint blockade · Immuno-oncology · Immunotherapy · PD-1 · PD-L1 · 
Radiosensitization · STING

1  The Immunotherapy Era

Immunotherapy has become a central pillar of modern oncologic care. Multiple 
immunomodulatory agents have been approved in the last 10  years—most 
prominently immune checkpoint blockade agents (ICB). ICBs are antibodies 
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directed at T-cell receptors or their ligands that suppress inhibitory immune 
signaling. The most success has been achieved with antibodies directed at cytotoxic 
T-lymphocyte-associated antigen 4 (CTLA-4), programmed death 1 (PD-1), and 
programmed death ligand 1 (PD-L1). Multiple agents have demonstrated activity in 
a variety of cancer types in the recurrent and metastatic setting, with some patients 
achieving durable responses. Emerging data is beginning to demonstrate a role in 
the treatment of localized disease as well (Antonia et al. 2017; Antonia et al. 2018). 
Due to the known immunomodulatory effects of ionizing radiation, clinical and 
laboratory research has been directed at attempting to elucidate synergistic 
mechanism between these two therapies and methods for maximizing clinical 
efficacy and safety.

2  Pre-Clinical Rationale for Combining Radiation 
with Immunotherapies

Classical radiation biology describes the 4 R’s that govern the response of tumors 
and tissues to radiation therapy: recovery, reassortment, repopulation, and 
reoxygenation (Willers et al. 2019). In addition to these factors, it is clear that the 
immune response plays a key role in clinical radiation sensitivity. This has been 
observed both clinically and in preclinical models. In a mouse model of fibrosarcoma, 
the radiation dose required to achieve tumor control was found to be significantly 
higher following immune suppression with thymectomy or whole animal irradiation 
(Stone et  al. 1979). In a syngeneic mouse model of head and neck cancer, the 
efficacy of cisplatin and radiation in clearing tumors was blunted by immune 
suppression (Spanos et al. 2009). This is in line with the clinical observation that 
immunosuppression in patients results in lower rates of tumor control following 
radiation therapy (Arbab et  al. 2019; Chera et  al. 2017). Importantly, following 
radiation to ablative doses in animal models, reduction of tumor burden has been 
found to be dependent on T-cell responses (Lee et al. 2009). Tumors that have been 
irradiated also show more robust infiltration of tumor infiltrating lymphocytes and 
immune activation in draining lymph nodes (Lugade et  al. 2005). Furthermore, 
irradiated cells more readily present tumor antigens and incur a T-cell response with 
release of IFN-gamma in draining lymphatics (Lugade et al. 2005).

Ionizing radiation has been shown to induce immunogenic cell death in a manner 
that is dose dependent and contributes to a pro-immunogenic phenotype that 
counters the immunosuppressive environment which characterizes many solid 
tumors (Golden et  al. 2014). This process leads to release and uptake of tumor 
antigens with cross presentation by activated dendritic cells which traffic to tumor 
draining lymphatics (Ngwa et al. 2018). In addition, the type 1 interferon pathway 
in dendritic cells has been shown to play a critical role in radiation sensitivity. 
Cross-priming is enhanced in tumor infiltrating dendritic cells of wild-type mice but 
lacking in type I interferon-deficient mice (Burnette et al. 2011). Growing evidence 
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supports a central role for the cGAS-STING intracellular DNA sensing system in 
the radiation response (Deng et al. 2014a; Woo et al. 2014). This, in turn leads to 
downstream effects including expression of MHC class 1 and cytokines that promote 
T-cell trafficking to the tumor microenvironment including CCL5 and CXCL10 and 
activation of NK cells (Li et al. 2019; Sokolowska and Nowis 2018).

However, radiation has also been shown to have immunosuppressive effects and 
sequelae that may hinder the anti-tumor immune response. Radiation has been 
shown to promote TGF-beta signaling which promotes cell survival. Furthermore, 
irradiation of tumor-associated macrophages results in cellular changes that lead to 
increases in tumor cell invasion and angiogenesis (Teresa Pinto et  al. 2016) and 
promotes an M2 macrophage response (Chiang et al. 2012). These negative effects 
are compounded by the inherent radiosensitivity of tumor infiltrating lymphocytes 
which may be depleted during radiation therapy and blunt the adaptive immune 
response. Therefore, because tumor irradiation results in both immunosuppressive 
and immunogenic effects, the addition of appropriate immunomodulatory agents to 
therapy may be necessary to tip the balance in favor of promoting pro-immunogenic 
and anti-tumor processes.

