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Mitigating Radiation Adverse Effects: State of the Art and Challenges
Multiple geopolitical factors are increasing the risk of occurrence of radiological/nuclear events. Nuclear weapons could cause immediate and devastating damage in a mass casualty scenario: casualty estimates indicate up to a hundred thousand people may be exposed to ionizing radiation causing serious health effects. Current countermeasure candidates possess dose reduction factors (DRFs) representing possible casualty reductions in the tens of thousands in such a scenario. Radiation countermeasure research now stresses integration of basic and applied research, to identify possible drug targets, and to better characterize current candidates to satisfy regulatory requirements. Countermeasure mechanisms of efficacy generally fall into one or more of the following four categories: scavenging free radicals, blocking cell death signals, stimulating repair enzymes, or regeneration of injured tissue. Four acute radiation syndrome (ARS) countermeasures have obtained US Food & Drug Administration (FDA) approvals for use as Investigational New Drugs (INDs); another (Neupogen®) would be granted an Emergency Use Authorization during an emergency. AFRRI has been involved in the early development of all five of these agents, and three of them were conceived and initially developed at AFRRI. Although there are a number of candidates ready for transition to advanced development, funding for advanced development is a challenge, and the failure rate of countermeasure candidates at that stage may be high. New candidates are needed for use before irradiation as well as after exposure. Additional research is needed to increase the number of candidates and to increase the DRF. Countermeasure research should be expanded to address radiation qualities and dose rates representative of likely scenarios.

1.0
NUCLEAR RISKS

The risk of exposure to ionizing radiation from war, terrorism or nuclear accidents is generally thought to be increasing 1[,2]
. Factors that contribute to these risks are the possibility that North Korea may sell nuclear technology, Iran’s nuclear program, the resilience of the global jihadist movement, growing cynicism about the non-proliferation regime, Pakistan’s increasing instability, the continuing nuclear renaissance in spite of the Fukushima experience, and the perceived utility of nuclear weapons in international affairs 1[]
. A nuclear detonation in an urban environment could result in hundreds of thousands of casualties who would survive with the proper medical care 3
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. These casualties would include a large proportion of people who survived thermal and blast injuries but would experience the Acute Radiation Syndrome (ARS) 5[]
 from being exposed either to a mixture of neutrons and gamma rays initially, or to gamma rays from fallout 4-6[]
. In light of these facts, it would be extremely helpful to have safe and effective radiation countermeasures for treatment of casualties after exposure, and for pre-treatment of military or rescue personnel going into contaminated or potentially contaminated environments 7[]
. 

2.0
BENEFITS OF RADIATION COUNTERMEASURES

With radiation countermeasures, personnel entering contaminated regions could extend the time available to accomplish their missions. This would aid first responders, disaster clean-up crews, and military units. Morale would be improved by the knowledge that help was being provided. Countermeasures should be available to be given before exposure, for people entering contaminated zones, and after exposure, for situations where administration is not feasible before exposure. If medical facilities are available, for example after small scale scenarios, or during the weeks after a mass casualty scenario, full medical support would be given, including systemic antimicrobials, intravenous fluids, blood transfusions, and cytokines 3[]
. 

2.1
Casualty Reduction

The standard way of comparing efficacy for different countermeasures is to perform dose reduction factor (DRF) studies. The survival DRF is the ratio by which a probit survival curve is shifted to the right, and is commonly calculated as the ratio of the radiation LD50 of the drug-treated group to the radiation LD50 of the vehicle-treated control group. Most of the countermeasures currently being advanced have DRFs in the range of 1.2 to 1.3. Although a 25% shift in the radiation dose that will cause a particular effect may not seem impressive at first, it must be considered in the light of the steepness of the radiation mortality curve in the absence of treatment. Figure 1 shows hypothetical mortality curves for control and treated groups assuming a control LD50 of 3.5 Gy, which is about the human LD50 for the hematopoietic syndrome 8[]
. 


