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The addition of chemotherapeutic agents to ionizing radiation has improved survival in many malignancies. Cure rates may be
further improved by adding novel targeted agents to current radiotherapy or radiochemotherapy regimens. Despite promising
laboratory data, progress in the clinical development of new drugs with radiation has been limited. To define and address the
problems involved, a collaborative effort between individuals within the translational research program of the Radiation Oncology
Therapy Group and the National Cancer Institute was established. We discerned challenges to drug development with radiation
including: 1) the limited relevance of preclinical work, 2) the pharmaceutical industry’s diminished interest, and 3) the important
individual skills and institutional commitments required to ensure a successful program.The differences between early-phase trial
designs with and without radiation are noted as substantial. The traditional endpoints for early-phase clinical trials—acute toxic-
ity and maximum-tolerated dose—are of limited value when combining targeted agents with radiation. Furthermore, response
rate is not a useful surrogate marker of activity in radiation combination trials.Consequently, a risk-stratified model for drug-dose
escalation with radiation is proposed, based upon the known and estimated adverse effects. The guidelines discuss new clinical
trial designs, such as the time-to-event continual reassessment method design for phase | trials, randomized phase Il “screening”
trials, and the use of surrogate endpoints, such as pathological response. It is hoped that by providing a clear pathway, this article

will accelerate the rate of drug development with radiation.
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This article outlines strategies for the design of early-phase clini-
cal trials of radiation sensitizers. It is the result of a collaborative
project involving experts from the National Cancer Institute (NCI)
and the Radiation Therapy Oncology Group (RTOG). Two com-
plimentary articles that present sometimes contrasting opinions (1,
2) are recommended to the reader.

Importance of Drug Development With
Radiation Therapy and Potential Impact

Radiation therapy plays a key role in cancer management, in both
the definitive and palliative setting; however, local failure remains
a cause of morbidity and mortality. Randomized trials have dem-
onstrated that delivering systemic therapy concurrently with
radiation improves both local control and overall survival in many
cancer types without excessive toxicity (Table 1).

Classically, radiosensitizers were considered those drugs whose
sole action was to decrease cancer cell survival by changing the
slope of the radiation survival curve following exposure to ionizing
radiation. Despite much research, few such drugs have entered
clinical use. Radiation response modifiers in use today have single-
agentactivity against particular tumors (eg, cisplatin, 5-fluorouracil,
temozolomide), with the underlying rationale for the drug—
radiation combination going beyond classic radiosensitization (14).
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Opver the past decade, a large number of molecular agents that tar-
get cellular survival and growth signaling pathways have been devel-
oped. Many of these enhance the effect of ionizing radiation in the
laboratory (Supplementary Table 1, available online). It is anticipated
that these agents will enhance tumor control when combined with
radiation therapy in human subjects. Cetuximab, a targeted agent,
was effective when combined with radiation in a phase III trial (15).

The majority of targeted agents are cytostatic, or only mildly
cytotoxic; hence, prolonged administration may be required to
achieve clinical benefit. Furthermore, with the notable exception
of adjuvant trastuzumab in breast cancer, this broad class of agents
has had only a modest effect on overall survival so far. Combining
these agents with radiation therapy, however, has the potential to
improve cure rates and long-term overall survival. When cetuximab
is combined with radiation therapy in head and neck cancer, it pro-
duces a 10% absolute improvement in 3-year survival (15), whereas
in the absence of radiation, the same drug produces only a transient
improvement in overall survival for a variety of cancer types (16-18).

Despite the promise of combined radiation and systemic treat-
ments, progress has been slow. During the past decade, only two
new agents, temozolomide (chemotherapeutic) and cetuximab
(monoclonal antibody), have improved survival when combined
with radiation therapy. We briefly review the development of three
classes of radiation response modifiers.
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Table 1. Combination of radiation and systemic therapy, level 1 evidence*

Advantage of combined treatment

Primary Systemic agent compared with radiation alone References
Glioblastoma (brain) Temozolomide Improved OS (3)
Head and neck Cisplatin, cetuximab Improved OS (4), (5)
Lung Cisplatin Improved OS (6)
Esophagus 5FU + cisplatin Improved OS (7)
Stomach 5FU + leucovorin Improved OS compared with no treatment (8)
Rectum bFU Improved OS (9)
Anus 5FU + mitomycin Improved local control (10)
Cervix Cisplatin Improved OS (11)
Prostate Androgen deprivation therapy Improved OS (12)
Bladder 5FU + mitomycin Improved local control (13)

*

OS = overall survival; 5FU = 5-fluorouracil.

Limited Success: Targeting Hypoxic Cells

A large number of clinical trials were performed based upon pre-
clinical work demonstrating that nitroimidazoles overcome the
radioresistance of hypoxic cancer cells. Results were disappoint-
ing; trials demonstrated only a modest benefit. There are multiple
explanations (19-23):

1. Animal models did not accurately reflect acute and/or chronic
hypoxia seen in human tumors.

2. There was an inability to assess tumor hypoxia and enrich tri-
als with hypoxic tumors.

3. There were unexpected side effects; neuropathies prevented
the use of a therapeutic dose.

4. Hypoxia may be an imperfect target because the majority of
tumor cells are not profoundly hypoxic and partial reoxy-
genation occurs during fractionated radiation therapy (24).
Further, the addition of chemotherapy to radiation may
negate the radioprotective effect of hypoxia (25).

Exaggerated expectations and lack of industry support led to
many small, underpowered trials being performed. Following the
disappointing results, many lost interest in these agents, although
nimorazole is routinely used in Denmark based upon a positive
meta-analysis (23).

An alternative approach is the use of hypoxic cytotoxins such as
tirapazamine that specifically destroy hypoxic cells. Although effec-
tive in vivo (26,27), tirapazamine failed to improve tumor control
when combined with chemoradiation in large clinical trials (28,29).
Recently it has been reported that tirapazamine induces vascu-
lar dysfunction and paradoxically worsens hypoxia at the center
of tumors (30-32). Nonetheless, newer agents that exploit tumor
hypoxia are under continued development (33).

