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COMMENTARY
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Although radiation therapy is an important cancer
treatment modality, patients may experience adverse effects.
The use of a radiation-effect modulator may help improve the
outcome and health-related quality of life (HRQOL) of
patients undergoing radiation therapy either by enhancing
tumor cell killing or by protecting normal tissues. Histori-
cally, the successful translation of radiation-effect modulators
to the clinic has been hindered due to the lack of focused
collaboration between academia, pharmaceutical companies
and the clinic, along with limited availability of support for
such ventures. The U.S. Government has been developing
medical countermeasures against accidental and intentional
radiation exposures to mitigate the risk and/or severity of
acute radiation syndrome (ARS) and the delayed effects of
acute radiation exposures (DEARE), and there is now a drug
development pipeline established. Some of these medical
countermeasures could potentially be repurposed for im-
proving the outcome of radiation therapy and HRQOL of
cancer patients. With the objective of developing radiation-
effect modulators to improve radiotherapy, the Small
Business Innovation Research (SBIR) Development Center
at the National Cancer Institute (NCI), supported by the
Radiation Research Program (RRP), provided funding to
companies from 2011 to 2014 through the SBIR contracts
mechanism. Although radiation-effect modulators collective-
ly refer to radioprotectors, radiomitigators and radiosensi-
tizers, the focus of this article is on radioprotection and
mitigation of radiation injury. This specific SBIR contract

opportunity strengthened existing partnerships and facilitat-
ed new collaborations between academia and industry. In this
commentary, we assess the impact of this funding opportu-
nity, outline the review process, highlight the organ/site-
specific disease needs in the clinic for the development of
radiation-effect modulators, provide a general understanding
of a framework for gathering preclinical and clinical evidence
to obtain regulatory approval and provide a basis for broader
venture capital needs and support from pharmaceutical
companies to fully capitalize on the advances made thus far in
this field. � 2015 by Radiation Research Society

INTRODUCTION

Radiation therapy, either alone or in combination with
other treatment modalities, is important in the care of
millions of patients with malignancies involving different
organ sites. However, patients may experience adverse
effects due to exposure of normal tissues adjacent to the
tumors (1). Physical methods such as intensity modulated
radiation therapy and proton radiation therapy have been
developed to decrease these adverse effects. While
randomized clinical trials are currently in progress for
proton vs. photon radiotherapy for comparison of efficacy,
there is no level 1 evidence of any decrease in adverse
effects by the use of protons to date (2). Even if such studies
show positive outcomes, there is potential to further reduce
these adverse effects using radioprotectors or radiomitiga-
tors. Adverse effects of radiation therapy may be acute
(occurring during the first few days or weeks immediately
after treatment), intermediate (within weeks to months) or
late (months to years after treatment). The availability of
agents to prevent (pre-exposure or protection) or mitigate
(post exposure) these adverse effects could substantially
improve radiation therapy outcomes (3). Furthermore, given
the steady increase in the number and longevity of cancer
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survivors over the last few decades (4), many people would
benefit from the improved health-related quality of life
(HRQOL) resulting from more effective and less toxic
radiation and cancer therapy. In previous publications
regarding radiation injury, we have emphasized the
importance of countering specific adverse effects of
radiation therapy (when used alone or combined with other
modality treatment) to improve outcome and HRQOL (1,
2). In addition, we discussed specific examples of acute,
intermediate and late-occurring toxicities from radiotherapy
and potential strategies for protection, mitigation and
treatment (5, 6), and we proposed a general drug
development schema to improve radiation therapy (5, 7).

Although radiation-effect modulators collectively refer to
radioprotectors, radiomitigators and radiosensitizers, the
focus of this article is on radioprotection and mitigation of
radiation injury. The use of radiation-effect modulators
complements technological and imaging advances. Despite
decades of preclinical research, there has been limited
translation of radioprotectors and mitigators from bench to
bedside with notable successes. Examples of notable
successes include amifostine (8), pentoxifylline (9), pent-
oxifylline combined with tocopherol (10) and ACE
inhibitors (11). The limited success in translation is due to
the complexity of long-term tissue injury, the need for long-
term studies and an established market for such drugs. With
new information emerging on tissue injury and repair and
the opportunity to repurpose drugs in the clinic, it is an ideal
time to enhance collaboration between academia and small
businesses in this area.

After the terrorist attacks on September 11, 2001 in the
U.S., the development of countermeasures gained impor-
tance as a response to a variety of potential scenarios, while
global concerns have increased regarding the risks of mass
casualties resulting from radiation exposures. The U.S.
Government has played a key role in the development of
drugs and biologics as medical countermeasures (MCMs)
for acute radiation syndrome (ARS) and for delayed effects
of acute radiation exposure (DEARE) (12). While the MCM
program is developing drugs approved by the U.S. Food
and Drug Administration (FDA) that are indicated for use as
radiation injury mitigators after a nuclear detonation, the
National Cancer Institute’s (NCI) interest is to build on
these research and development efforts and investments to
explore their potential use for cancer treatment, a concept of
‘‘dual utility,’’ which would encompass newly developed
drugs as well as repurposed drugs already in clinical
practice for other indications.

With the objective of developing radioprotectors and
radiomitigators building from the MCM programs at
various government agencies as well as de novo develop-
ment, the Radiation Research Program (RRP) and the NCI
Small Business Innovation Research (SBIR) Development
Center issued a new funding opportunity announcement
(FOA) in 2010, which was renewed and expanded through
2014. This specific request for proposals (RFP) inspired

new collaborations among academia and small businesses
and provided funding to such efforts beginning in 2011.

This commentary provides: 1. A summary of the
advances made with this funding effort to meet the focused
goal of developing radiation-effect modulators for potential
applications in the clinic; 2. A description of the application
review process; 3. A discussion on the organ/site-specific
clinical needs for the development of radioprotectors/
mitigators; 4. A proposed framework for collecting
preclinical and clinical evidence to obtain regulatory
approval; and 5. A discussion on the value of a broader
initiative with venture capital and pharmaceutical compa-
nies to capitalize on the advances already made in this field.