Preclinical studies have demonstrated substantial synergistic effects with the 
combined administration of radiation therapy and clinically available immune 
modulating agents, including immune checkpoint blockade with anti-PD-1/PD-L1 
and anti-CTLA4 agents. Twyman-Saint Victor et al. evaluated the immune response 
underlying radiation therapy combined with dual anti-PD-1/PD-L1 and anti-CTLA4 
blockade. It was found that radiation diversified the T-cell repertoire in tumor- 
associated lymphocytes. Meanwhile, blockade of CTLA4 primarily inhibited 
T-regulatory cells (Tregs), which resulted in an increase in the CD8/Treg ratio. 
Importantly, the combination of radiation and anti-CTLA4 and anti-PD-1 blockade 
resulted in improved outcomes compared to radiation with either anti-CTLA4 or 
anti-PD-1 agents alone across a variety of models (Twyman-Saint Victor et  al. 
2015). Synergy has also been identified in multiple other preclinical studies (Chae 
et al. 2018).

With the recognition that the immune microenvironment plays a key role in the 
response following radiation, newer agents are being explored in combination with 
radiation therapy to alter the microenvironment to result in a favorable immune 
response. Secondary mitochondrial-derived activators of caspase (SMAC) mimetics 
are a class of drugs that inhibit caspase function and alter innate and adaptive 
immunity through NFKb signaling. In a syngeneic mouse model, the combination 
of the SMAC mimetic Debio 1143 significantly enhanced the efficacy of 30 Gy of 
radiation via augmentation of a tumor-specific adaptive immune response and 
inhibition of cellular infiltrates that lead to immunosuppression (Tao et al. 2019). In 
head and neck cancer cell lines and xenografts, the addition of the SMAC mimetic 
birinapant to radiation has been shown to result in inhibition of tumor growth in a 
manner that is dependent on FADD amplification, a frequent genomic alteration in 
head and neck squamous cell carcinoma (HNSCC) (Eytan et  al. 2016). SMAC 
mimetics are one example of newer classes of immune modulating agents 
demonstrating synergy with radiation therapy that are entering development 
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pipelines. Interest is also growing in combinations of ICB with agents targeting the 
DNA damage response. This includes PARP inhibitors and ATM inhibitors which 
are demonstrating combinatorial effects when given with immunotherapies 
(Konstantinopoulos et al. 2019; Zhang et al. 2019), which are discussed in Chap. 9.

Taken together, this body of preclinical literature has demonstrated that combi-
nations of radiation therapy and immunotherapies can result both in enhancement of 
local effects (radiosensitization) as well as the potential for systemic effects in non-
irradiated lesions. However, these findings are not readily extrapolated to human 
disease for multiple reasons including differences in tumor size between mice and 
humans as well as inherent differences between human and murine immunity. 
Therefore, the radiosensitizing effects of ICB as well as potential abscopal effects 
require clinical validation, which is presently an active area of current study.

In these ways, it has become increasing clear that radiosensitivity is more than a 
product of intrinsic cellular responses and that both innate and adaptive immune 
responses play a central role determining the radiation sensitivity and resistance of 
human cancers. In the present era of immuno-oncology, where immune modulatory 
agents have entered the armamentarium, consideration and understanding of the 
immune response is all the more important. In the modern practice of oncology, 
many patients will receive both radiation therapies with immune modulating agents 
and so it is critical that we determine the safety profile of such combinations as well 
as potential areas where synergy can be achieved.

3  Abscopal Effects of Radiation Treatment

Much of the promise surrounding radiation and ICB combinations is related to 
observations of “abscopal” effects which mirror a phenomenon observed in 
preclinical models—specifically, an observed tumor response in a non-irradiated 
lesion presumably due to an incited systemic immune response resulting from local 
radiation treatment. Anecdotally, multiple case series have demonstrated regression 
of non-irradiated disease, when radiation has been combined with ICB or when 
radiation was initiated during ICB administration. These reports have been most 
frequent in cases of melanoma (Abuodeh et al. 2016; Chandra et al. 2015; Golden 
et al. 2013; Hiniker et al. 2012; Postow et al. 2012; Schoenfeld et al. 2015; Stamell 
et al. 2013).