Past Successes: Traditional Cytotoxics

Combining cytotoxic agents from a variety of classes with radiation
improves survival in many cancers compared with radiation ther-
apy alone (Table 1). When trying to understand why these agents
succeeded but the hypoxia sensitizers did not, one must consider
some key differences. The cytotoxics had been fully developed as
active single agents prior to being combined with radiation. As a
result, their pharmacokinetics, side-effect profiles, and appropriate
clinical doses were already well understood. Significantly, some of
the drugs had large pharmaceutical companies providing logistic
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and financial support. Their comparatively broad-spectrum cyto-
toxic action, although potentially narrowing the therapeutic win-
dow, actually proved to be advantageous, with no need to preselect
tumor subtypes. Remarkably, despite decades of work, many fun-
damental questions concerning radiation response modification
remain unanswered: What is the true target for these drugs? What
is the optimal scheduling with radiation? Are certain tumors espe-
cially sensitive to the drug-radiation combination? Is the combina-
tion truly synergistic or merely additive? Our lack of success in
resolving these issues does not appear to have hindered cytotoxics’
substantial impact on clinical outcomes.

Past Successes: Signal Transduction
Inhibitors

The epidermal growth factor receptor (EGFR) is expressed in almost
100% of head and neck cancer, with the degree of overexpression
correlating with survival (34,35). The receptor activates prosur-
vival pathways and may also promote DNA repair and angiogenesis
(36,37). Preclinical studies showed that when cetuximab, an EGFR
antagonist, is combined with radiation, cell proliferation is inhibited
and apoptosis increased more than with either modality alone (38).
Subsequently, a phase III trial demonstrated that cetuximab improves
overall survival when combined with radiation in the treatment of
locoregionally advanced squamous cell carcinoma of the head and
neck compared with radiation alone (15). Unfortunately, EGFR
inhibitors have not been as successful in other disease types (39,40).
Further, even in this successful trial, the underlying hypothesis
appears to be oversimplified: paradoxically it was the tumors with low
EGEFR expression that benefited most from cetuximab (41). There
are also ongoing concerns about the toxicity of the combination (42).
Despite the above successes, enormous room for improvement
remains because systemic agents worsen radiation side effects, and
although cetuximab provides benefit, many EGFR-expressing
tumors recur despite treatment. Few targets, furthermore, are as
uniformly overexpressed as EGFR in head and neck cancers.

Current Status of Radiation Response
Modifier Development in Radiation
Oncology

There is limited drug development in the context of radiation
oncology. A recent study found that only 30 phase I trials involving
radiation are published per year (43), compared with almost 400
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cancer-related, nonradiation, phase I studies. Clinical trials com-
bining new agents with radiation therapy are often initiated only
after a drug has been shown to have clinical activity as a single
agent, on average 8 years into the drug’ lifetime. Hence the trial
results typically become available when the drug’s patent is close to
expiration, decreasing the company’s enthusiasm to fund additional
indications. Industry’s reluctance to combine drugs with radiation
early in development may also be related to fear of toxicity, result-
ant delay in drug approval, and possible bad publicity.

Identification of Novel Radiation Response
Modifying Agents

The broad array of compounds that enhance tumor killing with
radiation reflects the complexity of the cellular radiation response
and the impact of the microenvironment. Although DNA appears to
be the primary target of ionizing radiation, complex processes deter-
mine both the ability of the cell to repair DNA and the cells response
to DNA damage. Evidence exists that apoptosis, necrosis, mitotic
catastrophe and terminal differentiation all contribute, although the
relative importance of each is unknown. A lack of complete mecha-
nistic understanding is an impediment to developing effective radi-
ation-enhancing agents, although chemotherapy drug development
faces a similar situation. Critically, we need to better differentiate
better between normal and neoplastic tissue, but we lack a complete
understanding of why many anticancer agents (including radiation)
already demonstrate relative selectivity for cancer cells.

An alternative approach is to investigate and overcome the
mechanisms of radiation resistance. This approach has been fruit-
fully pursued for chemotherapeutic (44) and biological agents
(45,46). Studies investigating secondary resistance to systemic
agents have informed the field about membrane transporters,
alternative survival pathways, and the cancer cell genome’s plastic-
ity and its consequent ability to overcome external stresses. More
recently, scientists have been trying to anticipate mechanisms of
resistance prior to a drug’s clinical launch (47). Much of the pre-
clinical work that has been undertaken into radiation resistance
has examined single molecules and/or genes, but clearly, radiation
resistance is a multifactorial phenomenon. Factors responsible for
radioresistance include both the microenvironment (eg, hypoxia,
immune status) and intrinsic cancer cell biology (eg, PI3K path-
way activation, cancer stem cell persistence, p53 loss, enhanced
DNA repair). Defining the interactions of radiation with these
pathways may help development of effective radiation-enhancing
agents.

The current NCI approach to development of radiation-
enhancing agents is as follows: Investigational Drug Branch sen-
ior investigators, who act as the project leads, identify promising
agents in coordination with program officials of the Radiation
Research Program. They contact the agent source (eg, pharma-
ceutical company, biotech company) to initiate the material trans-
fer agreement to start preclinical screening experiments by NCI’s
Molecular Radiation Therapeutics Branch and/or interested extra-
mural investigators. This collaborative effort enables the novel
agent to move quickly to phase I development in conjunction with
radiation around the time when the same agent is being tested in
other phase IT or phase I combination studies.
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The Role of Preclinical Studies in Radiation
Oncology Drug Development

In vitro and in vivo preclinical studies assess the ability of targeted
agents to modulate the effects of ionizing radiation on tumors or
tumor cells. Mechanistic studies performed include quantitation
of DNA damage, modification of signaling pathways, understand-
ing of microenvironmental perturbation, and investigation of the
mechanism of cell death.