SBIR FUNDING INITIATIVE

The SBIR program is congressionally mandated and has
allocated funding that provides early-stage technology
financing to eligible U.S. small business entities (defined
as an organized ‘‘for profit’’ entity with a place of business
located in the U.S. and less than 500 employees). At the
NCI, this program has an annual total budget of
approximately $124M to provide funding to small busi-
nesses that develop and commercialize novel technologies
and products to prevent, diagnose and treat cancer through
grants and research contracts. The SBIR program, in
collaboration with the RRP, requested proposals from small
businesses between 2011 and 2014 to develop radiation-
effect modulators (http://sbir.cancer.gov/funding/contracts/
pastcontracts). The overall goals of this specific topic were
to: 1. Incentivize small businesses to accelerate their
research and development by fostering collaborations with
academia, contract research organizations and other part-
ners; and 2. Strengthen its translation to radiation oncology
clinics to counter the side effects of radiotherapy. While the
first year’s RFP solicited proposals exclusively intended to
develop radioprotectors and mitigators, RFPs during the
subsequent years also included radiosensitizers that are not
discussed in this commentary.

Proposals received under these multiyear solicitations
(topic 291 in 2011 and 2012, topic 323 in 2013 and topic
332 in 2014) included preclinical and/or early-phase clinical
studies investigating safety, efficacy, dose, schedule,
pharmacokinetics (PK), pharmacodynamics (PD) and me-
tabolism. The SBIR contract funding mechanism is
structured in two phases. The objectives of a phase I SBIR
contract are to establish the technical merit and feasibility of
the proposed research and to determine the quality of
performance of the small business awardee organization
prior to providing further federal support in a phase II SBIR
contract for full-scale development. The phase I budget
ranged from $200K to $300K for nine months of support.
Successful SBIR phase I awardees who achieved their key
milestones were invited to apply for phase II awards that
were typically $1.5–$2M in support for two years.
Awardees were required to follow a timeline to meet
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specific milestones and a logical path towards clinical
application, with close monitoring of progress by the NCI
program staff at various stages of development. ‘‘Fast-
track’’ proposals, in which offerors could submit for phase I
and II simultaneously, were also permitted. ‘‘Fast-track’’
funding provides an opportunity for the awardee to
transition immediately to phase II upon successful comple-
tion of phase I. This is a unique feature of SBIR contracts
that is not present in the typical RO1 grant mechanism and
is therefore attractive to potential applicants.

PROPOSALS

SBIR phase I proposals were required to include a
description of 1. The significance of the problem being
addressed; 2. The research design that would be used to
gather evidence that the proposed compound protects at
least one relevant normal tissue from radiation-induced
injury and does not protect relevant cancer cells; 3. The
methodologies to evaluate preferential effects on normal
tissues in vivo by the compound; 4. The drug’s mechanism
of action for efficacy and specificity; 5. Evidence of a lack
of in vivo toxicity; 6. A plan to optimize dose and schedule
based on preclinical pharmacokinetic and pharmacodynam-
ics studies; and 7. A statistical analysis of the proposed
study end points. Early interaction with the FDA was
encouraged for developing a plan to obtain regulatory
approval of the drug for clinical use.

SBIR phase II proposals for performing advanced
preclinical work were required to address the following in
detail: 1. The design of in vivo experiments, including
statistical analysis of experimental design/sample size, with
power calculations as well as Institutional Animal Care and
Use Committee (IACUC) approval; 2. The selection of a
tumor cell panel and normal tissues for in vitro testing; 3.
Demonstration of bioavailability, PK and PD in a suitable
rodent model; 4. Demonstration by physiologic testing and
histological assessment that irradiated normal tissues are

spared from radiation toxicity over a six-month period; 5.
The collection of data on efficacy and specificity for normal
cells over tumor cells and validation of lack of drug toxicity;
and 6. The development of a strong commercialization
strategy for advancing these technologies through clinical
trials and ultimately to patients.

For proposals advancing to early-phase human trials the
offeror needed to: 1. Identify a good manufacturing practice
(GMP) drug source and obtain investigational new drug
(FDA-IND) approval; 2. Provide evidence of established
clinical collaboration and submit a protocol for Institutional
Review Board (IRB) approval; 3. Take into consideration,
as appropriate, the relevant molecular pathways and targets,
and aim to gather PK and PD data confirming the
compound’s observed behavior in animal studies; and 4.
Describe the approach to assess the safety and efficacy
employing, as appropriate, physician-reported end points as
well as patient-reported outcomes.

‘‘Fast-Track’’ proposals were required to outline and
pursue a regulatory approval plan, which needed to include
filing an IND, and designing and performing phase 0–II
clinical trials in preparation for product transition to phase
III clinical trials by groups such as NRG Oncology [a
nonprofit research organization formed to conduct clinical
research, which brings together the National Surgical
Adjuvant Breast and Bowel Project (NSABP), the Radiation
Therapy Oncology Group (RTOG) and the Gynecologic
Oncology Group (GOG)]. When cooperation of other
partners was critical for implementation of the proposed
methodology, applicants were required to show evidence of
this cooperation with a partnering arrangement, letters of
support, etc.

Table 1 provides a breakdown of the number of proposals
received for this topic and funded in the years 2011–2014.
The first year’s RFPs (2011) on radiation-effect modulators
solicited proposals specifically intended to develop radio-
protectors and mitigators. RFPs issued in the subsequent
years (2012–2014) also included radiosensitizers. The focus
of this commentary is on radioprotectors and mitigators, as
progress in this field is more mature compared to
radiosensitizer development, for which the RFPs came later.

REVIEW OF PROPOSALS AND AWARD

The proposals underwent peer review by well-rounded
special emphasis review panels organized by the NCI’s
Division of Extramural Affairs. These panels consisted of
subject matter experts from radiobiology, radiation oncol-
ogy, biochemistry, pharmacology, biotechnology industry,
regulatory affairs and statistics. SBIR phase I proposals
were evaluated based on: soundness and technical merit,
qualifications of the principal investigator, supporting staff
and consultants, potential for technological innovation and
commercial application and the facilities and research
environment. Review of SBIR phase II proposals included
the above with an added emphasis on commercial potential.

