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Abstract 

Introduction: For decades, the University of Rochester has been associated with research investigating the mechanisms underlying the radiation-induced late effects in normal tissues seen following therapeutic regimens. Recently, however, as a member of the Federally-funded network of Centers for Medical Countermeasures against Radiation (CMCRs), investigators at our institution have focused on the delayed, mostly non-hematological, complications seen following survival of acute high dose radiation exposure, generally known as radiation-induced multi-organ dysfunction syndrome (RI-MODS). 

Rationale: The deaths due to radiation pneumonitis and fibrosis seen in the victims of the Tokai-mura incident, as well as the less morbid outcomes, such as late sterility, persistent bone marrow suppression and cutaneous effects, seen in surviving emergency personnel from Chernobyl, supports the need for broadly applicable, non-toxic treatment strategies against delayed outcomes in normal tissues; these will likely be distinct from those developed against the acute radiation syndrome. Furthermore, we have identified an increased sensitivity in previously irradiated animals to otherwise survivable insults experienced in the months to years post-injury, with a differential response between those animals irradiated as adults versus neonates. These observations have led us to incorporate multiple organs/endpoints, delayed insult and age into a screening system for testing potential mitigation agents for use in a nuclear or radiological, mass casualty scenario.

Methods: The University of Rochester CMCR has developed a preclinical testing system that, although individually focused on separate organs of interest, nonetheless, is integrated through common radiation delivery systems, drug delivery protocols and assessment tools. Murine models investigating the delayed radiation response in lung, the central nervous system (CNS), erythropoietic bone marrow, skin and immune systems have been developed and verified. Mitigating agents are delivered no earlier than 3 days post-radiation and models are followed for up to 18 months prior to sacrifice.

Results: A number of agents have undergone preliminary testing, including agents targeted at free radicals, inflammation, as well as specific signalling molecules, such as Substance P. Early results indicate the utility of this system in identifying potential efficacy in individual organs or tissues, as well as possible areas of clinical concern. Preliminary findings will be discussed.

Conclusions: There is a significant need for the development of agents targeted at delayed radiation-induced effects in the context of whole body irradiation. The University of Rochester Center for Medical Countermeasures against Radiation has introduced a preclinical testing system that provides a broad test-bed for screening potential mitigation candidates. Importantly, its focus on several critical organs allows for multiple endpoints to be assessed, thereby allowing for broad spectrum mitigation strategies to be developed, whilst allowing for the identification of possible areas of toxicity that may adversely affect and/or limit wide-scale treatment protocols. Furthermore, through this system, we have identified sensitivity to secondary, delayed insults (e.g. trauma, infection), particularly in special populations, such as children, suggesting that multiple treatment strategies may need to be put in place dependent on age at time of irradiation.

This work was supported by the Center for Medical Countermeasures against Radiation Program, NIAID 1 U19-AI091036-01. 
1.0
Introduction

The catastrophic events that took place in the United States of America on 9/11/2001 focused not only the U.S. Government’s attention on the country’s ability to identify and respond to large-scale terrorism events, but was an added reminder to the rest of the world that terrorism and its aftermath must now be considered a global problem. In order to determine its state of readiness, the U.S. Federal Government developed a list of potential scenarios that may be experienced in the foreseeable future, which included a large-scale radiological or nuclear detonation [1]; as a result of this inclusion, it was quickly realized that countermeasures against radiation-induced injuries was a research area that would need to be prioritized since limited progress has been made towards their development.[2] Importantly, the majority of the work performed over the past decades in this field has been in the context of cancer therapy and has, therefore, targeted normal tissue injury following localized fractionated radiation, with little work being carried out in the arena of single dose, systemic (whole body) irradiation (WBI).

In order to provide a coordinated approach to developing countermeasures that can be placed in the Strategic National Stockpile, i.e. for use in a mass casualty situation, the U.S. Government charged one of its agencies, the National Institute of Allergy and Infectious Diseases (NIAID), with assembling a network of centres of excellence whose goals are developing (a) a means of performing accurate after-the-fact dosimetry, and (b) readily distributed countermeasures to be used against both the acute radiation syndrome (ARS) as well as critical late-responding tissues. As one of the Centers for Medical Countermeasures after Radiation (CMCR)s, the University of Rochester CMCR (UofR-CMCR) has built on its decades of experience investigating the mechanisms related to radiation-induced normal tissue effects. Using this knowledge, the investigators have developed a model for assessing the mechanisms of radiation late effects in critical normal tissues using a murine WBI surrogate that provides us with a clear experimental rationale for testing potential mitigating agents across a number of tissue and organ systems. This model builds on work from European scientists, who have introduced the terms “radiation-induced multiple organ dysfunction syndrome (RI-MODS)” and “radiation-induced multiple organ failure (RI-MOF)” to describe the outcomes seen following a number of cases involving accidental exposure.[3,4]