In an effort to provide formal evidence of the abscopal effect, two prospective 
studies have been conducted to evaluate systemic response after randomizing 
patients to receive PD-1 blockade with or without stereotactic body radiation 
therapy (SBRT). The PEMBRO-RT study randomized patients with advanced non- 
small cell lung carcinoma (NSCLC) to receive pembrolizumab (200 mg/kg every 
3 weeks) either alone or after SBRT (8 Gy x 3). SBRT was delivered to a single 
tumor site. Ninety-two patients were enrolled and 76 were randomized. The primary 
endpoint of ORR at 12 weeks was 18% in the pembrolizumab alone arm and 36% 
in the pembrolizumab + SBRT arm (p = 0.07). Median progression-free survival 
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(PFS) was 1.9 months in the pembrolizumab and 6.6 months in the pembrolizumab 
+ SBRT arm (p = 0.19). Interestingly, patients who seemed to benefit most from the 
addition of radiation therapy were those with PD-L1-negative tumors. In this 
subgroup, PFS and overall survival (OS) were significantly improved with radiation 
therapy (Theelen et al. 2019). In a separate study of patients with metastatic HNSCC, 
patients were randomized to receive nivolumab 3  mg/kg every 2  weeks with or 
without SBRT to a single site of disease (59% lung tumors, 27 Gy in 3 fractions). 
SBRT was delivered between cycles 1 and 2 of nivolumab. Forty-eight patients have 
been enrolled and no difference was seen in the primary endpoint of ORR in non- 
irradiated lesions (25.9% with SBRT, 30.8% without SBRT). Of interest is the 
observation that HPV-negative and EBV-negative tumors demonstrated higher 
response rates as did tumors with high mutational burden (McBride et al. 2018).

In summary, despite multiple anecdotal reports, the present evidence supporting 
the abscopal effect is limited (Table 13.1). Studies point to specific subpopulations 
who may benefit from the addition of radiation to PD-1 blockade such as patients 
with PD-L1-negative tumors or high tumor mutational burden. The PEMRBO-RT 
study does indicate the potential for harnessing the abscopal effect. Presently, 
however, results have been borderline significant or non-significant. Ultimately, 
larger studies will be needed.

4  Safety of Immunotherapy and Radiation in the Definitive 
Treatment Setting

The vast majority of data evaluating toxicity with immunotherapy and radiation 
delivered to palliative doses do not demonstrate a substantial risk of adverse events. 
One exception may be a possible increase in risk in radionecrosis following cranial 
radiation therapy in combination with ICB (Martin et al. 2018). However, radiation 
doses that are delivered in the definitive setting, with curative intent, are higher as 
are rates of radiation-associated toxicities. In this setting, increasing the risk of 
treatment-associated toxicity has the potential to limit therapy and prevent patients 
from receiving potentially curative treatment. In addition, the phenomenon of 
“hyperprogression” or rapid progression of disease following initiation of ICB has 
been reported in 9–17% of patients undergoing treatment for metastatic disease 
(Champiat et  al. 2017; Kato et  al. 2017; Kim et  al. 2018). The mechanisms 
underlying hyperprogression are poorly understood but the possibility for 
introducing this risk to patients with potentially curable disease is a concern. Lastly, 
as these therapies and combinations are relatively new, the long-term effects remain 
to be characterized and are of importance for patients who may be cured of their 
disease and have long life expectancy. For these reasons, the safety of ICB and 
radiation combinations require careful assessment independently of studies that 
have been conducted for patients with metastatic disease.
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The results of currently published or presented prospective studies that have 
evaluated combinations of ICB and radiotherapy in the definitive setting are 
summarized in Table  13.2. The DETERRED trial reported safety and efficacy 
results at the American Society of Clinical Oncology 2019 Annual Meeting in the 
treatment of locally advanced NSCLC using the addition of atezolizumab in 
combination with chemoradiation. The study enrolled patients in two phases: In the 
first phase (N  =  10), patients were treated with chemoradiation (conventionally 
fractionated to 60–66 Gy in 30–33 fractions with weekly low-dose carboplatin and 
paclitaxel) followed by carboplatin/paclitaxel with atezolizumab followed by 
maintenance atezolizumab. The second phase (N  =  30) treated patients with 
chemoradiation with concurrent atezolizumab followed by carboplatin/paclitaxel 
with atezolizumab followed by maintenance atezolizumab. Grade (G) 3+ 
atezolizumab-related adverse events were experienced by 40% (4/10) of patients in 
part 1 and 23% of patients in part 2. In part 1, the 1-year PFS and OS rates were 50% 
and 79%, respectively. In part 2, the 1-year PFS and OS rates were 57% and 79%, 
respectively (Lin et al. 2019). In the future, it will be important for this regimen of 
chemoradiation with concurrent immunotherapy to be tested against the PACIFIC 
regimen of chemoradiation followed adjuvant immunotherapy which has become 
standard of care.