TABLE 1
Number of Proposals Received and Funded in

Response to Request for Proposals on the Topic
Radiation-Effect Modulators

Year

2011 2012 2013 2014 Total

Phase I
Received 10 5 2 9 26
Funded 3 2 1 3 9

Fast track
Received 1 2 2 2 7
Funded 0 2 1 0 3

Transition to phase II from
phase I or fast track 1 2a 1a Unavailable 4

Total
Received 11 7 4 11 33
Funded 3 4 2 3 12

a Transitioned from fast track.
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A general description of the SBIR program and funding
opportunities is available online (http://sbir.cancer.gov/).
The goal of this specific RFP is to encourage small
businesses to develop novel radiation-effect modulators.
Many aspects are unique to the SBIR contract funding
mechanism and these are different from the investigator-
initiated academic or SBIR grants. Contracts are awarded to
companies after the review of proposals as described above.
Offerors are required to develop a statement of work (SOW)
in coordination with the program staff, taking into
consideration reviewers’ comments and providing specific
milestones before the awards could be made. An SBIR
program official serves as the contracting officer’s technical
representative. The SOW and specific milestones ensure
close monitoring of the progress towards commercializa-
tion. Transition from a phase I to phase II SBIR contract is
dependent on successful completion of all phase I
milestones and the scientific and technical merit of the
phase II proposal. These aspects are novel to the SBIR
contract mechanisms of funding.

FRAMEWORK FOR RADIATION EFFECT
MODULATOR DEVELOPMENT

The rationale for using radiation-effect modulators in the
clinic is to increase therapeutic gain either by reducing
normal tissue injury or enhancing tumor control during
radiotherapy (3). Figure 1 shows a generalized framework
for radiation-effect modulator development. It is a multi-
step process that may involve acquisition of an innovative

drug and/or a therapeutic or a formal collaboration for their
potential use in radiation oncology clinics after regulatory
approval, which is as described as follows (a–k):

a. The first step in the process is the discovery or
‘‘sourcing’’ of a potentially useful drug in radiation
oncology (i.e., the underlying innovation from academia
or some small businesses).

b. Focused development towards solving an organ/site-
based clinical problem by using a mitigator or protector
and possibly a molecular target approach for enhancing
the radiation effects on a tumor.

c. Synthesis of the compound in adequate quantities for
further development.

d. Some evidence of organ/site-specific or molecular-
target-based activity.

e. Evaluation of mechanism of action using suitable in
vitro cell culture models.

f. Formulation and dose/schedule optimization and normal
tissue toxicity studies demonstrating evidence of
efficacy in a drug screen and studies on absorption,
distribution, metabolism, excretion and toxicity (AD-
MET) in a preclinical animal model.

g. Further evaluation using appropriate assays such as
tumor regrowth delay studied in suitable animal models.
Such in vivo models may include an orthotopic- or
patient-derived xenograft (PDX) or genetically engi-
neered mouse models (GEMM), ideally used in a
combined treatment modality (similar to the standard
of care (SOC) for a given cancer type) in a fractionated
radiotherapy setting, if the intention is to improve SOC.

FIG. 1. A generalized framework for radiation-effect modulator development including both radioprotectors/
mitigators as well as radiation sensitizers. The development of a radiation-effect modulator is a multi-step
process and may involve acquisition of an innovation from an academic laboratory for development and
ultimately potential use in radiation oncology clinic after regulatory approval (proceeding in order from step a–
k). CRO¼ contract research organization; GLP¼good laboratory practice; NRG Oncology: a nonprofit research
organization formed to conduct clinical research, which brings together the National Surgical Adjuvant Breast
and Bowel Project (NSABP), the Radiation Therapy Oncology Group (RTOG) and the Gynecologic Oncology
Group (GOG).
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h. Phase I clinical trials to address safety involving a
relatively small cohort of patients (3–6 patients),
although, in some cases, a safety expansion cohort
(10–20 patients) may be more appropriate.

i. Phase II clinical trials to address efficacy. Phase II
clinical trials are performed on a larger group of patients
to determine if the new treatment is effective. Although,
generally the number of patients in a phase II clinical
trial is in the range of 30–50, given the lower prevalence
of radiotherapy-induced adverse effects likely to be
observed in the clinic, the number of patients to be
studied may be much larger to demonstrate efficacy for a
given indication.

j. With sufficient demonstration of efficacy in phase II
trials, a phase III trial will likely be needed to test the
efficacy of the experimental treatment with a radiation-
effect modulator over SOC. This might involve head-to-
head comparison of one treatment with the other
involving a larger number of patients in a randomized
comparative trial (RCT) with accepted SOC, or a single-
arm confirmatory trial with radiotherapy or chemo-
radiotherapy as a control. The design of a clinical trial
will require a pre-IND meeting with the Center for Drug
Evaluation and Research (CDER) and the Oncology
Drug Advisory Committee (ODAC).

k. Routine use in radiation oncology clinics after regula-
tory approval.

A close interaction among academia, small businesses
and clinical trial work groups such as NRG Oncology is
necessary for a successful translation of a radiation-effect
modulator for clinical use. Three important resources exist
within the NCI to facilitate clinical trials. First, any
company, an academic institute or a not-for-profit
organization can propose an agent for the NCI’s
Experimental Therapeutics (NexT) program irrespective
of its developmental stage (Fig. 1a–j). If selected, NCI
will provide assistance in the further development of the
agent at the NCI or the Frederick National Laboratory for
Cancer Research. Clinical trials will be conducted at the
Center for Cancer Research (CCR) at the main NIH
campus or through NCI-supported clinical trial network
groups. Second, any company, an academic institute or a
not-for-profit organization can directly submit an unso-
licited letter of intent (LOI) to the Cancer Therapy
Evaluation Program (CTEP) of NCI on a clinical trial
concept where it will undergo a formal review. However,
this opportunity is limited to phase II/III clinical trial
proposals. Third, any company, an academic institute or a
not-for-profit organization can directly present their
proposal to the CTEP and discuss the possibility of
bringing the agent to the CTEP portfolio through a
cooperative research development agreement. This mech-
anism will be open for phase I trials that can be conducted
within Experimental Therapeutics Clinical Trial Network
(ETCTN) institutions.