1.1
University of Rochester’s Research History in Late Effects

It is perhaps not surprising that the peak in activity in the field of radiation research in the U.S.A. was during the 1940s-1960s, when we saw the establishment of such internationally-known sites as the national laboratories at Los Alamos and Oakridge, as well as the nuclear site at Hanford. However, in addition to the widely-publicized work going on at these sites, not many are aware that an entire branch of the Manhattan Project was undertaken at the University of Rochester, under the leadership of an eminent radiologist, Dr. Stafford Warren. As the medical director of the Manhattan Project, Dr. Warren was charged with assessing the potential toxic hazards that may be posed to workers by the relatively new radioactive agents that were then being widely used in the bomb industry, as well as later in the nuclear power industry: e.g. uranium, plutonium, beryllium, polonium, etc. At that time, the health effects from these “bomb components” were relatively unknown, although there was a growing awareness of the possibility of long-term carcinogenic effects due to the published outcomes in radium-dial workers.[5,6] As part of their mandate, researchers at the University of Rochester received boxes of workers’ records from all over the country with recordings of their doses, as well as urine and blood samples, and even items of contaminated clothing. From these studies and those pursued at other sites, it was anticipated that safeguards would be established for such scenarios as inhaled exposure to uranium dust. The work performed in Rochester included studies carried out at the bench level, using animal models (rat, dog and NHP) and involved the development of the especially-designed “Rochester Chamber” [7], and also at the clinical level, these latter studies, unfortunately, being performed without patient consent, leading to litigation in later years.[8] Interestingly, all of these studies ultimately grew into the University’s highly esteemed toxicology program, with the Department of Environmental Medicine retaining nationally-recognized expertise in the evaluation of inhaled toxicants to this day.

As the era of the Cold War became less “heated” during the 1960s-1970s and funding began to move away from the field, nonetheless radiation-related research maintained its foothold at the University of Rochester, particularly with respect to normal tissue late effects. Around this time, the prevailing theory in radiation biology explaining the differential responses seen between early- and late-responding normal tissues was predicated on perceived differences between the radiation sensitivity of critical target cells in the two types of tissue, in particular with respect to their relative capacities for DNA repair. This hypothesis suggested that late responding tissues had a greater capacity to repair acute radiation-induced damage together with a slow or low cell turnover rate, so that the timeline for late damage therefore initially consists of a latent period, a consequence of the extended length of time that it takes late-responding tissues and organs to respond to the injury. However, there were detractors from this theory, particularly with respect to the existence of a “latent period”, and one of these was a professor in Radiation Biology and Biophysics at the University of Rochester, Dr. George Casarett. Dr. Casarett was an accomplished radiation pathologist who worked in collaboration with the head of radiation oncology of the time, Dr. Philip Rubin, and together they wrote a 2-volume book called “Clinical Radiation Pathology.”[9] Indeed, one of the major themes of their book was that there is no silent or latent period in late effect development. Instead, they believed that, during the apparently asymptomatic period, there is an accumulation of damage that, depending on the tissue phenotype, extent (volume) of injury and degree of repair, could be clinically expressed at either an early or late phase or both. They also suggested that, at any subsequent time, an additional insult or stress, such as trauma, infection or indeed chemotherapy, could elevate the subclinical disease to full-blown expression, which, with respect to chemotherapy, for example, provided an explanation for the “recall phenomenon” that is sometimes seen in cancer patients.[10] This alternative hypothesis prompted a great deal of interesting, and oftentimes heated, discussion within the field at the time, although the existing technology meant that the two opposing hypotheses were difficult to either confirm or refute. Drs. Casarett and Rubin held fast to their beliefs and, as chair of the department of radiation oncology, Dr. Rubin went on to spend his remaining career encouraging, supporting and participating in research into the late consequences of irradiation; for example, he was one of the leading proponents of formulating a standardized system for scoring treatment-related late effects in the clinic.[11] His successor, Dr. Paul Okunieff, had complementary interests in the field of normal tissue late effects and, following 9/11, led the University of Rochester’s successful effort to be one of the first Centers for Medical Countermeasures after Radiation.