A phase 1b study of 27 patients who underwent concurrent and adjuvant pembro-
lizumab with cisplatin-based chemoradiotherapy for locally advanced HNSCC 
importantly found that the addition of pembrolizumab did not compromise delivery 
of chemoradiation to full dose. All patients received the prescribed dose of radiation 
(70 Gy), and 85% received the target dose of cisplatin (≥200 mg/m2). Seventy-eight 
percent of patients completed the prescribed dosage of pembrolizumab, and only 
three patients discontinued due immune-related adverse events (Powell et al. 2017).

A phase II randomized trial (GORTEC 2015-01, “PembroRad”) is enrolling 
cisplatin-ineligible patients to receive radiation therapy in combination with 
either cetuximab or pembrolizumab. The most recent report at the American 
Society of Clinical Oncology 2018 Annual Meeting evaluated 133 patients who 
had been randomized. Compliance with treatment was high; 92% of patients 
received the full prescribed radiation dose and 87% received the prescribed three 
administrations of pembrolizumab. Rates of G3+ adverse events were lower in the 
pembrolizumab arm compared to the cetuximab arm including mucositis, 
dermatitis, and rash. Notably, higher rates of dysthyroidism were seen with 
pembrolizumab (18% vs 6%) (Sun et al. 2018).

The GORTEC 2017-01 study (REACH trial) is a phase III randomized trial for 
patients with locally advanced HSNCC to receive cisplatin-based chemoradiation 
or cetuximab-based radiation (if ineligible for cisplatin) versus radiation with 
cetuximab and concurrent plus adjuvant avelumab (anti-PD-L1) for a total of 1 year. 
Of the first 14 patients evaluated, three patients developed grade 4 toxicities 
including mucositis, dermatitis, and lymphopenia (Tao et al. 2018).

A multi-center phase II trial of pembrolizumab with definitive dose radiation in 
cisplatin-ineligible patients has reported early toxicity data (NCT02609503)  
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in the treatment of HNSCC. Fifteen of 16 patients were able to complete the 
 prescribed 6 cycles of pembrolizumab and all patients completed 70 Gy of radia-
tion. Fourteen G3+ toxicities have been observed thus far (7 lymphopenia, 5 muco-
sitis, 1 nausea, 1 anorexia). Three treatment failures have been reported (Weiss 
et al. 2018).

5  Efficacy of Radiation Therapy and ICB in the Definitive 
Treatment Setting

Upon careful inspection of survival curves of multiple immunotherapy trials, it is 
found that the curves tend to overlap initially and separate only later. This is 
opposed to typical Kaplan–Meier curves that are associated with proportional haz-
ards and show continuous separation over time. An analysis of several landmark 
immunotherapy trials has shown that there appears to be significant deviation from 
proportional hazards in these trials and that there appears to be a more substantial 
benefit from immunotherapy when the first 20% of events are excluded (Alexander 
et al. 2018). This suggest that patients who experience early disease progression 
may be less likely to benefit from immunotherapy. While cytotoxic chemothera-
pies have a relatively immediate onset of effect, immune checkpoint blockade 
depends on the generation of an adaptive immune response that may take longer 
to generate immune effector cells. Therefore, patients with rapidly progressive 
disease or a large tumor burden may be less likely to benefit from ICB and thera-
pies may be discontinued early due to lack of immediate response. Consistent with 
this, in a trial testing ipilimumab after radiation therapy for bone metastasis in 
prostate cancer, patients with higher alkaline phosphatase, lower hemoglobin, and 
the presence of visceral metastases were less likely to benefit from ipilimumab 
(Kwon et al. 2014). Similarly, patients with visceral metastasis and higher LDH 
seem to be less responsive to immunotherapies with anti-CTLA4 or anti-PD-1 
blockade (Sen et al. 2018). Therefore, it may be that there is an important role for 
radiation therapy in reducing burden of disease and delaying progression, in order 
to allow time for an adaptive immune response to mature. These findings also sup-
port a role for immunotherapy in the locally advanced or adjuvant setting where 
the disease burden is limited or minimal and so the efficacy of ICB can be 
maximized.