The relevance of preclinical work to success in clinical trials in
both medical and radiation oncology is unclear, although the num-
ber of null phase III trials performed is not reassuring. Possible
reasons for discordance between the lab and the clinic include
difficulty in modeling the microenvironment and/or immune
response, the heterogeneous nature of solid tumors (48,49), the
use of fast-growing and sensitive cell lines, unrealistic drug con-
centrations, and aggressive interpretation of data (50). Methods to
try and increase biological relevance include the use of multiple
cell lines and/or models, clonogenic rather than colorimetric pro-
liferative in vitro assays, orthotopic xenograft in in vivo models
rather than nonorthotopic models, tumors established and pas-
saged in vivo rather than from long-term in vitro cultures, and
rigorous statistical analysis and adoption of clinically achievable
drug concentrations.

Despite their limitations, preclinical studies are relatively
quick and inexpensive, allow demonstration of radiosensiti-
zation, and may suggest mechanism of action. Furthermore,
testing in different models contributes to an understanding of
which variables contribute to likelihood of response (eg, HER2
amplification with trastuzumab, Ras mutations with cetuximab).
Preclinical studies can also facilitate the development of end-
points and biomarkers that subsequently can be incorporated
into clinical studies (51).

In summary, there is a great need to develop better preclinical
models. The results of current preclinical studies alone cannot be
used to determine which agents should be studied in early-phase
clinical trials in combination with radiation. At present, in vitro
studies in two, or preferably three, relevant cell lines are suggested
as a minimum,; in addition, in the case of targeted therapies, cell
lines should be chosen to assess the importance of the target,
preferably using isogenic cell lines that differ only with respect
to target expression. When the experimental agent is expected to
influence the microenvironment, in vivo studies are necessary.

The Role of Preclinical Studies in
Predicting Toxicity

There are limited preclinical models of radiation toxicity, and even
those that exist are imperfect. Amifostine, for instance, is an effec-
tive esophageal radioprotectant in vivo (30) but failed in clinical
trials (52). Gemcitabine radiosensitized normal tissues in humans
much more than was expected (53,54) based upon preclinical studies
(55,56). One reason for the limited value of preclinical models may be
the endpoints used. Animal studies typically use objective histologi-
cal changes as an endpoint, whereas human trials rely on physician-
rated and patient-reported subjective complaints (Supplementary
Table 2, available online). For instance, with radiation-induced
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esophagitis, it is not known whether histological changes correlate
with the clinical outcomes of odynphagia and dysphagia; rather,
it is likely that these symptoms are the result of a combination of
mucositis, smooth muscle dysfunction, and neuropathy.

Purpose of Preclinical Studies of Radiation
Response Modifiers

Preclinical studies of radiation response modifiers have multiple
possible purposes. These include:

1. The demonstration of efficacy. Does the drug radiosensitize
tumor cells at achievable concentrations?

2. Exploring the mechanisms of radiation modification. For
example, is the agent acting upon tumor cells or the
microenvironment?

3. Defining a target and/or signature (biomarker) that defines
which tumors are best radiosensitized and could potentially
be used in personalized trials as inclusion criteria.

4. Investigating scheduling issues.

5. Investigating normal tissue responses. Is the drug widening
the therapeutic window or merely shifting both the normal
and tumor radiation dose-response curves to a similar extent?
Might there be volume effects?

6. Facilitation of the development of biomarkers (biochemical,
imaging) that could be incorporated into clinical trials as sur-
rogates of response.

Challenges of Clinical Drug Development
in Oncology and Unique Issues in Early-
Phase Radiation Oncology Clinical Trials

Efficient drug development with or without radiation demands that
disparate groups (clinicians, cancer centers, cooperative groups,
institutional review boards, national regulatory agencies, and phar-
maceutical companies) work harmoniously together. Challenges
with anticancer drug phase I development in general include dif-
ficulty in the selection of the best compounds from a given drug
class and difficulty in choosing the most efficient trial designs
(57,58). The inadequacy of preclinical assays fosters overregula-
tion, slowing the drug development process (59). As more antican-
cer agents receive US Food and Drug Administration approval and
the standard of care improves, the bar is inevitably set ever higher,
making the endorsement of newer, potentially more-potent agents
more difficult (60). Many of these issues were addressed in the
US Food and Drug Administration’s Critical Path Initiative (61);
suggested solutions include the implementation of nontraditional
enrollment schedules, use of biomarkers and functional imaging,
and adjustment of regulatory requirements (62-69). An underlying
theme already being adopted is the need to go beyond the tradi-
tional early-phase trial objectives of toxicity and pharmacokinetics
to include identification of sensitive tumor types and proof that
the new agent is “hitting the target.” For example, nitroimidazole
hypoxic sensitizers may have proven successful had trial enrollment
been limited to hypoxic tumors.

There are unique biological, clinical, and logistical challenges
that characterize “personalized” drug development with radiation
that may be above and beyond that for the drug alone.
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Expertise

Designing and conducting high-quality clinical trials requires bio-
logical understanding, broad clinical experience, and institutional
commitment to ensure that there is the appropriate regulatory
infrastructure, as well as statistical and financial support. Close
contacts with the pharmaceutical industry as well as with NCI pro-
grams such as the Cancer Therapy Evaluation Program (CTEP)
and the Radiation Research Program are needed to ensure drug
supply. A concern for the future development of drug-radiation
combinations is the limited number of academic clinicians and a
decrease in the number of radiation biologists (70,71).

Feasibility

Of the many promising drugs in development, logistic and financial
pressures dictate that only a fraction will be tested with radiation
therapy in clinical trials. However, there is no consensus regarding
the experimental data required prior to proceeding with a clini-
cal radiation—drug trial, nor is there a mechanism for prioritizing
which drugs should be pushed forward. This lack of clarity slows
the process at all steps for all involved—investigators, the pharma-
ceutical industry, and regulatory bodies.