1.2
University of Rochester’s Recent CMCR Work

As part of the newly formed CMCR, five projects were funded that covered the spectrum of goals outlined by the NIAID. As part of one of those projects, headed by Drs. Jacob Finkelstein and Jacqueline Williams, the investigators performed a highly detailed characterization of the timeline of pulmonary responses following either WBI or partial (thorax alone) irradiation using an adult and neonate mouse model; this work assessed the limited and relatively low dose range mandated by NIAID (≤10 Gy) since this range was considered to be more appropriate to the accident scenario compared to the more commonly used higher doses associated with therapeutic delivery. Importantly, up until that time, the literature in the specific field of lung late effects suggested that such a dose range would be below the threshold for the pulmonary endpoints of pneumonitis or fibrosis [12]; however, the investigators had hypothesized that late effects would indeed be seen in the lung, although at a much later time point than had been assessed previously. Unfortunately, despite large scale experiments, this hypothesis ultimately did not prove to be the case since few changes in pulmonary pathology or physiology were seen at any dose level, even at time points as late as 18 months post-radiation. However, despite these essentially negative results, the investigators recalled the earlier Rubin and Casarett hypothesis, i.e. that subclinical damage may be present, but required additional trauma for its expression [9]; therefore, they exposed some of their late surviving groups to inhaled lipopolysaccharide as a proxy for a bacterial challenge to the lung. The response in the previously irradiated animals was found to be significantly greater and more persistent compared to their age-matched controls, and was seen at all time points where the challenge was performed (9-15 months post-radiation).[13] This result provided, possibly for the first time, evidence that radiation may, indeed, induce persistent cryptic damage that opens the previously injured tissue up to a hypersensitive response to trauma delivered months, if not years, after the original irradiation.

As the first 5 years of CMCR funding approached their conclusion, NIAID offered a second round of funding. Due to a change in personnel at the University of Rochester, a (mostly) new group of investigators came together in order to further participate in this exciting and necessary research. It was the finding of radiation-induced sub-clinical damage in the lung that informed the group as it formulated its model for radiation-induced delayed effects as part of a multi-organ dysfunction syndrome, a model that provided the new Center with its central and unifying theme, and allowed the scientists to propose a cohesive and rational means of identifying and testing potential countermeasures across a range of critical organs and tissues.[14]

2.0
the UofR-Cmcr Model

2.1
Rationale for RI-MODS Model

As was recently described in a U.S./European workshop [15], it is now recognized that our previous mono-organ approach to the treatment of radiation exposure needs to be replaced by therapeutic measures that take account of the probable multi-organ involvement. The development of radiation-induced (RI)-MODS following exposure was well illustrated following the incident in Tokai-mura in 1999. A small number of Japanese workers in a uranium processing plant were performing an experiment in which they were redissolving purified uranium U3O8 in a uranyl nitrate solution in attempts to refine fuel for an experimental fast breeder reactor.[16,17] Unfortunately, the workers exceeded the criticality safety limit of the tank, which had been specified at 2.4 kg of uranium, instead putting in ~16.6 kg of uranium. There was a power burst, and 3 workers were exposed to neutrons and -rays, 2 at levels beyond the LD50. For example, one of those workers received the highest doses to his hands, face and chest as part of a 9 Gy whole body dose. Following the accident, the worker received relatively prompt treatment in the form of cytokine therapy within hours, which was sustained, and a stem cell transplant, which resulted in the eventual successful recapitulation of his hematopoietic system. Despite having received twice the calculated LD50, the worker survived the acute radiation syndrome (ARS) period and lived for a further 7 months after the event, but eventually died from a radiation pneumonitis, as well as progressive fibrosis of the skin of the face and head, and with evidence of complete immune suppression, despite an apparent hematopoietic recovery.[18] The sequential appearance of organ dysfunction and failure that was seen in both of the lethally irradiated patients following this incident is not an anomalous event and, indeed, has been recognized in victims of other accidents [19], and also, to a lesser degree, in patients who have undergone bone marrow transplant involving WBI.[20,21] These data suggest that an investigation into the mechanisms that underlie RI-MODS will potentially lead to the development of countermeasures, but also may have therapeutic implications and repercussions beyond that of the field of terrorism response.