J. E. Leeman and J. D. Schoenfeld



351

6  Clinical Data on Radiation Therapy and ICB 
in the Definitive Setting

The PACIFIC trial is a landmark study that demonstrated a significant benefit to the 
addition of adjuvant durvalumab (anti-PD-L1) following platinum-based 
chemoradiation for the treatment of locally advanced NSCLC. Seven hundred and 
thirteen patients were enrolled and randomized in a 2:1 fashion to receive either 
durvalumab or placebo adjuvantly for 12  months. The addition of durvalumab 
resulted in significant improvement in PFS and OS.  Importantly, essentially all 
subgroups were found to benefit from durvalumab, even patients with minimal 
tumor expression of PD-L1. This study has provided some of the strongest clinical 
evidence supporting the use of ICB in the definitive setting in combination with 
chemoradiation (Antonia et al. 2017; Antonia et al. 2018).

An additional trial evaluating the role of nivolumab in locally advanced NSCLC 
has reported similar findings. Ninety-three patients were evaluated after platinum- 
based chemoradiation for Stage III NSCLC and nivolumab was administered 
adjuvantly for 12 months. The median PFS was 17 months and median survival was 
not reached. Grade 3+ pneumonitis only occurred in 6.5% of patients (Durm et al. 
2018). A post hoc analysis of the KEYNOTE-001 study of patients with recurrent/
metastatic NSCLC interestingly found that patients who had received prior radiation 
as part of their initial therapy seemed to experience longer PFS and OS (Shaverdian 
et  al. 2017). Taken together, the above data have provided concordant results 
demonstrating a substantial clinical benefit to the addition of ICB following 
chemoradiation for locally advanced NSCLC and treatment appears to be well 
tolerated.

Lastly, a retrospective analysis of a cohort of patients from four centers who 
underwent brain radiation therapy for brain metastases from NSCLC, melanoma, or 
renal cell carcinoma in combination with ICB found positive outcomes with a 
median survival of 634 days, which compared favorably with historical controls 
(Pike et al. 2017). This is in keeping with multiple other studies that have found 
favorable outcomes with combinations of brain radiation and ICB (Ahmed et al. 
2016; Qian et  al. 2016) and suggests that patients responding to ICB who have 
isolated intracranial progression may be amenable to salvage with radiation and 
continued ICB treatment.

7  Practical Questions Related to Combining Radiation 
with ICB

How to optimally sequence and time radiation therapy with ICB is an important and 
relevant question. Whether radiation should be given prior to, during, or following 
ICB for maximal effect and safety remains unknown. Radiation is known to have 
immunosuppressive effects which in theory could hinder the adaptive immune 
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response generated from ICB. Clinical evidence seems to suggest that abscopal 
effects tend to occur when radiation is given concurrently or immediately following 
ICB. This may be due to immune priming that is initiated by ICB allowing for 
recognition of radiation-induced tumor antigens that may be released and recognized. 
In the PACIFIC trial, timing of immunotherapy following radiation was found to be 
important. Patients who started adjuvant durvalumab within 14 days of completing 
chemoradiation were found to have improved PFS compared to patients who started 
14–42 days after chemoradiation (hazard ratio 0.39 vs 0.63) though this could also 
reflect selection bias (Antonia et al. 2017). Analysis of 750 patients who received 
radiation and ICB (either anti-PD-1/PD-L1 or anti-CTLA4) found that overall 
survival was improved when radiation was given concurrently with ICB rather than 
before or after (20 months vs 6–7 months) (Samstein et al. 2017). A study of 75 
patients with brain metastases from melanoma who received both stereotactic 
radiosurgery (SRS) and ICB found that patients who received radiation within 
4 weeks of ICB experienced a more significant reduction in lesion size (Qian et al. 
2016). Preclinical data has suggested that radiation (10 Gy in 2 fractions) showed 
enhanced activity when delivered with anti-PDL1 antibody concurrently at either 
the start or end of RT but not when given 7 days after radiation has been completed 
(Dovedi et  al. 2014). The most appropriate sequencing and timing of ICB and 
radiation may also be dependent on the agent and ICB target. A study of tumor 
bearing mice found that optimal timing of radiation (20 Gy) with ICB was different 
with anti-CTLA4 blockade versus anti-OX40 blockade. With anti-CTLA4, ICB was 
more effective when given prior to radiation while anti-OX40 therapy was optimally 
given 1 day following radiation (Young et al. 2016).