Incomplete Understanding of the Mechanisms Through
Which Radiation Therapy Controls Tumors

Although there is broad consensus that DNA damage plays a cen-
tral role in radiation-induced cell death, the relative importance
of other pathways, such as ceramide, immunostimulation, and
radiation-induced vascular damage, remains uncertain. For exam-
ple, when mammalian target of rapamycin (mTOR) inhibitors are
combined with radiation, different model systems have provided
conflicting mechanisms of action; some models show that the
drugs radiosensitize through increased direct tumor kill, whereas
other models suggest the drugs radiosensitize by attacking the vas-
culature (72-74). There are similar types of knowledge gaps for all
types of cancer therapy.

In the clinic the most troublesome, radioresistant tumors tend to
be of large diameter. Currently these are typically treated with daily-
fractionated radiation for several weeks (75). The tumors studied in
animal models are small by contrast and usually treated over a period
of a few days, which means that the mechanisms operating in the lat-
ter setting may differ substantially from the former.

An important contrast between using a drug alone or as a
radiation modifier is that the maximum tolerated dose of an
investigational agent may not necessarily be the biologically
optimum dose in combination with radiation (76). One pragmatic
solution may be to investigate two dose levels in phase II clinical
trials—one at or close to the maximum tolerated dose and the
other somewhat lower. Variation in dose scheduling is worthy of
exploration and problematic to model in animal models.

The Efficacy of Radiation Therapy Alone

Radiation is highly effective at shrinking tumors; hence, response
rate is usually not a useful surrogate marker of activity in radia-
tion combination trials. A more appropriate activity endpoint for
radiation trials may be progression-free survival, but this is often
difficult to objectively assess. Imaging endpoints (such as fluoro-
deoxyglucose uptake) show promise, but they require validation
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and standardization across institutions. In the neoadjuvant setting,
a pathological complete response may be a very useful endpoint
in patients with certain tumors (eg, esophagus, rectum). In view of
the substantial tumor shrinkage rates seen with radiation therapy
alone, randomized phase II trials can be particularly valuable when
combining investigational agents with radiotherapy or radiochem-
otherapy. If short-term endpoints are proven reliable indicators of
ultimate benefit with respect to clinical endpoints such as survival,
then clinical trial designs that screen multiple agents to select the
most promising for phase III trials may be possible.

Nonbiological Factors That Contribute to Clinical Outcome
Outcome following radiation therapy is dependent on spatial and
technical factors not directly related to tumor biology, such as size
of the target, proximity of the tumor to sensitive normal tissues,
accuracy of target volume definition, patient immobilization, and
dose and fractionation of radiation. Inadequate quality assurance and
lack of consistency in radiation delivery has led to the conclusions
obtained from large clinical trials being questioned (77-83). In the
randomized RTOG trial 9704, which evaluated adjuvant chemo-radi-
ation in pancreatic cancer, subtle protocol violations in target defini-
tion influenced both toxicity and survival (84). All the above factors
should be considered when interpreting the results of clinical trials,
but this information is not always reported. Clinical trials involving
intensity-modulated radiation therapy (IMRT), in which the radia-
tion dose is sculpted around critical structures, add a new degree of
potential confounding factors, as demonstrated by a dose-escalation
trial in prostate cancer in which the target volume was defined differ-
ently for different dose levels (85). Hence the importance of quality
assurance in clinical trials cannot be overemphasized, and the quality
assurance programs within the cooperative group trials supported by
CTEP are an excellent investment.

Radiation-Induced Toxicity is Biphasic

Toxicity following radiation typically follows a biphasic course:
early toxicity usually starts within the first 2 weeks and is gener-
ally defined as occurring within 3 months of commencing radiation
therapy; late toxicity can occur months to years following comple-
tion of therapy. Although early toxicity is bothersome, it is gener-
ally reversible. Late toxicity is typically irreversible, although some
studies suggest this may not be so (86). The choice between early
and late toxicity endpoints in early-phase clinical trials needs to
be decided pragmatically, balancing feasibility with what is most
relevant for patient outcomes.

Phase I trials rarely include a randomized comparison group;
therefore, investigators should be careful not to attribute to the
investigational agent adverse effects that are expected to occur
with radiotherapy alone. A helpful benchmark is the report of
a recent NCI workshop that summarized the most serious and/
or dose-limiting adverse effects of radiation therapy to different
organs (75).

In phase I trials of investigational agents that do not involve
radiation therapy, the dose-limiting toxicity is usually apparent
within a few days or weeks, generally before the next cycle is due.
In trials involving radiation therapy, however, it may be appropri-
ate to wait longer, possibly 2 to 3 months, before escalating or de-
escalating the dose of the systemic agent, although this interrupts
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continuity of patient accrual. For greater efficiency, therefore, con-
sideration should be given to a “ping-pong” study design, wherein
a cohort testing drug B is enrolled while awaiting evaluation of the
cohort that received a certain dose of drug A (87).

Questions Addressed by Phase | Radiation Trials

Phase I trials in radiation oncology often have a different purpose
than medical oncology trials. Phase I trials in medical oncology are
frequently the “first-in-human” experience for the agent; toxicity
may be unpredictable, and pharmacokinetic and biomarker stud-
ies are essential. On the other hand, most phase I trials in radia-
tion oncology involve agents that have already been through phase
I and/or phase 1I testing. Their toxicity is known, and complete
pharmacokinetic studies are unnecessary. The primary purpose of
the trial is to define the extent of toxicity within the region irra-
diated. Consequently, radiation oncology phase I trials are organ-
specific and are comparatively safe (43).

Patients in phase I radiation trials may receive full-dose radia-
tion treatment; therefore there is no need to restrict enrollment to
patients lacking therapeutic options. Conversely, in most medical
oncology early-phase trials, participants have often received several
lines of treatment and may lack further therapeutic options.