The concept that multiple organ dysfunction syndrome is a singular disease has developed, independent of the field of radiation injury, since its initial recognition in the late 1960s.[22] At first, its onset and progression was deemed to be primarily associated with infection [23], although this suggestion was gradually challenged by others, who proposed, instead, that it was due to an uncontrolled inflammatory response [24], possibly the result of a “double hit”, with the first injury priming the neutrophils and macrophages for their subsequent response to trauma.[25] Although the time course of MODS as a result of trauma per se may differ from that seen following irradiation, nonetheless the similarities in their proposed aetiologies are telling. For example, many investigators have indicated that immune dysregulation is one of the most important pathogenic mechanisms for MODS, characterized by a dysregulation in, or loss of, the normal homeostatic regulatory pathways that control the relative influence of the pro- and anti-inflammatory responses seen consequent to an injury.[26] A similarly observed disruption in the “yin and yang” of inflammation also has been described resulting from radiation damage, for example, as described in a number of seminal reviews published by the McBride group.[27,28] A second proposed driver of MODS is disruption of the gastrointestinal tract, since a change in intestinal permeability is often observed preceding the onset of the syndrome [29]; the hyperpermeability is associated with disruption of the tight junctions between epithelial cells, increased oxidant stress and cytokine expression [30], all of which, coincidentally, are seen subsequent to irradiation. A further significant similarity between MODS progression and the radiation response is the important role that mitochondrial dysfunction appears to play in the pathogenesis of each; potential (and complementary) mechanisms include oxidative damage to the mitochondria, depletion of the mitochondria population through autophagy, and the inability of the cells to regenerate mitochondria sufficiently to match mitochondrial loss.[31,32] All of these over-lapping mechanistic pathways were considered and incorporated into the UofR-CMCR working model (Figure 1).

2.2
University of Rochester CMCR’s Model for RI-MODS
Integrating both classical and modern radiobiological hypotheses into the concepts proposed for MODS induction, the UofR-CMCR group hypothesized that the initiation and development of RI-MODS and RI-MOF involves 3 inter-connected pathways (Figure 1): the first pathway involves the communication between inflammatory and immune cells, their autocrine and paracrine cytokine expression, and the related or subsequent generation of reactive oxygen species leading to increased levels of oxidative stress; the second path addresses the role of barrier integrity, in all of its forms, and how its breakdown leads, directly or indirectly, to tissue remodelling; and thirdly, beyond their more classically acknowledged role in ARS, the model identifies the role that stem cells play in tissue homeostasis and wound repair and how acute damage in hierarchical tissues may lead to long-term depletion and/or dysfunction. Finally, the investigators are using the model to not only address the development of late effects in 5 organs or systems that are deemed critical for maintaining survival (the hematopoietic system, the immune system, lung, skin and neurological system [brain]), but also to inform and guide their choice of prospective countermeasure strategies. 

2.2.1
Inflammation, Immunity, Cytokines and ROS

During the immediate post-injury phase, normal canonical wound healing pathways are at play, involving the rapid up-regulation of cytokine expression and the responding infiltration of inflammatory cells. However, in the subsequent weeks and months during the progression towards both MODS and its radiation counterpart, cyclical periods of increased pro-inflammatory molecular expression are seen [33,34], although the functional relationship between these waves of cytokine signalling and any specific pathologic endpoint is, as yet, unclear. Nonetheless, inflammation is a common component of both the acute and late injury response in many organs and tissues.[35-37] Limiting the inflammatory reaction as a mitigating strategy for RI-MODS is, therefore, an intuitive approach and earlier work from the UofR-CMCR investigators supports the potential use of anti-inflammatory agents.[38] In addition, and in parallel with inflammation, immune dysregulation appears to play a critical role in late effect induction, and has been proposed as a critical component in the development of MODS [22]; since antigens and autoantigens both drive and limit the pro-inflammatory response, immune dysregulation may provide an explanation for the observed cyclical waves of cytokines.[39] Furthermore, there is an intimate connection between inflammation and immunity, particularly through the activation and maturation of antigen-presenting cells (APCs). The most powerful APCs are dendritic cells, and UofR-CMCR investigators, Lord et al., have investigated the responses of both epidermal (Langerhans cells) and interstitial dendritic cells to irradiation, demonstrating a dose-related depletion of cutaneous dendritic cells following irradiation, possibly regulated, at least in part, through IL-12.[40] Finally, the downstream patterns of inflammatory cell recruitment and cytokine generation have been shown to lead to the generation of chronic pathological levels of reactive oxygen species (ROS)/RNOS, and so these potentially harmful species have been hypothesized as additional contributors in the progression towards tissue deficits. Again, UofR-CMCR investigators have generated data indicating the possible utility of using agents that may affect either acute and/or chronic ROS induction in order to reduce radiation-induced late effects.[41]
2.2.2
Barrier Integrity