Figure 1: Reduction in casualties from countermeasure with dose reduction factor (DRF) = 1.25

Since precise mortality curves are not available for humans because of insufficient data, the slopes of the curves are taken from a study of canines, which have an LD50 closest to that of humans among the large animal models 9[]
. In that study, the slope of the curve for the granulocyte colony-stimulating factor (G-CSF)-treated group was shallower than the slope of the untreated group, meaning that reductions in mortality across the range of radiation doses were greater than what is shown here. In other words, mortality increased more gradually with increasing radiation dose in the treated group than indicated in Figure 1. However, the two curves are kept parallel here to be conservative. Figure 1 indicates that a countermeasure with a DRF of 1.25 would shift the LD50 from 3.5 to 4.375 Gy. The result would be an almost complete elimination of mortality across the range of radiation doses between the LD0 and the LD100 in the untreated population. Although many people are expected to receive doses higher than the LD100 in a nuclear incident, as the radiation dose increases closer to the detonation, more people will succumb to blast and thermal injuries, as well as from being struck by pieces of buildings, vehicles, etc., meaning they are not included in the population that would benefit from radiation countermeasures. Among the latter population, estimated to be perhaps 100,000 after detonation of a nuclear device in a city 3
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, Figure 1 suggests that tens of thousands of people may be saved if treated with radiation countermeasures, even with the efficacies of radiation countermeasure candidates being developed today. 

3.0
RADIATION COUNTERMEASURE RESEARCH
It is important to integrate basic and applied research in a radiation countermeasure program, not only to identify possible new drug targets and to refine existing classes of drugs, but because it is required for drug approval. Under the US FDA’s Animal Efficacy Rule, where radiation countermeasures may be approved based on efficacy studies in an appropriate animal model, the mechanisms of injury and drug action must be understood on a deep level 10[]
.

A lesson learned from the US military radiation countermeasure development experience is the importance of identifying significant toxicity in a countermeasure candidate at an early stage of investigation, before substantial resources have been committed to mechanistic studies or advanced development. The Walter Reed Army Institute of Research spent decades screening potential countermeasures; the aminothiol WR-2721 (amifostine) emerged as the lead candidate 11[]
. In spite of its marked improvement of survival in irradiated animals, amifostine proved to be too toxic for use outside the clinic. A recent development offers promise in this area, however: a new aminothiol, PrC-210, conferred substantial survival enhancement without the debilitating side effects (nausea/vomiting, hypotension/fainting) that restrict use of amifostine 12[]
.

Advanced drug development will be facilitated by more extensive communication and coordination between research institutes, biotechnology firms, granting agencies and governmental regulatory and policy bodies. Research institutes, biotechnology firms and granting agencies need to know the requirements and concepts of operation of agencies responsible for planning for and responding to radiation incidents. All parties must know what barriers may be waiting when drugs reach the advanced development/regulatory approval stages. Taking regulatory policies into account will minimize the risk of wasting resources on particular models, efficacy tests or toxicological protocols that may not be relevant to the requirements of the approving agency. Sponsors should discuss plans with regulatory agencies early in the development process to reach agreement on a drug development road map.

Radiation countermeasures may exploit a variety of cellular and molecular mechanisms, and the beneficial effects of a single drug may be mediated by multiple synergistic mechanisms. Many of the countermeasure candidates that have proceeded beyond preliminary studies utilize one of the following mechanisms:

1. Scavenging free radicals, e.g., amifostine 11[]
 or antioxidants 13
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2. Blocking cell death (apoptosis) signals, e.g., Ex-Rad® 14[]

3. Facilitating repair of damaged molecules, e.g., ribonucleosides 15
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4. Inducing regeneration of injured tissue, e.g., growth factors 9
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Two countermeasures that have received substantial recent funding for advanced development are CBLB502 (Cleveland BioLabs) and myeloid progenitor cells (Cellerant). CBLB502 stimulates regeneration of injured bone marrow via G-CSF, and blocks apoptosis and induces scavenging enzymes via NFκB 17


[ ADDIN EN.CITE ]
. The agent has proceeded to successful multi-center efficacy and toxicity tests in non-human primates (NHP) and safety trials in humans. For dose estimation in humans, animal studies show induction of cytokines by CBLB502 promises to be a useful biomarker correlated with drug dose, modulation of cytopenia and survival enhancement 18[]
.

Administration of myeloid progenitor cells causes remarkable increases in survival in irradiated mice, and has the advantage of being able to be performed days after irradiation 19[]
. Cells would need to be stored in liquid nitrogen. This approach does not rely on preventing radiation injury or repair or regeneration of injured tissue: the administered cells differentiate into granulocytes and platelets that allow survival until the patient’s hematopoiesis can recover. The absence of T cells in the preparation precludes graft vs. host disease.