As an illustrative example, we examined early-phase clinical
studies for gemcitabine. Phase I studies of gemcitabine without
radiation demonstrated that the maximum tolerated dose was
dependent upon infusion duration and frequency but independent
of the tumor type. Qualitatively, toxicities were broadly similar
across different anatomic sites of disease (88). In contrast, phase
I trials combining gemcitabine with ionizing radiation demonstrated
that dose-limiting toxicities (DLIs) were predictable and very
dependent upon the organ (and normal tissues) being irradiated. For
example, the DLTS for pancreatic irradiation were nausea, anorexia,
and abdominal pain, whereas for lung irradiation, the DL'Ts were
pneumonitis, esophagitis, and dermatitis. The maximum tolerated
dose of gemcitabine also varied greatly, ranging from 10mg/
m?/week for mouth and throat cancers (53) to up to 600mg/m?/
week in the brain (89). These observations emphasize the need for
an organ-specific approach to phase I radiation combination trials.

New Opportunity: Combining Radiation
Modifiers With Hypofractionated Radiation
Therapy

Traditionally, radiation therapy was delivered in daily fractions of
about 2 gray each, with definitive treatments lasting 6 to 8 weeks.
Advances in the precision of radiation delivery have led to the
increasing use of hypofractionated treatments (fewer but larger
fractions, typically five or less). Early results are encouraging,
although long-term toxicity outcomes are limited (90-93). It is
unknown how radiosensitizers will influence clinical outcomes of
hypofractionated radiation. In vitro clonogenic cell survival curves
typically show increasing divergence between control cells and
those treated with a radiation sensitizer as radiation dose increases,
suggesting that radiosensitizers may be especially effective with
large fraction sizes. Conversely, hypofractionated schedules present
fewer opportunities for the drug to enhance the radiation effect,
and large fraction sizes may induce different biological effects than
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Box 1. Considerations in the design of preclinical experiments and early phase clinical trials combining radiation with a targeted
agent. Some points have been adapted from the Investigational Drug Steering Committee recommendations for the design of phase
I studies (99).

Choice of systemic agent: key questions

. Is the agent obtainable?

. Are pharmacokinetics known? Known penetration into tumor type?

. Is systemic side effect profile understood? Does toxicity overlap with radiation toxicity?

. Does agent have single-agent activity in this tumor type? This should not limit the use of novel agents without single-agent activity
if there is compelling preclinical data.

N R S

. Are there subsets of tumors based on either histology or molecular profile that are especially sensitive or resistant to the agent?
. Is there evidence for tumor radiosensitization by this class of agent?

. Is there evidence for normal-tissue radiosensitization by this class of agent?

. Are funding agencies interested in the drug’s development?

O I O\ W

Choice of tumor type: key questions

1. What s role of radiation therapy (RT) currently—curative or palliative? This affects total radiation dose, fractionation, importance
of acute-vs-chronic toxicity, and definition of dose-limiting toxicity (DLT).

2. What is long-term tumor control rate with RT alone?

3. Is RT normally combined with a systemic agent? If so,
a. Are there subpopulations and/or clinical scenarios in which radiation is used alone (eg, recurrent disease)?
b. Is it practical to combine radiation + accepted systemic agent + investigational agent?

4. Are pre- and/or midtreatment biopsies obtainable? What other correlative studies are feasible?

. Are the majority of patients suitable for enrollment into a clinical trial (eg, have sufficient performance status)?

N W

. Are there a sufficient number of patients to ensure robust enrollment?

Preclinical RT drug development

1. There is good rationale for combining many developing classes of biological agent with radiation.

2. In vitro (clonogenic survival) and in vivo experiments are complimentary; whereas the former inform regarding intrinsic tumor
effects, the latter inform regarding microenvironmental effects. Nonclonogenic assays have a very limited cell survival range and
hence may be limited when examining radiation modification because of the substantial cell killing by radiation alone.

3. Efforts should be made to define mechanism of radiation modification.

4. Where possible preclinical models should explore a range of cell lines and models with the aim to establish which tumor subtypes
respond best to the radiation-drug combination.

5. When considering microenvironment effects, efforts should be made to use orthotopic xenograft models.

6. Scheduling should be broadly investigated, although it is appreciated that it is not simple to translate a successful preclinical sched-
ule for use in the clinic.

7. Efforts should be made to investigate normal tissue response, with the understanding that preclinical models are of limited validity,
especially for late toxicities.

8. Efforts should be made to consider exploring biomarkers that may subsequently be incorporated into clinical trials.

Design of early-phase trials (both phase I and II)

1. Radiation doses, volumes, fractionation schemes, and quality assurance controls need to be carefully defined in both the protocol
and the subsequent publications.

2. Anindependent medical monitor should be assigned to each trial to adjudicate attribution of DLIs. The monitor should be knowl-
edgeable about expected radiation side effects in the disease site. In multicenter trials, the monitor will most likely be a member
of the data safety monitoring board; in academic studies, the monitor will be appointed by either the clinical trials office or the
institutional review board.

3. The incorporation of novel functional imaging endpoints into early-phase trials may be relevant. For certain classes of agents, novel
tracers may provide evidence of proof of principle, evidence of target inhibition, or early hints of activity (eg, 1 8F-fluoromisonidazole,
positron emission tomography; however, subsequent validation of novel imaging endpoints is required.

4. Incorporation of pre- and midtreatment biopsies (100) may aid in determining predictors of response. However, performing
midtreatment biopsies may be impractical and/or unsafe in some settings. An alternative still in development is functional imaging
to assess response.
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5.

10.
11.

Box 1. (Continued)

Consider pragmatic solutions to speeding up drug development including combining different pathologies located within the same
organ into a single trial, such as brain metastases with glial tumors. Although this approach involves only a single institutional
review board and Investigational New Drug application to the US Food and Drug Administration, it lays the foundation for two
subsequent phase II trials.

Effort should be made to establish an extant standard of care for radiation therapy trials (dosing schedule, use of combined chemo-
therapy) to facilitate multi-institution trials.

Phase I clinical trials

. 'Trials should be organ specific, although not necessarily disease specific.
. Primary endpoint of a phase I trial is usually an assessment of acute toxicity with the goal of identifying a recommended phase 11

dose.

. "Toxicity remains a relevant endpoint, as does defining a maximum tolerated dose, recognizing that the recommended dose and

biologically active dose may be different from the maximum tolerated dose.