In addition to the above resources, the Molecular
Radiation Therapeutics Branch (MRTB) of the RRP is
coordinating the activities of several site-specific disease
clinical trial working groups and their work with radiation
modifiers. A company, an academic institute or a not-for-
profit organization can approach the MRTB for advice on
necessary preclinical data to support new clinical trial
concepts, recognizing that their opinion is independent of
the FDA. These trial concepts can be submitted through
clinical trials network groups, such as NRG Oncology, to
the CTEP for funding. In summary, for a small business
with limited resources, these multiple mechanisms provide
potential avenues to support translation of a radiation-effect
modulator for clinical use.

REDUCING THE ADVERSE EFFECTS OF
RADIOTHERAPY RELATED TO THE TREATMENT

OF SPECIFIC ORGAN SITES

We next discuss specific organs/sites where the use of
radioprotectors and mitigators in conjunction with radiother-
apy might improve treatment outcome and/or HRQOL by
reducing the adverse effects. Table 2 summarizes ongoing
activities in the radioprotectors/mitigators portfolio. The
nonconfidential information on NIH funding provided below
and in Table 2 is publicly accessible (http://projectreporter.
nih.gov/reporter.cfm). Below we discuss case studies of
radioprotectors or radiomitigators for reducing the adverse
effects of radiotherapy in specific organs/sites.

Head and Neck Cancers

Among patients undergoing radiation treatment for head
and neck cancers, oral mucositis is a frequent and
potentially serious symptomatic toxicity. Its prevalence,
patient-associated variables, pathobiology, risk factors,
impact and current management approaches have been
previously reviewed (5, 13, 14). Currently available
treatment options could be augmented by innovative
compounds that target underlying biological pathways
associated with mucositis (15). Three specific examples of
novel developmental efforts of radioprotectors and radio-
mitigators against radiation-induced mucositis funded under
this topic are discussed below.

Gene therapy. Gene therapy strategies are seen as
promising and novel approaches for radioprotection (16,
17). Plasmid/liposome delivery of the human manganese
superoxide dismutase (SOD2) transgene has been shown to
prevent radiation-induced oral mucositis with no detectable
compromise in the therapeutic response of orthotopically
transplanted tumors in mouse models (18). Oral adminis-
tration of the genetically engineered therapeutic plasmid
DNA/liposome (MnSOD-PL) containing the human SOD
transgene was shown to be safe in a phase I clinical trial in
patients with unresectable, stage III, non-small cell lung
cancer (NSCLC) (19).
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TABLE 2
Summary of Activities in the Radioprotectors and Radiomitigators Portfolio

Indication Drug; company
Award
type

Year
started

Current
status Model Aims

Enteritis DFMO (a-
difluoromethylornithine);
RxBio Inc., Johnson City,
TN

Phase I 2011 Complete Mouse model of pelvis
irradiation; HCT116
and H29 cell lines; and
mouse model of colon
cancer.

� Evaluate radioprotecting/
radiomitigating effect on
gastrointestinal injury.
� Evaluate the effect on

cancer radiosensitivity.
Enteritis ABC294640 (sphingosine

kinase inhibitor); Apogee
Biotechnology Corp.,
Hummelstown, PA

Phase I 2014 Ongoing In vitro cell lines; mouse
model of
gastrointestinal acute
radiation syndrome.

� Perform proof-of-concept
studies to show that drug
will reduce GI-ARS
following abdominal or
pelvic radiation.

Proctitis PAAG-ployglucosamine;
Synedgen, Claremont,
CA

Phase I 2014 Ongoing Rat, acute radiation-
induced proctitis.

� Demonstrate efficacy in
mitigation of radiation-
induced proctitis.
� Develop plans to

demonstrate that PAAG
does not protect cancer
cells during radiotherapy.

Mucositis CBLB502 (TLR-5 agonist);
Buffalo Biolabs, Buffalo,
NY

Phase I 2012 Complete Mouse model of head and
neck cancer.

� Demonstrate protective
effect to skin and oral
mucosa after single- and
fractionated multiple
radiation dose regimens.
� Demonstrate safety and

efficacy of the drug in
combination with
radiotherapy.

Mucositis RLIP76 (proteoliposome);
Terapio Inc., Austin, TX

Phase I 2013 Complete Hamster cheek. � Develop RLIP as a topical
mouthwash.
� Test efficacy, systemic

absorption and demonstrate
no tumor protection.

Mucositis JVRSOD (gene therapeutic);
Colby Pharmaceuticals,
Menlo Park, CA

Fast track 2013 Ongoing Mouse model and
patients with head and
neck cancer.

� Perform dose- and
schedule- optimization
studies for protection from
radiation-induced oral
mucositis.
� Identify and qualify a

GMP manufacturing site.
� Submit an IND application

for JVRSOD.
� Perform phase I safety and

phase II efficacy clinical
trials.

Mucositis BMX-001a (metalloporphyrin
antioxidant); BioMimetix
JV, Engelwood, CO

Phase I 2014 Ongoing Mouse model of head and
neck squamous cell
carcinoma.

� Establish optimum dose
schedule to reduce
xerostomia and mucositis.
� Demonstrate that the drug

does not interfere with
standard of care.

Lung injury UTL-5g (TNF-a modulator);
21st Century Therapeutics
Inc., Detroit, MI

Phase I 2011 Complete Cell lines and mouse
model of lung injury.

� Examine whether the drug
reduces tumor cell killing
in vitro.
� Demonstrate efficacy in

reducing radiation-induced
lung injury in vivo.
� Demonstrate that the drug

does not affect tumor cell
killing induced by
radiation in vivo.

Continued on next page
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TABLE 2
Continued.

Indication Drug; company
Award
type

Year
started

Current
status Model Aims

Lung injury BIO300 (synthetic
genistein); Humanetics
Corp., Minneapolis,
MN

Fast track 2012 Ongoing Mouse xenograft of
NSCLC tumor model
and NSCLC patients.

� Perform efficacy studies in
mouse model to demonstrate
inhibition of tumor growth
and mitigation of radiation-
induced lung damage.
� File IND for the use of

BIO300 in patients receiving
radiotherapy for NSCLC.
� Conduct phase II clinical

study to assess safety and
effect of BIO300 in improving
the morbidity and mortality in
patients receiving radiation
therapy.

Brain injury TP508 (biotherapeutic, 23
amino acid peptide);
Chrysalis
Biotherapeutics,
Galveston, TX

Phase I 2011 Transitioned
to phase II

Cell lines and mouse
xenograft orthotopic
model.