One of the early hypotheses that was used to explain normal tissue late effects suggested that radiation specifically disrupts vascular endothelial cells [42], their slow turnover rate leading to a delayed, but progressive, hypoxia and, ultimately, dysfunction within the microcirculation. Since endothelial cells do not simply act as the barrier lining of blood vessels, but are involved in multiple homeostatic processes, radiation-induced damage within this cell population also will affect many of these additional functions. Changes in vascular function have been observed in critical late-responding normal tissues following radiation injury, such as lung [43], skin [44], and brain, with cerebrovascular dysfunction, characterized by compromise of the blood-brain barrier, being a frequent component of the pathology seen subsequent to stereotactic brain irradiation. Furthermore, work from the UofR-CMCR investigators, O’Banion and Olschowka, has demonstrated the dependence of acute radiation-induced changes in vascular permeability in the brain, leading to edema, on COX2 activity [45], indicating a relationship between inflammation and vascular integrity; this finding not only supports our group’s contention that the induction of radiation-induced late effects is a multifactorial process, but that there is considerable cross-communication between the induction pathways.
Furthermore, as suggested earlier, the vascular microenvironment is not the only barrier that may be affected by radiation since multiple “barriers” exist within the body (e.g. the alveolar/atmospheric interface in the lung). For example, the gastrointestinal tract (g.i.) provides a major internal physical barrier, and is considered the second most sensitive dose-limiting tissue after the bone marrow.[46] Indeed, the acute and rapid loss of crypt cells from the g.i., seen during ARS and leading to a breakdown in the complex intestinal environment, is a major contributing factor in the infection that forms a major cause of ARS morbidity and mortality.[47] Interestingly, the g.i. has been proposed as a “motor” in MODS [48], seen as occurring partially through a disruption in the mucosal immune system, the physiological component of the g.i. barrier. Under normal conditions, members of the innate immune system recognize infection and trauma through processes involving surface Toll-like receptors (TLRs) [49]; however, this function is down-regulated during MODS. Recent studies have suggested that TLR agonists may provide some utility as radiation protectants [50], further emphasizing the intercommunication between barrier function and the immune system. Of note, infection from large area beta burns was also the primary cause of death in many of the patients that died at Chernobyl [51], supporting the contention that skin integrity plays as critical a role in homeostasis following TBI injury as does the gastrointestinal tract.[52]

2.2.3
Role of Stem Cells

Until only a decade or so ago, the radiation sensitivity of stem cells and their fundamental role in hierarchical tissues was considered to be the critical driving force behind expression of acute radiation injury, with the hematopoietic syndrome being the classic illustration of such. However, more recently, our understanding of stem cell physiology, not only in terms of their radiation sensitivity but also with respect to their position in tissue kinetics, has dramatically altered, particularly with the recognition of residence within specific “niches,” and this is especially true for the bone marrow.[53,54] Since it now appears that the hematopoietic stem cell (HSC) population may be relatively radioresistant [55] and, therefore, the characteristic patterns of blood cell loss are dependent on damage within the progenitor compartment [56], reconstitution of the irradiated bone marrow system may be attributed to the mobilization and differentiation of these relatively protected HSCs.[57,58] Furthermore, it has been suggested that mobilization of bone marrow-derived cells may contribute to repair in injured non-hematopoietic tissues and organs following, for example, radiation damage [59], and also, interestingly, with respect to organ dysfunction in MODS patients.[60]

However, reconstitution does not equal complete functionality, and there have been past indications [61,62], now supported by data from UofR-CMCR investigators, Palis and Calvi, that the hematopoietic compartment retains a degree of long-term damage. Furthermore, chronic dysfunction within the bone marrow microenvironment could have effects beyond that of the peripheral blood cells, for example, by altering osteogenesis and reducing skeletal integrity [63] or by affecting the differentiation of immune cells through the interaction between bone and the immune system.[64] In addition, since stem cells exist in other organs, including the nervous system and skin [65], radiation injury and stem cell loss can affect such functions as neurogenesis and, therefore, cognitive function.[66] Since neurotransmittor signalling has been shown to be a part of host defense and repair mechanisms [67], the physiological interactions between the neuronal, immune and hematopoietic systems have relevance for the field of countermeasures and have been incorporated into our test model.