. The definition of DLT needs to be very carefully considered and is dependent on clinical context. Many radiation trials are per-

formed in locally advanced disease where the intent is curative; in such cases, severe transient toxicity may be considered accept-
able because it resolves. Likewise grade 3 diarrhea is an accepted consequence of radiation therapy to the abdomen in the absence
of any drug, and hence should not be scored as a DLT.

. Intrapatient dose escalation is not appropriate.
. In some circumstances, defining a maximal dose based on toxicity may not be appropriate (eg, for agents associated with very

minimal expected toxicity or for agents for which escalation beyond a given dose may not be feasible because of absorption, vol-
ume, or financial constraints); in such cases, consideration could be given to defining a maximally potent dose.

. Speed of dose escalation should be determined based upon expected toxicity and the degree of uncertainty involved. When toxic-

ity is likely, a more protracted step-wise approach is recommended [eg, prior evidence of excessive toxicity when this agent was
combined with radiation, overlapping toxicities with radiation, use in organ in which radiation alone is already very toxic (101),
first agent in class to be combined with radiation].

. To shorten the drug development process, there is generally no need to incorporate pharmacokinetic studies into a radiation phase

I trial if these have already been performed because ionizing radiation does not influence drug absorption, excretion, or distribu-
tion, unless directed at the gastrointestinal tract. (Limited studies may be useful if a new drug schedule is used.)

. Utilize preclinical and/or clinical data when planning the trial:

a. Single agent pharmacokinetic data will help decide whether to use continuous dosing during radiation therapy vs once-a-week
dosing.

b. Data will show agent’s ability to modulate a molecular target that is relevant to radiation response.

c. Safety data will be avaialable for drug when used in the absence of radiation.

Consider use of full-dose radiation, with escalating doses of drug, vs fixed dose of drug and escalating radiation dose.

Continuing evaluation and refinement of novel trial designs (especially the time-to-event continual reassessment method vs tradi-

tional designs (3+3) is critical, especially when radiation is used with molecularly targeted agents.

Phase II clinical trials:

. Perform randomized phase II trials in place of single-arm phase II studies.
. Consider multiple arm trials. Options include the “pick the winner” design, testing multiple agents within the same trial with the

goal of choosing one or more to take forward to phase III based on observed response and other criteria, and designs with multiple
agents and a standard therapy control group, with pilot efficacy testing of each against the control.

. Where feasible and appropriate, incorporate biomarkers into trials. Options include trials “enriched” with patients most likely to

respond based on prerandomization marker screen or screening and randomization of all patients stratified by marker status.

smaller fractions, with some evidence suggesting that large frac-
tions principally target the vasculature (94,95). Further, different

New Opportunity: Combining
Immunomodulators With Radiation Therapy

kinds of molecular targeted agents may radiosensitze differently
depending on the fraction size. Nonetheless, theoretical models
predict that systemic agents will enhance outcomes when com-
bined with hypofractionated regimens (25).

jnci.oxfordjournals.org

Immune cells with antigen-presenting effector and suppressor
functions heavily infiltrate human tumors. These cells have a major
effect on the clinical attributes of human cancer, underlined by
the recent successes of immunotherapies in prostate cancer and
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melanoma (96). Local radiation stimulates the immune system,
initiating a cascading innate and adaptive immune attack on the
tumor (97). There are currently a number of ongoing clinical trials
combining modern immunotherapies with radiation therapy; early
results are promising (98).

Recommendations

We emphasize that, given the limited ability of preclinical models to
predict clinical outcome, these are not formal guidelines. Nonetheless,
we suggest that during early stages of development a series of criti-
cal questions should be addressed (Box 1). Strategies for the efficient
development of radiosensitizers must include the careful choice of
agent with known pharmacokinetic properties and proven activity in
certain tumor types or based on molecular target expression.

Trials need to be designed based upon all the preclinical and
clinical data available. If the drug has already completed phase
I evaluation, the preclinical criterion for entering a radiation
modifier trial may simply be demonstration of in vitro efficacy.
Considerations such as dosing interval and scheduling drug
administration vs radiation delivery need to be based upon the
pharmacokinetic and biologic properties of the drug in humans.

Choice of Endpoints
The incorporation of secondary endpoints into phase I trials is
increasingly practiced (Table 2), adding mechanistic understanding
and facilitating their inclusion into subsequent phase II trials. Pre-
and midtreatment tumor biopsies, when available, are the most useful
endpoints but are rarely feasible. Post-treatment biopsies are less use-
ful because they may simply reflect necrosis. Post-treatment, anatom-
ical image-based measurements suffer from the limitation that tumor
regression is expected irrespective of any drug action. Surrogates for
post-treatment biopsies, such as functional imaging and circulating
tumor cells, have much potential but have yet to be fully explored.
The design of the dose-escalation scheme should reflect the
expected normal tissue toxicity of the combination and previous
clinical experience with the systemic agent (Figure 1). When com-
bining radiation with a drug known to significantly enhance nor-
mal tumor injury, the trial may best be considered high risk, and
careful dose escalation is indicated; conversely when combining
minimally toxic radiosurgery with a low-toxicity biologic agent,
a more aggressive escalation is appropriate. Other factors to con-
sider when assessing risk include overlapping toxicities between
the systemic agent and radiation therapy, use in an organ in which
radiation alone is already very toxic (43), status as first agent in
class to be combined with radiation, and combined use of three
modalities (ie, radiation, molecular agent, and chemotherapy).