� Optimize dose and schedule
for vascular protection.
� Demonstrate protection to

brain tissue from radiotherapy
damage.
� Determine whether the

protection is selective to
normal tissue without altering
radiation cell killing of cancer
cells.

Brain injury TP508 (biotherapeutic, 23
amino acid peptide);
Chrysalis
Biotherapeutics,
Galveston, TX

Phase II 2013 Ongoing Mouse orthotopic
xenograft model.

� Determine the following: 1.
Whether the drug protects also
cancer stem cells or whether
its protective effects are
specific to neuroprogenitor
cells; 2. Whether the drug
reduces radiotherapy-induced
neuronal atrophy and
cognitive impairment; and 3.
How the drug affects
neuroprogenitor cells and
generation of new neurons.

Brain injury Fullerene-based
radioprotectors; Luna
Innovations Inc.,
Roanoke, VA

Phase I 2014 Ongoing Cell lines and animals. � Perform preclinical studies to
demonstrate safety.
� Perform preclinical studies to

demonstrate effectiveness and
improvement in therapeutic
ratio.

Thrombocytopenia CLT009, human allogenic
megakaryocyte
progenitors

Fast track 2012 Ongoing Ex vivo cell culture
expansion.

� Develop culture methods and
assays for the expansion,
characterization and
production of sufficient
quantity MKP to initiate and
complete IND enabling
studies.
� Optimize media formulations,

growth and culturing
conditions and scalability of
production of MKP for
preclinical efficacy, safety and
related IND studies.

a All information provided here and in the text is publicly accessible at http://projectreporter.nih.gov/reporter.cfm, except for funds distributed
in 2015. While this information is accessible on the website, http://projectreporter.nih.gov/reporter.cfm, at the end of FY 2015, the company
BioMimetix has kindly agreed to publicly release this information in this article.
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Colby Pharmaceutical (Menlo Park, CA), via a fast-track
contract, is formulating MnSOD as a mouthwash
(JVRSOD) to prevent or reduce the severity of oral
mucositis for patients with head and neck squamous cell
carcinoma (HNSCCa) who are undergoing chemoradiation
treatment. This therapeutic DNA/liposome formulation
consists of a bacterial plasmid engineered to overexpress
MNSOD 2 upon targeted local delivery. During the course
of the SBIR phase I portion of the contract, Colby proposed
to optimize dosage and schedule of administration of
JVRSOD in a mouse model for protection from radiation-
induced oral mucositis and select a GMP manufacturing
site. After successful transition from the phase I SBIR
contract, under the phase II portion of the fast-track
contract, Colby proposed to submit an IND application for
JVRSOD to receive regulatory approval, manufacture
JVRSOD and test in humans for safety and efficacy in
clinical trials with head and neck cancer patients undergoing
SOC radiation treatment.

Protein therapeutics. Ral-binding GTPase activating
protein, RLIP76, is a multifunctional membrane protein
that effluxes glutathione conjugates of electrophilic com-
pounds and other xenobiotics (20, 21). RLIP76 has been
implicated in cellular defense mechanisms against oxidative
injury (22) and is viewed as a major determinant of
radiation sensitivity (23). Cells transfected with RLIP76
acquire resistance to doxorubicin because of increased
efflux of doxorubicin, suggesting its possible role in the
mechanisms of drug resistance (22).

Terapio Corporation (Austin, TX) is developing RLIP76-
proteoliposome as a radiation countermeasure with support
from the National Institute for Allergies and Infectious
Diseases (NIAID) SBIR program. RLIP76 delivered in a
liposome showed significant effects in protecting mice
exposed to whole-body irradiation. Currently, the company
is performing IND-enabling studies under NIAID’s phase II
SBIR award, which is different from the activities
performed under NCI’s RRP-SBIR initiative. These studies
include verifying the mechanism of action and performing
animal safety and toxicokinetic studies in two species as
required for approval of radiation countermeasures under
the FDA’s animal rule (http://1.usa.gov/1Jyzhhz).

With funding from the NCI RRP-SBIR initiative, Terapio
is now modifying the current formulation of RLIP-PL to
increase its efficacy as a local oral topical agent to prevent
oral mucositis in a proof-of-concept study. Terapio
proposed to demonstrate in a radiation-induced oral
mucositis hamster model that topical formulation of RLIP76
significantly reduces both the severity and duration of
mucositis. Studies are also proposed to demonstrate a lack
of tumor protection from the drug during the course of
radiation treatment.

TLR5 agonist. CBLB502, a polypeptide drug derived
from Salmonella flagellin that binds to Toll-like receptor 5
(TLR5) and activates NF-jB signaling, protects mice from
radiation-induced gastrointestinal and hematopoietic syn-

dromes and improves survival without significantly de-
creasing tumor radiosensitivity in mouse models (24). The
treatment of mice with CBLB502 (before irradiation) results
in a significant decrease in DNA damage, which seems to
be regulated via expression of Gadd45b, Sod2 and Rad21
(25). CBLB502 reduces the severity of dermatitis and
mucositis after single and fractionated irradiation of the
head and neck area and accelerates tissue recovery.
Radioprotection of normal epithelium does not affect the
radiosensitivity of syngeneic squamous cell carcinoma
(SCCVII) grown orthotopically in mice (26).

In a phase I SBIR contract, Buffalo BioLabs (Buffalo,
NY) proposed to demonstrate a protective effect of
CBLB502 against radiation-induced damage to the normal
mouth epithelium of mice in close-to-clinical radiation
regimens. Buffalo BioLabs also proposed to demonstrate
the efficacy and safety of CBLB502 in combination with
radiation therapy in a mouse head and neck cancer model.

Lung Cancers

More than 60% of the patients with non-small cell lung
cancer (NSCLC) are treated with radiation therapy (27).
Stone et al. reviewed radiation-induced damage to the lung
and described mechanisms of its onset, development and
contributing factors (28). Radiation-induced lung damage is
an intermediate- to late-occurring side effect of radiation
therapy in some patients after thoracic irradiation. The
damage initially manifests as pneumonitis at about 1–3
months and then leads to fibrosis months to years after
treatment. Fibrogenesis, excessive extracellular matrix and
collagen deposition and transforming growth factor-b
(TGF-b) also are involved in the development and
expression of lung and other forms of tissue fibrosis. As
its activation, signaling pathway and downstream effects are
somewhat understood, it offers a number of potential targets
for mitigation (29).