In clinical practice, a wide range of radiation doses and fractionation schedules 
in use are dependent on the cancer type and context. This includes conventionally 
fractionated radiation (1.8–2  Gy per fraction), moderately hypofractionated 
radiation (2–6  Gy per fraction), high dose per fraction treatment typically given 
with SRS or SBRT (>6 Gy per fraction) and hyperfractionated treatment sometimes 
given twice per day. The mechanism of cell death induced by radiation likely differs 
depending on the dose per fraction that is delivered. However, the paradigms that 
govern most effective radiation doses for cytotoxic effects may need to be 
reconsidered when the goal of treatment is synergy with immunotherapy and 
immunomodulation. It is possible that prolonged courses of daily radiation may be 
counterproductive because tumor infiltrating lymphocytes are known to be highly 
radiosensitive and may therefore be continually killed by conventional schedules of 
radiation (Marciscano et  al. 2018). Indeed, in a series of patients treated with 
radiation and ICB, more prolonged fractionation regimens were associated with 
significant lymphopenia and worse outcomes on ICB therapy (Pike et al. 2019).

A mouse model of the abscopal effect was developed by Camphausen et al. and 
involved measurement of lung carcinoma or fibrosarcoma tumor growth in the 
dorsum of the animal following irradiation of the leg. They found that higher dose 
per fraction treatment (10 Gy x 5 versus 2 Gy x 12) resulted in more evidence of an 
abscopal effect with inhibition of unirradiated tumor growth and in a p53-dependent 
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fashion (Camphausen et al. 2003). In a murine model of melanoma, it was found 
that single fractions of radiation (15 Gy x 1 versus 5 Gy x 3) resulted in a more 
pronounced immune response with more immune activation in draining lymphatics 
as well as increase in tumor infiltrating lymphocytes and cell kill (Lugade et  al. 
2005). Similarly, another study found that 20 Gy given in single fraction was found 
to be more effective than 20 Gy in four fractions. The improvement found with 
single fraction treatment was reversed by inhibition of CD8+ lymphocytes 
suggesting that cytotoxic T-cells play an important role in the response to single 
fraction high dose treatment. Consistent with the findings of the above preclinical 
studies, a review of patients treated with both ICB and radiation found that the use 
of larger dose per fraction treatment (>4 Gy per fraction) was associated with longer 
survival. Therefore, prospective trials will be needed to assess the true clinical 
benefit of combining high dose per fraction treatment with immunotherapies (see 
Table 13.1).

While the above presented studies point to increased immune synergy with high 
dose per fraction radiation therapy, there is also compelling evidence for anti-tumor 
immunomodulation when radiation is given in multiple fractions as opposed to a 
single fraction combined with anti-CTLA4 blockade (Dewan et al. 2009; Vanpouille- 
Box et al. 2015). This may be because single fraction high dose treatment inhibits 
cGAS-STING activation and the ensuing cytosolic DNA immunogenic response 
(Vanpouille-Box et  al. 2015). Delivery of 10  Gy of radiation has been found to 
activate expression of cellular immune response proteins and release of inflammatory 
damage-associated molecular pattern molecules when radiation was given in ten 
consecutive fractions as opposed to a single high dose fraction (John-Aryankalayil 
et al. 2010). Presently, prospective comparative clinical data are needed to better 
define the optimal radiation dose and schedule for induction of an abscopal effect.