Trial Design: Statistical Considerations

Although acute toxicity remains the standard endpoint for radiation
oncology phase I trials, the use of broader endpoints incorporating
late toxicity should be considered. Typical designs [3 + 3, continual
reassessment method (58,103), and others] dictate that enrollment
be suspended while a given dose is evaluated with respect to dose-
limiting toxicities. This means that the evaluation of all patients in
the dose cohort must be completed, which works satisfactorily for
relatively short-term acute toxicities relevant to drug dosing but
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clearly is impractical for incorporating late toxicities. Thus, more
recent designs extended for this purpose are of particular interest to
radiation oncology. The most relevant design is the time-to-event
continual reassessment method (TITE-CRM) (104,105). In the
TITE-CRM, the original continual reassessment method approach
(a design that posits a dose-response curve with initial param-
eters and sequentially updates the curve as patient experiences
are obtained) is modified to incorporate both early and late tox-
icities. Specifically, the TITE-CRM design permits enrollment of
new patients while previous patients remain under observation for
DLTs and facilitates updating a given patient’s status if a late toxicity
occurs, thus influencing the DLT estimate. This is accomplished by
defining a toxicity observation time window, with patients followed
for a period of time free of a DLT contributing partial information
to the current dose evaluation based on the length of their follow-
up. Additional constraints to control dose escalation and increase
safety can be incorporated. For example, in the implementation of
the design for RTOG 0813, a phase I trial of radiation dose esca-
lation in stereotactic lung radiotherapy, escalation is restricted to
one predetermined dose step, and no patient can be assigned a
higher dose than previously used until there is 1 year of cumula-
tive observation at the current dose. Although this trial addressed
radiation dose escalation specifically, the approach fits well into
combined agent trials, and in fact, there may be more credible infor-
mation in this instance for the hypothetical dose-response curve.
One critical issue of this design is logistical management because
the number of patients per dose-level is not predetermined prior
to protocol activation and current patient status must be regularly
incorporated. Experience with RTOG 0813 shows that this is fea-
sible if appropriate oversight systems are in place. Also, although it
is a promising approach and is gaining wider use, the TITE-CRM
design has some limitations, and research continues on potential
improvements (106). First, the approach depends on various mod-
eling assumptions being valid—for example, distribution of time to
toxicity events and the assumed length of the DLT window—and
these parameters should be substantiated accordingly when using
the design. Second, a primary limitation in practice has been the
circumstance of overly rapid accrual, so that DLT-free information
amassing at a given dose is among many patients but few with ade-
quately long follow-up to warrant dose escalation (106). Proposed
modifications appear to aid in addressing this problem and should
strongly be considered (106).

A number of additional alternative phase I designs may also
be considered (1), but those that permit intrapatient dose escala-
tion are likely not appropriate because of the cumulative nature of
radiation-induced toxicity and potential for late toxicities. Finally,
in any phase I design selected, when writing the protocol, careful
consideration must be given to therapeutic intent (curative vs pal-
liative) and toxicity induced by radiation alone when defining dose-
limiting toxicity (eg, in a trial combining a systemic agent with
abdominal radiation, it may be inappropriate to consider grade 3
acute diarrhea as a dose-limiting toxicity).

In phase II trials, there has been something of a sea change
in preferred design, with the hopes that failure of agents and/or
regimens in phase III trials based on provocative but apparently
misleading signals that arose in phase II can be reduced. The prin-
cipal changes are the inclusion of a concurrent control group and
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Table 2. Endpoints for early phase (I, Il) clinical trials in radiation oncology*

Endpoint Example

Advantages Disadvantages

Toxicity
Toxicity acute
diarrhea (prostate cancer)

Toxicity late Bowel stricture (abdominal
radiation), cognitive decline
(brain tumors), fibrosis
Mechanism

Target and pathway engagement
(surrogate tissue)

Skin biopsy (gefitinib),peripheral
blood mononuclear cells
(vorinostat),hair (PI3K)

Immunohistochemistry for
pathway activation

Target and pathway engagement
(tumor tissue)

Clinical efficacy
Overall survival —

Local-regional control Lung cancer

Biological activity
Pathological response Rectal cancer

Progression-free survival —
Systemic biomarkers of clinical

efficacy
Novel biological imaging

PSA, B-HCG
Post-treatment PET scan

Miscellaneous
Systemic biomarkers of clinical
toxicity
Circulating tumor cells —

TGFp1, I:6

Quality of life measure and neuro- —
cognitive testing

Mucositis (head and neck cancer);

Requires short follow-up. Often
used to determine MTD.

Reversible and may not correlate
with chronic toxicity, which may
be more clinically important
endpoint.

Many subjects die prior to
developing late toxicity, often
considered too late an event to be
used to determine MTD.

Frequently irreversible, clinically
important.

Fairly easily obtainable. May
provide biological insight into
normal tissue.

May provide biological insight into
tumor tissue.

May not reflect target inhibition in
tumor (43).

Post treatment biopsy and/or
resection rarely possible (rectal
cancer an exemption).

Potentially assesses safety and
efficacy.

Requires smaller sample size.
Overcomes crossover problem.

Long follow-up may be required.

Difficult to define in certain areas
(eg, brain). May not correlate
with overall survival. Analysis and
interpretation may be compli-
cated by competing events (eg,
distant failures). Most tumors
shrink after RT, therefore difficult
to assess added benefit of drug.
Introduction of bias, based upon
evaluation frequency.

Hard endpoint. Translational
research can be incorporated.

An earlier endpoint than overall
survival.

Post-treatment biopsy and/or resec-
tion not possible for most cancers.
Requires validation for each cancer
site. Introduction of bias, based
upon evaluation frequency.
Requires formal validation. Sample
timing and preparation critical.
Problematic to standardize between
institutions. Not fully reproducible

Allows for rapid assessment of
treatment efficacy

Noninvasive. Rapidly emerging
technology.

Lack clinical meaning Requires formal validation.Sample
timing and preparation critical.

A developing technology. Reflects
disease within and outside of RT
field.

Requires validation. Compliance
poor in sicker patients.

Fairly easily obtainable

Reflect patient experienced
symptoms.