2.2.4
Two Hit Theory

Finally, as mentioned previously, the initial finding that informed the development of the UofR-CMCR model was the accelerated and persistent pulmonary response to a challenge delivered months post-irradiation.[13] Such data find support in the work from other investigators who have demonstrated that the outcomes from radiation exposure are significantly exacerbated when radiation is administered concurrently with either trauma or disease.[68] These findings bear direct comparison to one of the current hypotheses for post-traumatic MODS, i.e. the “two-hit” model [22]; this hypothesis, as described above, proposes that the initial injury “primes” the macrophages and neutrophils so that the “second hit” leads to the excessive inflammatory response associated with MODS. The probability of combined injury as part of a radiological or nuclear event makes such findings significant with respect to preparations for the immediate response.[69] However, with respect to the delayed aftermath, the results from the UofR-CMCR investigators, demonstrating an exacerbation in the pulmonary response to an additional injury that is seen, not only when the two traumatic events are delivered concurrently, but also when there is a delay between the events, suggests that medical countermeasures and strategies cannot be targeted simply at the immediate, acute period. Indeed, there needs to be a greater awareness of the possibility of delayed, non-specific effects that could affect a significantly larger proportion of the population due to the relatively low doses of radiation required as the “primer” and the huge array of “secondary hits” (trauma, disease, infection, etc) that may initiate RI-MODS; unfortunately, the resultant large number of potential outcomes will require a broad spectrum of countermeasures.
3.0
results

Although it is anticipated that the central model employed by the group ultimately will have broad application across all critical (and relevant) late responding tissues and organs, the UofR-CMCR is currently focused on 4 areas of interest: hematopoietic (endpoint: long-term HSC functionality); lung (primary endpoint: fibrosis; secondary endpoint: challenge sensitivity); CNS (endpoint: cognitive function); and skin (primary endpoint: barrier integrity/fibrosis; secondary endpoint: immunocompetence). The studies are being performed in a single mouse strain (C57BL/6), using both adults and neonates, with hopes of eventually incorporating aged mice into the model in order to provide analysis across the entire age spectrum. To date, we have made significant progress with respect to characterization of each of the various organ models and have begun initial screening of agents. It is important to note that the centralized model provides a rational approach to mitigation since it identifies specific targets for the investigators (Figure 2).
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3.1
ROS Scavenging
The first agent under assessment in the class of free radical scavengers is a superoxide dismutase (SOD)/catalase mimetic, EUK-207, a salen manganese complex that is one of a class of synthetic low molecular weight agents found to mimic the antioxidant enzymes, superoxide dismutase (SOD) and catalase, and exhibits properties that include scavenging superoxide and hydrogen peroxide/radical nitrogen species, respectively.[70] This particular class of agent was chosen since it previously has demonstrated efficacy in a wide range of models of diseases involving oxidative stress in addition to various models of radiation-induced injury [71]; the specific agent, EUK-207, is a “second generation” cyclized salen manganese complex. Furthermore, salen manganese complexes are considered to be “mitochondrial-protective,” protecting mitochondrial enzymes and preventing oxidative pathologies in a mouse model of severe mitochondrial oxidative stress.[72,73] These data, generated by collaborators and other investigators, suggest that the agent may be broadly effective against our tissues of interest. Importantly for our Center, since we include CNS assessment, EUK-207 crosses the blood-brain barrier, and has demonstrated efficacy in a mouse model of age-associated mild cognitive impairment.[74,75]