Genistein. Genistein, an isoflavonoid derived from soy
products, inhibits tumor growth by enhancing apoptosis,
inducing cell cycle arrest and modulating intracellular
signaling pathways. In mice at nontoxic doses, it protects
against acute radiation injury (30) and radiation-induced
lung damage (31). Genistein inhibits the growth of H460
(NSCLC) cells in vitro via cell cycle arrest (32) and
apoptosis through a p53-independent pathway (33). Treat-
ment with phytoestrogen-containing standardized soy
extract reduces the growth of NSCLC xenografts (A549)
in mice (34), which was attributed to the modulation of the
phosphorylated protein kinase (p-Akt) pathway (35). Recent
progress on mechanistic studies, absorption, distribution,
metabolism and excretion (ADME) of genistein has been
reviewed by Yang et al. (36).

Humanetics Corporation (Minneapolis, MN) is develop-
ing BIO300, a patented, nanoparticle formulation of
genistein for medical radiation countermeasure applications
with funding from the U.S. Department of Defense (DOD)
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and Biomedical Advanced Research and Development
Authority (BARDA), to pursue it as a postirradiation
treatment option to prevent pneumonitis and lung fibrosis.
BIO300 is now in a fairly advanced developmental stage
with completed efficacy and toxicology studies in animal
models (http://www.humaneticscorp.com). The safety and
PK of BIO300 capsules at doses expected to provide
radioprotective or therapeutic benefit in humans is being
evaluated in a phase I safety and pharmacokinetic trial
(https://clinicaltrials.gov; NCT 00504335).

In phase I of this fast-track SBIR contract, Humanetics
proposed to demonstrate that mitigation of radiation-
induced damage to normal lung tissue is feasible in a
mouse xenograft model of NSCLC BIO300. In the phase II
SBIR contract, Humanetics has proposed to use the results
of phase I experiments along with the existing safety data to
file an IND for the use of BIO300 in patients receiving
radiotherapy for NSCLC.

Brain Tumors

Radiation exposure is a core component in the treatment
of brain tumors. Advances in SOC, including integrating
molecularly targeted therapy into precision medicine, is
likely to further increase survival, resulting in more people
at risk for developing neurocognitive dysfunction long after
treatment (6). While increased survival is the goal, so is
sustaining and improving HRQOL. Thus, development of
mitigators for this delayed effect for use among survivors is
imperative. Literature on radiation-induced normal tissue
injury in the context of treatment of primary and metastatic
brain tumors with a focus on mechanisms of injury,
approaches to prevention and mitigation and other potential
opportunities to improve treatment outcome and HRQOL
has been reviewed (5, 6).

Proangiogenic compound. Rusalatide acetate (TP508) is
a 23-amino acid peptide from a portion of highly conserved,
noncatalytic, receptor-binding domain in the native throm-
bin molecule (37) that can interact with alphaVbeta 3
(aVb3) integrin, a high-affinity binding site found on
endothelial cells (38). TP508 plays an active role in the
healing of dermal wounds (39), stimulates angiogenesis (40)
and counters chronic hypoxia (41).

Promotion of normal vascularization is likely to mitigate
chronic hypoxia and help overcome chronic oxidative stress
and thus radiation-induced neurocognitive dysfunction.
TP508 has demonstrated preclinical safety and potential
efficacy in phase I and II clinical studies for diabetic foot
ulcers (42) and phase II and III clinical trials for fracture
repairs with no drug-related adverse effects (43). Chrysalis
Biotherapeutics (Galveston, TX; formerly RADIX Thera-
peutics) proposed to accelerate the development of TP508
(Chrysalint) by repurposing it for mitigating the radiation
effects on brain tissue. In a phase I SBIR contract, Chrysalis
proposed to determine: 1. The optimal dose and timeline for
vascular protection; 2. Whether TP508 protects brain tissue

from adverse effects of radiotherapy; and 3. Whether TP508
protection is selective to normal tissue without altering
radiation killing of cancer cells. Encouraging results
obtained in phase I, demonstrating protection of neuro-
progenitor cells from the adverse effects of radiotherapy and
the restoration of neuronal integrity and stimulation of
neurogenesis, led to a successful phase II SBIR contract
application, independent of the fast-track application
process. In the phase II SBIR, studies are being conducted
in a mouse model to demonstrate that TP508: 1. Does not
protect cancer stem cells and that protection is specific for
neuroprogenitor cells; and 2. reduces radiotherapy-induced
neuronal atrophy and cognitive impairment. These studies
will also elucidate the mechanisms of TP508 protection to
neuroprogenitor cells and generation of new neurons.

OTHER INDICATIONS

Radiation-Induced Thrombocytopenia

Thrombocytopenia is a treatment interrupting, common
complication that increases the risk of infection and
bleeding from radiation therapy. This condition mostly
occurs during combined modality treatment involving
whole-abdominal radiotherapy for a variety of tumor types.
Thrombocytopenia typically occurs during the initial cycles
of high-dose therapy (44) and is observed 6–14 days after
treatment is started (45). Unscheduled treatment interrup-
tions can reduce the probability of local tumor control due
to the repopulation of tumor cells (46). Platelet transfusion
is one option to mitigate thrombocytopenia, but it is labor
intensive and expensive. Allogenic cellular therapy may be
a superior alternative to fulfill this unmet need to control
this treatment interruption.

Megakaryocyte progenitor (MKP) cells. Cellerant Ther-
apeutics, Inc. (San Carlos, CA) is developing allogeneic
MKP cells as cell therapeutics to treat radiation-induced
thrombocytopenia in cancer patients. Cellerant has been
developing cell culture methods for the expansion,
characterization and production of sufficient quality and
quantity MKP cells to initiate and complete FDA IND-
enabling studies. The company has been successful in
production of MKP at the research level and they are able to
produce human platelets in irradiated rodent xenograft
models in vivo with functionality similar to normal human
platelets in ex vivo platelet activation assays. In the phase I
contract, Cellerant has proposed to develop and demonstrate
a clinical cell culture process to generate MKP from CD34þ

hematopoietic stem cells using starting material from a wide
range of donors. In the phase II SBIR contract, Cellerant has
proposed to demonstrate the feasibility of scaling up the
process developed in phase I for large-scale clinical
manufacturing and has also proposed to develop assays
for product characterization and release. Cellerant plans to
optimize media formulations, growth and culturing condi-
tions and scalability of MKP production for preclinical
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efficacy, safety and related IND studies, ultimately leading

to enablement of GMP manufacture of CLT-009.