* Some information extracted from LoRusso et al. (102). HCG = human chorionic gonadotropin;. Il-6 = interleukin 6; MTD = maximum tolerated dose; PET = positron
emission tomography; PI3K = phosphoinositide 3 kinase inhibitor, PSA = prostate-specific antigen; RT = radiation therapy; TGFf1 = transforming growth factor

beta 1.

randomization (63,107,108), an approach formally adopted by the
Clinical Trial Design Task Force of the NCI Investigational Drug
Steering Committee for combination (eg, radiation + drug) trials
(109). Journal editors have likewise called for more substantive
reports of promising treatments at this pilot efficacy stage, with
single-arm, historically controlled trials reserved for some special
circumstances (110). We note that the phase II randomized trials
now widely favored differ from so-called selection designs (111—
113), where several candidate experimental regimens are evaluated
concurrently and the best is chosen without regard to type 1 error
control or even direct comparative testing. Rather, the currently
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favored designs are pilot efficacy trials with a standard therapy con-
trol group (124), and this approach seems particularly relevant for
combination trials with radiation therapy because techniques for
the latter continue to advance, rendering historical control data
less relevant. Similarly, other factors, such as the growth-inhibiting
activity of many new agents (as opposed to traditional cytotoxic
effects) and the advent of new molecularly defined disease classes to
which agents are targeted, point to a need for a concurrent compari-
son group for reliable activity assessment. The potential benefits of
randomized phase II trials come at the expense of larger sample size
and collection of control group data that may be of limited interest
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Trial design: Trial design: contin-
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Figure 1. Suggested pathway for the early clinical development of radiation response modifiers. *The percentage values for dose escalation
between different cohorts according to perceived risk refer to percentage of the standard systemic dose when the drug is used as a single agent.

These values are suggestive only. RT = radiation therapy.

(115), and it is yet to be established whether the rate of phase III
success will be improved with this approach. Nonetheless, this is a
reasonable expectation based on the aforementioned considerations,
and there are additional benefits to controlled trials introduced at
this earlier stage, such as biomarker discovery and validation (116).
Finally, we note that distinguishing features of a randomized phase
IT trial relative to a definitive phase III evaluation include 1) a bio-
logical or clinical activity endpoint rather than an endpoint with
unequivocal clinical benefit thus intended to change clinical prac-
tice and 2) less-stringent error control and power requirements that
are sufficient to inform the decision to pursue and the design for a
phase III evaluation.
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Once one chooses to implement a randomized phase II design,
a number of additional design questions immediately arise. These
include 1) the allocation ratio, or whether the randomization
should be unbalanced or even dynamically adaptive to observed
response, 2) the number of treatment arms and a possible strategy
for discontinuing unpromising arms, and 3) whether biomarkers
putatively indicative of response should be incorporated into the
entry screen or evaluation of therapy response.

When allocating treatment in large, randomized phase II studies
and in phase III studies, one may wish to use a unequal allocation
ratio [eg, a ratio of 3:2 as in the UK CHART trial (117)], favoring
allocation to the experimental arm to obtain more information on
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the experimental agent and possibly increase appeal of the study.
If the allocation ratio is less than 2:1, the increase in sample size
required to achieve the same statistical power as for 1:1 allocation
will be very modest. Alternatively, the allocation ratio may be altered
as response information accrues, an example of a so-called adaptive
design. This idea, which has garnered much recent attention, was
actually proposed more than four decades ago in the context of clin-
ical trials (118) and is currently associated with a Bayesian statistical
approach, which provides a convenient structure for adapting the
allocation ratio. Although there are several proposed advantages of
adaptive randomization (119), standard designs with fixed allocation
ratios can be shown to be more efficient statistically (120,121) and
thus offer the most practical approach in many instances.

A related major consideration concerns multiple treatment arms.
There is obvious sample size efficiency in a common shared control
arm for several experimental arm comparisons as well as logistical
gains from setting up one trial rather than several, and a number of
the more innovative Bayesian designs focus on this aspect. These
are among the points raised by Parmar et al. in their review, and
they call for a more effective screening program for anticancer
treatment agents, accompanied by a specific frequentist multiarm
screening concept that they have implemented (100). This once
again is an idea with developments and proposals dating back some
time (101,123). One extra-statistical challenge involves complexities
of negotiation with multiple industry interests in a single trial (100).
One specific consideration in relation to radiation therapy trials is
the long latency of late radiation toxicities and the general focus
on therapeutic ratio, which makes dynamic trial designs more chal-
lenging because important adverse event data for a given treatment
may not be acquired until relatively late in the trial.

A final consideration is whether and how to incorporate biomark-
ers into the trial. When biologically supported, a narrowly focused
trial on those most likely to respond or experience a large benefit
is an efficient approach. However, a trial with restrictive marker-
based entry criteria may leave questions unanswered regarding the
clinical utility of the marker and whether benefit is truly restricted
to marker-positive patients (124). In the restricted case, generally
referred to as an enrichment design, one screens potential entrants
for the marker and randomizes only those who are positive (125),
thus determining response in this class of patients. In the broader
design, both marker-positive and marker-negative patients are
included, with randomization within marker strata to the same com-
parative arms, which permits evaluation of the putative predictive
effect of the marker. Additional considerations regarding marker
testing in clinical trials are discussed in the reviews by Simon and
Freidlin (126,127). Finally, the adaptive concept can be combined
with marker-based trials, leading to a host of new design types
(128). The I-SPY breast cancer trials (129), which enable the rapid
assessment of novel phase II drugs and the identification of effective
drugs and drug combinations in different breast cancer subtypes,
are an interesting example in practice. In general, the advantages
and limitations of many new proposed trial designs in the context
of biomarkers must be carefully evaluated (128). More research is
required to understand where there may be appropriate application
of novel designs to drug—radiation combinations.
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Conclusions

For many common cancers, adding novel targeted agents to radi-
otherapy or radio-chemotherapy may increase cure rates. New
approaches include combining radiosensitizers with hypofraction-
ated radiation schedules and integrating immunomodulators with
radiation therapy. Researchers should not be overly reliant on in
vivo models, with more emphasis placed on the incorporation of
correlative endpoints into early-phase clinical studies. Further
work is required on the development and validation of preclinical
models and the application nof the scientific method to determine
the optimal path for the early-phase clinical development of radia-
tion sensitizers.
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