Radiation field design may have an important effect on synergistic efficacy with 
ICB. In the treatment of many head and neck cancers, the draining cervical 
lymphatics are treated electively with radiation to eliminate potential deposits of 
microscopic disease as the initial pattern of spread. This approach is often applied 
in radiation treatment to other cancer types including prostate cancer, breast cancer, 
anorectal cancer, and gynecologic cancers. In a preclinical model, the addition of 
lymphatic irradiation to tumor irradiation resulted in a blunting of the effect of ICB 
due to reductions in adaptive immune response, chemokine expression, and immune 
infiltration (Marciscano et  al. 2018). In this way, it is possible that classical 
approaches to radiation field design may need rethinking in the era of immunotherapy 
to maximize synergy and avoid unnecessary irradiation of lymphoid tissue which 
may be of importance. It is worth noting that in the treatment of locally advanced 
lung cancer, radiation is nowadays typically limited to areas of gross tumor or nodal 
stations which are radiographically or pathologically involved with tumor while 
other lymphatic stations are spared. This may have contributed to some of the 
success of radiation and ICB achieved in the PACIFIC trial and other studies in 
NSCLC described above.
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8  Future Directions

As of now, the largest clinical experience and body of evidence surrounds the use of 
radiation with anti-CTLA4 and anti-PD-1/PD-L1 blocking agents, which have now 
entered routine clinical practice in the management of many different cancer types. 
However, there are newer ICB agents in the pipeline include drugs targeting OX40, 
TIM3, GITR, and LAG3 (Mahoney et al. 2015). It remains to be seen whether the 
existing knowledge of radiosensitization and immunomodulation with currently 
used agents can be extrapolated to new types of ICB. Furthermore, other types of 
immunotherapies are currently being explored in combination with radiation. Early 
evidence has demonstrated a role for radiation as part of conditioning for treatment 
with chimeric antigen receptor (CAR) T-cells (DeSelm et  al. 2018) which have 
shown significant promise in hematologic malignancies as well as solid tumors.

As an experimental approach, partial tumor irradiation is beginning to be 
explored. As previously discussed, tumor infiltrating lymphocytes are highly 
sensitive to radiation which has known immunosuppressive effects. Irradiation of 
only a portion of the gross tumor volume as opposed to the entirety of the tumor 
may allow sparing of essential immune components that may potentiate the immune 
response of radiation. The use of more conformal techniques such as proton therapy 
remains to be explored in this context. Additionally, there is reason to believe that 
the use of brachytherapy may enhance immune activation through multiple 
mechanisms related to radiation dose heterogeneity and gradient (Patel et al. 2018). 
The question of whether to irradiate draining lymphatics and to what dose for 
optimal immunomodulation is an important one that requires exploration 
(Marciscano et al. 2018).

As our understanding of the molecular underpinnings of the abscopal effect 
improve, delivery of pharmacologic adjuvant agents may enhance immune responses 
achieved with radiation therapy. Immunotherapies have been shown to allow for 
improved systemic control that for some patients can be highly durable. In this 
setting, locoregional control of disease becomes even more important and therefore 
there exists a rationale for radiation plus targeted radiosensitizers for local therapy 
in combination with ICB for systemic control. However, these benefits must be 
weighed against potentially toxicity concerns associated with these combinations.

STING agonists may assist with potentiating optimal systemic responses (Deng 
et al. 2014b; Vanpouille-Box et al. 2015; Woo et al. 2014). There may also be a role 
for more classical radiosensitizing agents (platinum, 5-fluorouracil, temozolomide) 
which may potentially enhance tumor antigen release. However, benefits must also 
be weighed against immunosuppressive effects of these regimens which may 
hamper the effects of ICB. A growing body of evidence supports the use of PARP 
inhibitors in combination with ICB. PARP inhibition has been shown to upregulate 
PD-L1 expression (Jiao et al. 2017; Sato et al. 2017). Furthermore, niraparib has 
been shown to have immunomodulatory effects such as increase in tumor infiltrating 
T-cells and interferon pathways (Shen et al. 2019; Wang et al. 2019). The TOPACIO/
KEYNOTE-162 study has shown promising results with the combination of 
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niraparib and pembrolizumab in the treatment of recurrent ovarian cancer or 
metastatic triple-negative breast cancer (Konstantinopoulos et al. 2019). It will be 
important to determine how radiation treatment can be introduced into these 
developing treatment paradigms with the goal of enhancing immune synergy with 
this newer generation of systemic therapy.

In these ways, the era of immunotherapy has opened up new and exciting possibili-
ties in multidisciplinary oncologic care and pressed clinicians and researchers to 
rethink classical concepts and mechanisms of radiosensitization. As immunotherapies 
have entered the standard of care in the management of multiple cancer types, evi-
dence is expanding that demonstrates renewed importance for radiation therapy as a 
way to maximize synergy and improve patient outcomes.
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