Two countermeasure candidates that illustrate the diversity of mechanisms warranting investigation are pleiotrophin 20
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 and carbamazepine 21
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. Pleiotrophin is a neurite outgrowth factor with no previously known role in hematopoiesis. It was found to stimulate expansion of hematopoietic stem cells (HSC), associated with activation of phosphoinositide 3-kinase (PI3K) signaling. Antagonism of PI3K or Notch signaling inhibited pleiotrophin-mediated expansion of HSCs in culture 20
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. Carbamazepine is an autophagy inducer that increased radioresistance in murine hematopoietic progenitor cells (HPC) and in whole mice 21
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.
4.0
CURRENT AFRRI CANDIDATES AND DEVELOPMENT STATUS
AFRRI currently has six candidates appropriate for advanced development based on efficacy and toxicity profiles (Table 1).

4.1
5-Androstenediol (5-AED)

5-AED is being developed as a radioprotectant and therapeutic for the acute radiation syndrome (ARS). The steroid induces resistance to a variety of infections in animals 22-27
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, enhances survival in mice and rhesus macaques 28
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 and induces hematopoiesis and hematopoietic growth factor expression 30
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. Its administration causes increases in circulating granulocytes, monocytes, NK cells and platelets in irradiated animals 31-33
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. In humans, 5-AED induces elevations in circulating granulocytes and platelets, and exhibits minimal side effects 34[]
. It induces G-CSF, granulocyte-macrophage (GM)-CSF, Interleukin (IL)-2, IL-3, IL-6 and macrophage inflammatory protein-1γ (MIP-1 γ) 35
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. 5-AED enhances the ability of thrombopoietin (TPO) to protect short-term repopulating HSC (ST HSC) in irradiated mice, but no effect of G-CSF on this ST HSC population was observed, confirming G-CSF expands a more mature progenitor population 36[]
. 5-AED but not TPO stimulated reconstitution of marrow repopulating cells, an HSC population the authors interpreted as being intermediate between the more primitive long term repopulating HSC (LT HSC) and ST HSC 36[]
. In vitro, 5-AED protects human hematopoietic stem and progenitor cells (HSPC) from radiation damage via induction, stabilization, and activation of NFκB, which results in increased secretion of G-CSF. A whole animal study recently showed 5-AED enhanced survival of irradiated mice in a G-CSF-dependent manner, stimulated innate immune cell function, reduced radiation-induced DNA damage and induced genes that modulate cell cycle progression and apoptosis 37[]
.

4.2
Ex-Rad®

Ex-Rad® (ON 01210.Na) is a small molecule kinase inhibitor that is associated with increased survival in mice when administered subcutaneously (sc) 24 h and 15 min before γ-irradiation 14[]
. In in vitro studies, Ex-Rad® reduced radiation-induced DNA damage and caused reduced levels of the pro-apoptotic signals p53, p21, Bax, c-Abl and p73 14[]
. Pharmacokinetic studies indicated oral administration or Ex-Rad® as a radioprotectant may be possible 38


[ ADDIN EN.CITE ,39]
. Recently it was demonstrated that Ex-Rad® administered sc in two doses, 24 and 48 h post-irradiation, was associated with increased circulating white blood cells and platelets, and blood cell progenitors in bone marrow, and reduced DNA damage and apoptosis in bone marrow 40[]
.   
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Table 1: AFRRI countermeasure candidates considered for advanced development

4.3
ALXN4100TPO
ALXN4100TPO is a TPO mimetic consisting of a bioengineered human antibody molecule that activates TPO receptors (c-mpl) 41-43
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. The compound increases survival in irradiated mice when injected sc either before or after exposure, increases bone marrow cellularity and megakaryocytic development, and accelerates multilineage hematopoietic recovery 43[]
. It has been shown that ALXN4100TPO does not consistently enhance survival in mice exposed to mixed neutron/γ such as would be experienced after detonation of an improvised nuclear devise 44[]
. The effect of radiation quality on countermeasure efficacy should be factored into response plans.