[image: image2]
Studies have been initiated in the adult lung model, which combines a 5 Gy WBI with a 10 Gy top-up dose to the thorax alone, thus ensuring generation of the lung endpoint of fibrosis in the context of systemic exposure.[46] The test agent, EUK-207, was delivered (0.6 mg/kg, subcutaneously) either acutely (days 1-7 post-radiation), in simulation of an immediate mitigation strategy, and/or late (beginning at 8 weeks post-radiation and continued until sacrifice). The latter regimen is targeted at the putative chronic oxidative stress generated by the inflammation associated with the acute lung response, i.e. radiation pneumonitis, as well as during the tissue remodelling phase associated with lung fibrosis. Preliminary findings suggest that, although the acute regimen alone had a small effect on the degree of fibrosis induction (Figure 3), this did not result in an improvement in survival. However, both the level of fibrosis and survival, as assessed by Kaplan-Meier, exhibited a significant improvement following the combined regimens of acute and late drug administration. Moreover, the collaborative use of the same interrogative model across the tissues of interest has allowed us to make assessments across multiple organ endpoints. For example, examination of the number of immuno-phenotypically-defined HSC populations has indicated that, in the same animals that showed an improved pulmonary response, EUK administration also led to a mild increase in lineage-Sca-1+,kit+ (LSK) progenitor cells, as well as the short-term or long-term HSC populations. These preliminary studies raise the possibility that EUK-207 may provide mitigation not only with respect to the development of radiation-induced lung fibrosis, but also may play a mildly beneficial role in the HSC compartment.

3.2
Anti-inflammation/Immune Modulation
One of the novel agents that has been screened by the Center is a synthetic peptide which is an analogue of the endogenous neuropeptide and tachykinin, Substance P. There is considerable evidence that Substance P, a neuropeptide that is widely distributed in the central and peripheral nervous system and also produced by inflammatory cells, such as macrophages, eosinophils, lymphocytes, and dendritic cells, is involved in the pathophysiology of numerous inflammatory diseases.[76] In addition to these characteristics, it has been suggested that the novel agent’s activities are microenvironment-dependent; for example, it appears to elicit anti-inflammatory properties during inflammatory conditions – one proposed mechanism for this observation is that the NK1 receptor may become effectively inactivated when overwhelmed by the analogue, thus providing activity similar to that of an antagonist.[77] Furthermore, under inflammatory pathologies in which endogenous Substance P levels are increased, the analogue is likely to have an anti-inflammatory effect. Finally, the small molecule peptide also has been shown to promote hematopoiesis; specifically, its administration has been demonstrated as significantly increasing levels of CFU-GEMMs, a primitive precursor of blood-forming cells, as well as increasing levels of less-primitive precursors to granulocyte-macrophages, platelets, erythroid cells (blast- and colony-forming), T-cells and B-cells. Overall, it was felt that this small novel molecule would act to regulate homeostasis through its immunomodulatory and proliferative effects and, through this broad spectrum of activity, would have effects across the Center’s tissues of interest.
Again, since the pulmonary project is more advanced in its model characterization, the initial studies with this agent were performed in the lung. An oral route of administration was chosen based on preliminary data showing effective distribution of the drug following this route. The subsequent studies assessed both acute treatment (beginning at 24 hours post-radiation and continuing for 10 days) or delayed treatment until 12 weeks after radiation treatment. Comparisons were made between a 2 mg/kg versus a 20 mg/kg dose, since previous studies had shown no direct, overt toxicity caused by the drug alone. Following the 2 mg/kg regimen using either the early or late onset of administration, the extent of late fibrosis was reduced relative to vehicle-treated controls, accompanied by a reduction in both edema and inflammatory cell numbers. Interestingly, the animals treated with the higher dose fared worse than those treated with the lower, with early analysis suggesting that the combination of the higher dose level with the relatively low WBI dose had led to gastrointestinal drug toxicity; this finding supports our contention that evaluation of medical countermeasures for radiation injury needs to be performed in the context of WBI irradiation.[46] Furthermore, the collaborative assessment of the agent across the Center projects indicated that there was no benefit apparent in the hematopoietic compartment, with, instead, a significant decrease in peripheral white blood cell counts paralleled by decreases in the myeloid and immature erythroid progenitors. In addition, testing for cognitive dysfunction indicated not only that the agent provided no improvement in the radiation-induced decline in cognitive function assessed through contextual fear conditioning, but that the agent alone induced a reduction in function. These findings confirm that, by through the use of our centralized model, off-target toxicities may be identified, supporting the superiority of a multi-organ approach over single tissue models for the development of countermeasures for WBI exposures. 