SYNERGY AND SUSTAINABILITY: AN EVOLVING
PARADIGM IN THE DEVELOPMENT OF

RADIOPROTECTORS AND MITIGATORS

Figure 2 illustrates how different entities – 1. Academia,

various components of the Department of Health and

Human Services (DHHS; Radiation Research Program,

SBIR Development Center and NIAID’s Medical Counter-

measure Development Program and BARDA); 2. The small

business research community; and 3. The pharmaceutical

industry – serve different niches along the development

pathways in research and development. As these unique

niches complement each other’s efforts in research and

development, there is potential synergy in investment to

facilitate commercialization of radioprotectors and mitiga-

tors. Historically, development of radioprotectors and

radiomitigators for clinical use has been a challenge. This

was mainly due to the lack of an established market of

patients with cancer undergoing radiation therapy who

would need such a drug to prevent or mitigate adverse

effects, the high-risk nature of product development in this

field (and examples of late-stage failures during product

development) and the high cost of drug development for

FDA label indication.

NCI’s RRP has been supporting radiation therapy

development for several decades. Establishment of the

Public Health Emergency Countermeasures Enterprise

(PHEMCE), which includes research and development

efforts in the medical countermeasure arena at NIAID as

well as advanced development at BARDA to deal with

national security threats, is approximately a decade old (12).

These programs have supported basic research and have

enhanced the understanding of the molecular and systemic

mechanisms of normal tissue injury from ionizing radiation

for which investment has been limited. These programs

have also supported the translation of that knowledge into

potential radioprotectors and mitigators for use in oncology.

Adaptation of products that are already under advanced

development for a public health mandate after accidental

radiation exposures provides a great opportunity to

capitalize on the MCM investment by NIAID and BARDA

for use in cancer care. An agent approved solely as a

countermeasure may (one hopes) never be used for its

‘‘intended use.’’ The product’s stockpile must be discarded

and replenished after the expiration date, a cycle that is

unattractive from the perspectives of the purchaser, viz. the

government and taxpayers. On the other hand, if an agent is

in routine use in the radiation oncology clinic, its stockpile

and inventory can be far better managed in the event of an

emergency. The agent will always be available and there

will be familiarity in managing and using such a product

FIG. 2. Illustration of how different entities: academia, various components of the DHHS (Radiation Research Program); SBIR Development
Center; the NIAID’s Medical Countermeasure Development Program and BARDA; the small business research community; and the
pharmaceutical industry, serve different niches along the development pathways in research and development and the concept of potential synergy
in investment to facilitate the commercialization of radioprotectors and radiomitigators.
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(47). Therefore, at the NCI, the RRP and the SBIR
Development Center partnered to fill a funding gap to
bring in a much desired synergy among academia,
government, small businesses and potentially the pharma-
ceutical industry to facilitate the development of agents for
preventing and/or mitigating the adverse effects of radiation
therapy in cancer patients through this specific FOA.

As much of the developmental cost is already borne by
academia and the government, clinical translation of these
products to decrease or mitigate adverse effects of radiation
therapy seems to be much more attractive to pharma since
the cost of development and risk of late-stage failure is
likely to be reduced. Thus, such a cooperative ‘‘win-win’’
model that enhances the value of early-stage research and
reduces late-stage failure should be an excellent model for
repurposing drugs in general.

CHALLENGES AND OPPORTUNITIES

This collaborative initiative successfully stimulated the
radiation research community through the provision of
incentives for commercialization of their innovations, by
encouraging collaborations with small businesses and/or
giving them the means to start businesses on their own. This
was evident by the number of proposals received and a
significant number of proposals funded (Table 1). This
initiative also provided an alternative-funding source to
some academic investigators involved in radioprotector and
radiomitigator research as they no longer had to solely rely
on ‘‘investigator-initiated grants’’. This specific contract
topic has also provided funding to a number of companies
who did not have any prior experience with the SBIR
funding mechanism. This was particularly useful for
capitalizing on new discoveries because the research
funding for radiation biology has been of late diminishing.

One of the goals of the NCI’s SBIR contract program is to
stimulate growth in research and development in specified
areas, in this case, to improve radiation therapy. Prior to this
special RFP, the number of applications received under the
broad grant omnibus funding opportunity announcement in
radiation-effect modulators was relatively low. A signifi-
cantly higher number of phase I SBIR/STTR (Small
Business Technology Transfer) applications were received
after the release of this specific FOA in 2011, which
suggests an enhanced interest in the clinical translation of
radiation-effect modulators (data not shown). Thus, this
specific RFP was successful in reinvigorating the radiation-
effect modulator field.

This specific RFP was discontinued in FY2015. However,
the SBIR Development Center continues to accept applica-
tions for funding via the SBIR/STTR grant mechanism
(omnibus funding opportunity for investigator-initiated
applications). These submissions demonstrate continued
interest among small businesses in the technology and
clinical translation efforts related to the development of
radiation therapy.

Considering the variety of complex issues involved for
academia and industry, this initiative was fairly successful
in invigorating several technology transfer efforts stemming
from academia to industry. There are a number of
challenges to incentivizing academic and industry collabo-
rations due to cultural differences between these two
organization types. These differences include the following:
1. An academic investigator’s own career goals that
emphasize discovery over more routine development work;
2. Obligatory financial and time commitments to a contract
funding mechanism that may be considered less attractive in
a competitive academic environment; 3. The means of
obtaining funding, which are considerably different for a
startup or a new business compared to an academic research
team; 4. Different skills needed in a business environment
and to manage a company; 5. Use of the animal rule for
drug approval (http://1.usa.gov/1Jyzhhz); and 6. Discomfort
or inexperience of principal investigators in allowing
‘‘outside business experts’’ to manage their work and
develop their technologies into products (48). Such routine
challenges in the context of university/industry collabora-
tions also relate to the complex relationship, or even conflict
between intellectual property protection and the public
release and publication of new discoveries (49, 50). Further
challenges in academic/industry partnerships include bud-
getary strategies, regulatory processes and technology
transfer and commercialization strategies that vary widely
among universities (50). These are all navigable and the
SBIR process can clearly be mutually beneficial on a
number of levels.