4.4
Tocotrienols
The tocols, members of the Vitamin E family, comprise tocopherols and tocotrienols. AFRRI has focused recently on γ-tocotrienol (GT3) and δ-tocotrienol (DT3) as safe and effective radiation countermeasures 45-48
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. GT3 administration is associated with increased survival and accelerated hematopoietic recovery in irradiated mice 46
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. Sc injection of GT3 before total body irradiation of mice preserves HSPC and reduces DNA damage in bone marrow erythrocytes 47
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. DT3 protects mouse bone marrow and human HSPC from radiation-induced damage through extracellular signal-related kinase (Erk) activation-associated mammalian target of rapamycin  (mTOR) survival pathways 48[]
.

4.5
Phenylbutyrate

Ionizing radiation causes late effects such as lung fibrosis and leukemia, in addition to acute mortality due to multiorgan dysfunction and failure. Phenylbutyrate (PB) has emerged as a dual use radiation countermeasure than reduces mortality during ARS 49[]
 and also inhibits formation of leukemia in irradiated mice 50[]
. PB is a histone deacetylase inhibitor and anti-tumor agent 51
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. Administration of PB to mice before γ-irradiation enhanced 30-day survival with a DRF of 1.31 49[]
. When PB (10 mg/kg) was administered 4 h after 8.0 Gy, it also enhanced survival. PB treatment before irradiation was associated with significant elevations in neutrophils and platelets. PB treatment attenuated DNA damage and inhibited radiation-induced apoptosis 49[]
.
4.6
Genistein (BIO300)
Administration of genistein (BIO300), an isoflavone derived from soybeans, has been shown to cause increased survival in mice when injected sc before total body γ-irradiation 52
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. Enhanced survival was associated with accelerated neutrophil and platelet recovery and more pronounced multilineage HPC reconstitution in bone marrow 54
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. In a study of cell cycling in Lin-Sca-1+cKit+ (LSK) HSC, pretreatment with genistein provided in vivo protection through extended quiescence followed by reduced senescence 55
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. However, genistein also stimulated serum G-CSF and IL-6 56[]
, which stimulate proliferation of more differentiated HPC 36
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. Genistein administration is also associated with reduced lung damage in irradiated mice 58
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.
5.0
CHALLENGES, GAPS AND POLICY ISSUES

5.1
Relative Efforts for Countermeasures to Biological, Chemical, and Radiological/Nuclear (RadNuc) Weapons

Research and development (R&D) for radiation countermeasures historically has been minimal compared to R&D for defenses against the other weapons of mass destruction. It should be kept in mind that the threat of exposure to ionizing radiation is very real 1[]
: factors contributing to this threat are:

1. The possibility that North Korea would sell nuclear technology.

2. Iran’s nuclear development program.

3. The resilience of jihadism.

4. Growing cynicism concerning nonproliferation.

5. Pakistan’s increasing instability.

6. The continuing renaissance of nuclear energy, despite Fukushima 60[]
.

7. The perceived utility of nuclear weapons in international affairs.

5.2
Pre- vs. Post-Irradiation Countermeasures (Prophylactic vs. 
Therapeutic)

There has been a recent emphasis on post-irradiation drugs, due to a belief that medical assistance would not be available to people exposed to radiation for at least 24 h in a mass casualty scenario.  However, pre-irradiation agents would be very valuable in a military setting, where personnel might enter contaminated or potentially contaminated areas. The ability to extend time in a contaminated area would increase the ability of a military unit to perform a task, and would have a beneficial effect on morale. Civilian personnel such as first responders and workers assigned to clean up a damaged nuclear reactor (such as at Chernobyl and Fukushima) would also benefit from pre-irradiation countermeasures.

5.3
Multi-Organ Failure and ARS Subsyndromes

Presumably due to the improved health of laboratory animals, the monitoring period for survival in GI Syndrome experiments has creeping up from the classic 6 days to 10 days. This borders on the time of first deaths from the hematopoietic syndrome. Early death is not always proof of mortality from GI injury 61[]
. The recent emphasis on multi-organ dysfunction and failure has cast doubt on the utility of the hematopoietic syndrome and GI syndrome as ways to understand ARS 62-64


[ ADDIN EN.CITE ]
. An important gap in ARS and radiation countermeasure research concerns the mechanisms that mediate communication between different cells and tissues after injury.

Another challenge for radiation countermeasure development is the relevance of the GI syndrome to drug approval: the classic test of success for a countermeasure to GI syndrome is survival beyond 6-10 days. However, this may be irrelevant to regulatory approval of a new drug, where longer term survival may be required. Would it be possible to obtain approval of a GI syndrome countermeasure that does not extend survival to 30 days or beyond?
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