3.3
Response to Delayed Challenge: Adults versus Neonates
The RI-MODS model utilized by the UofR-CMCR allows for the use of two experimental paradigms, both having relevance to the potential medical conditions that may be presented in the aftermath of a mass radiological or nuclear event. The first describes those personnel that have received a heterogeneous exposure such that, in the context of an overall sub-lethal WBI exposure, at least one of the involved (and critical) organs has received a radiation dose sufficient to induce a late effect in that tissue. Such a paradigm calls for a top-up dose to the organ of interest to be superimposed on a sub-lethal WBI, allowing assessment of countermeasures targeted to specific tissues. The second paradigm, as suggested by Rubin and Casarett [9], is that a significant percentage of the population involved in a large-scale event would have received a WBI that would put them below triage levels requiring prompt treatment. It is those personnel that the earlier data predicts will be susceptible to an overly adverse response to a delayed challenge or insult, a finding that may have profound repercussions on governmental approaches to and preparations for potential events. Furthermore, our preliminary findings in this area have demonstrated a differential response between adult and neonate mice, suggesting that the mechanisms of such sensitivity may differ depending on age at the time of exposure and, therefore, potentially requiring alternative countermeasures for different sectors of the population.
Using a model of WBI plus lung top-up, we determined that adult (8 weeks old) mice, irradiated with a total dose of 15 Gy to the lungs and subsequently infected by instillation of either saline or Influenza A (HKx31) at 10 weeks post-irradiation, had a dramatic decline in survival despite the fact that the challenge was formulated as a relatively survivable infection (Figure 4A).[78] We further determined that, in this study, viral titers were not enhanced in the irradiated animals and, indeed, a comparable viral clearance was achieved in the irradiated animals versus the age-matched non-irradiated, infected cohort. In a recapitulation of this study, neonatal mice (P4) were irradiated (5 Gy WBI) then allowed to mature.[79] At intervals of 3, 6, and 11 months post-irradiation, animals were infected with the same Influenza A and progression of the response was monitored throughout infection. At 3 months after irradiation, the response to flu was similar for both irradiated and unirradiated animals: 100% survived and cleared the infection. However, at 6 months post-radiation, the irradiated animals showed a statistically significant acceleration of weight loss during infection, as well as a 20% mortality rate, and at 11 months, neonates lost more weight during the course of infection, and mortality increased to 60% (Figure 4B).

[image: image3]
These are highly differential results, both in terms of degree of mortality and temporal pattern. Further analysis of the individual studies suggests that, in those animals exposed as adults, the effects of prior irradiation did not appear to manifest themselves as an altered immune response and, instead, pointed to an effect of radiation on pre- and post-infection repair, possibly through dysregulation within the epithelial compartment. In contrast, the results in the neonates suggest that irradiation delivered early in lung development compromises the ability of the animal to subsequently mount an effective response to a later infectious challenge. Further interrogation of the neonatal response has led us to suggest that the increased mortality in this model is related to a progressive immune dysfunction caused by the neonatal irradiation.
4.0
conclusions

There is a significant need for the development of agents targeted at delayed radiation-induced effects in the context of whole body irradiation. The University of Rochester Center for Medical Countermeasures against Radiation has introduced a preclinical testing system that provides a broad-based test-bed for screening potential mitigation candidates. Importantly, its focus on several critical organs allows for multiple endpoints to be assessed in the same animal groups, thereby allowing for broad spectrum mitigation strategies to be developed, whilst allowing for the identification of possible areas of toxicity that may adversely affect and/or limit wide-scale treatment protocols. Furthermore, our findings support the need to develop mitigators that are targeted at late normal tissue effects in the context of systemic, rather than localized, radiation injury, and also suggest that, in order to strategically and successfully design and assess such agents, there is a requirement to understand the mechanisms underlying RI-MOF or RI-MODS in order to determine the potential targets for intervention. Importantly, through the use of this model, we have identified sensitivity to secondary, delayed insults (e.g. trauma, infection), which induces a differential response in special populations, such as children, suggesting that multiple treatment strategies may need to be put in place dependent on age at time of irradiation
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Figure 1: UofR-CMCR model overview: Hypothesized mechanisms leading to RI-MODS or RI-MOF








Figure 3: Effect of EUK-207 treatment on the development of lung fibrosis at 26 weeks post-radiation. A. radiation alone; B. radiation + acute EUK-207; C. radiation + acute/late EUK-207.
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Figure 4: Effect of irradiation on response to influenza challenge in .A. adult (8 weeks of age) vs. .B. neonate  (day 4 postnatal) mice, at 10 vs. 46 weeks post-radiation, respectively.








Figure 2: Examples of targets for mitigation using UofR-CMCR model of RI-MODS.
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