As discussed by Boccanfuso, successful translation of
academic research to the clinic depends on the ‘‘depth’’ of
academic/industry collaboration (50). However, it appeared
to us in some instances that this academic/industry
partnership could have been stronger if both partners had
fully realized the value of a long-term relationship rather
than an ‘‘opportunistic onetime partnership’’ only to obtain
limited government funding. In our opinion, such ‘‘oppor-
tunistic onetime partnerships’’ will be of limited duration
and value. In contrast to these ‘‘opportunistic onetime
partnerships’’, there could be high rewards for those
academic investigators with potent intellectual property or
individuals with experience at big pharma who start their
own small businesses.

Some applicants and their academic partners were less than
optimally aware of the variety of challenges likely to be
encountered during focused development of a radioprotector,
radiomitigator or a therapeutic for clinical use. These include
the following: 1. A difficulty in understanding the rigorous
requirements of contracts and encapsulating their novel ideas
into the framework of a product development requirement for
clinical use, including making timely ‘‘go/no go decisions’’,
anticipating and identifying pitfalls early on, adopting
alternative approaches when failure is imminent and outlining
deliverables; 2. The significance of the problem they intended
to address (e.g., repurposing of a radiomitigator developed as
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a medical countermeasure against radiation exposures
requires defining its ‘‘intended use’’ in the clinic and
obtaining a new FDA label indication); 3. Type, quantity
and quality of the preclinical data essential for successful
translation; 4. Understanding of currently used SOC for a
given type of cancer and integrating the new treatment
paradigm within the SOC; and 5. Working efficiently within
the regulatory requirements.

The expanding landscape of biological and technological
advances in radiation oncology and the challenges and
potential avenues for improvements have been recently
reviewed (3, 51). Preclinical research evidence required
might vary considerably from one organ site to another for a
radiation effect modulator’s possible use in the clinic since
protection and mitigation strategies for different organ sites
are based on different biology. A major issue in drug
development over the last few years has been reproducibil-
ity and reliability of the preclinical data (52, 53).

The SOC for different cancer types varies and evolves. In
many cases it is a combination therapy in which radiation is
used in conjunction with a chemotherapy agent. In such
instances, it becomes imperative to have a clear plan of how a
radiation-effect modulator will be integrated with the existing
SOC or how likely it will be that the new treatment will
replace or alter it. Potential replacement of existing SOC will
necessitate a ‘‘head-to-head comparison’’ randomized clinical
trial to demonstrate superiority of the new treatment approach.
An effort to develop a new SOC will invariably attract a
higher level of scrutiny and require strong preclinical
evidence. This may include testing the new treatment regimen
in an animal model simulating the clinical conditions and
comprehensive pharmacological and toxicological follow-up
evaluation before proceeding to a clinical investigation.

PATH FORWARD: PREDICTIVE BIOMARKERS

In the era of precision medicine, as molecularly targeted
therapy is being integrated into radiotherapy and chemother-
apy, selecting the right type of treatment at the right time for
a particular patient is critical to improving the outcome (54,
55). Consequently, the application of radiation biomarkers is
another rapidly developing area of research, with potential to:
1. Predict individual differences in radiation sensitivity (56);
2. Predict severity of normal tissue injury among patients
(57); 3. Assess and monitor tumor response to radiation
therapy (58); and 4. Estimate dose to accidentally radiation-
exposed individuals (59). A biomarker-based test that can
predict the risks of developing severe radiotherapy-related
complications will not only allow the delivery of alternative
treatment modalities and the use of mitigators and protectors,
but it may also allow dose escalation to the tumor in less
sensitive patients. This might improve the overall therapeutic
benefit and also improve outcomes.

A variety of radiation biomarkers have already been
explored or are currently under development at different
technology readiness levels in the context of their potential

application for individual dose assessment in accidental
exposures to radiation or malevolent use of radiation (59). In
fiscal year 2016, leveraging on the recent advances made in
academia and other government agencies, a SBIR contract
topic is issued to develop radiation biomarkers to specifically
identify and exclude likely ‘‘over-responders’’ to radiation
prior to radiation therapy to avoid severe complications
(https://sbir.cancer.gov/funding/contracts/nihnci345). How-
ever, discovery, development and validation of predictive
biomarkers of radiation hypersensitivity are as challenging, if
not more challenging, than radiation-effect modulators. This
is due to the low prevalence of normal tissue complications in
the clinic, a need for long-term studies for predicting late
effects (e.g., radiation-induced cognitive damage) (6) and
complexity related to the combination of chemotherapy with
radiation as SOC for most tumors. Nevertheless, the synergy
and sustainable development model presented here for
radiation-effect modulators is also applicable for developing
predictive biomarkers and presents unique opportunities.

CONCLUSIONS

While the challenges involved in the development of a
radiation-effect modulator for clinical use in radiation
oncology are quite different from those of a medical
countermeasure for accidental or intentional radiation
exposures, the early research approaches for both applica-
tions in terms of innovation, synthesis and mechanism of
action may be similar. Nevertheless, synergy among
government agencies in funding ensures our investments
are rational, viable, sustainable and cost-effective. The
DHHS is committed to the development of MCMs to
address national security threats from chemical, biological,
radiological, nuclear and explosive (CBRNE) agents.
Through the PHEMCE, the DHHS has launched and
managed a multiagency, comprehensive effort to develop
and manage MCMs. These efforts are leveraged in the NCI
SBIR program to bring some of the countermeasures to
radiation oncology clinics so that such products have ‘‘dual
utility’’, greatly reducing developmental costs and risks of
failure, while enhancing the value of research.

The current RRP-SBIR effort for advanced development
of radiation-effect modulators serves as a model for a
pipeline involving basic research (R01), targeted solutions
for specific societal needs (MCMs and diagnostics) and
reducing risk for small businesses by providing government
support that can be targeted to a topic when needed and
aiming for dual-utility, thereby enhancing the likelihood of
commercial success (47).
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