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Since 9/11, there have been concerns that terrorists may
detonate a radiological or nuclear device in an American city.
Aside from several decorporation and blocking agents for use
against internal radionuclide contamination, there are
currently no medications within the Strategic National
Stockpile that are approved to treat the immediate or
delayed complications resulting from accidental exposure to
radiation. Although the majority of research attention has
focused on developing countermeasures that target the bone
marrow and gastrointestinal tract, since they represent the
most acutely radiosensitive organs, individuals who survive
early radiation syndromes will likely suffer late effects in the
months that follow. Of particular concern are the delayed
effects seen in the lung that play a major role in late mortality
seen in radiation-exposed patients and accident victims. To
address these concerns, the National Institute of Allergy and
Infectious Diseases convened a workshop to discuss pulmo-
nary model development, mechanisms of radiation-induced
lung injury, targets for medical countermeasures develop-
ment, and end points to evaluate treatment efficacy. Other
topics covered included guidance on the challenges of
developing and licensing drugs and treatments specific to a
radiation lung damage indication. This report reviews the
data presented, as well as key points from the ensuing
discussion. © 2012 by Radiation Research Society
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INTRODUCTION

The White House Office of Science and Technology
Policy’s Radiological/Nuclear Threat Countermeasures
Working Group has rated understanding the mechanism(s)
of action of radiation-induced late effects, including
pulmonary complications, as a top priority research area
(1). To address this and other research needs in the area of
radiation-induced damage and health effects, the Depart-
ment of Health and Human Services (DHHS) has tasked the
National Institutes of Health (NIH) and, specifically, the
National Institute of Allergy and Infectious Diseases
(NIAID) with the responsibility of identifying and devel-
oping new medical countermeasures (MCMs) for use in the
event of radiological or nuclear attacks.

As part of most of the envisioned radiation scenarios,
injury to the hematopoietic system and/or gastrointestinal
(GI) tract appears to be the main determinant of early
mortality. However, those individuals who either survive
the acute radiation syndromes (ARS) or are exposed to sub-
lethal, yet nonetheless significant, doses of radiation will be
susceptible to normal tissue late effects. Often referred to as
the delayed effects of acute radiation exposure (DEARE), it
appears that those outcomes expressed in the lungs
following total or partial-body irradiation may play a
critical role in reducing long-term survival in individuals
who have been exposed to a high dose of radiation (e.g.,
from a radiation exposure incident) (2). Thus, in concert
with ongoing efforts to develop radiation countermeasures
targeted at acute responding organs, additional efforts are
being supported to develop specific MCMs against late
lethality and morbidities, including radiation-induced pul-
monary damage. Importantly, the availability and govern-
ment stockpiling of products that can mitigate and/or treat
DEARE, such as pulmonary injury, will increase the
medical management options available to treat the poten-
tially large numbers of casualties presenting after a radiation
exposure incident.
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A diverse portfolio of grants, cooperative agreements,
and contracts has been awarded by the NIAID since the
inception of the Radiation/Nuclear Program including
many in the area of pulmonary-related DEARE. The
primary goal of the program is the development of medical
countermeasure products that will mitigate and/or treat
radiation-induced pulmonary damage, i.e. acute (e.g.,
pneumonitis) and/or chronic lung sequelae (e.g., fibrosis).
The agents under investigation include novel compounds,
biologics such as growth factors and cytokines, nutraceut-
icals, cellular therapies, free radical scavengers, anti-
inflammatory agents, chemokine inhibitors, mucosal
surface modifiers, anti-fibrotics, and other small mole-
cules. Proposed modes of action include prevention of
cellular depletion, inhibition of tissue breakdown (e.g.,
through preservation of the alveolar epithelial basement
membrane), inhibition of the inflammatory and/or fibrotic
process, and/or stimulation of tissue repair, with the
ultimate goal of restoring normal pulmonary function
and increasing survival. Mechanism of action studies are
supported since these data are required for licensure by the
U.S. Food and Drug Administration (FDA) under current
regulations: 21 CFR Part 314 Subpart I, (Approval of New
Drugs When Human Efficacy Studies Are Not Ethical or
Feasible) and 21CFR Part 601, Subpart H, (Approval of
Biological Products When Human Efficacy Studies Are
Not Ethical or Feasible) (3). These regulations are
commonly referred to as the FDA’s Animal Rule.
Additional areas of research supported by the NIAID
include investigations to elucidate the mechanisms of
radiation-induced lung injury, development of appropriate
animal models, and identification of lung-specific bio-
markers of damage.

To build on existing studies of countermeasures for other
injuries and to expand on previous NIH-funded workshops
(4), the Division of Allergy, Immunology and Transplan-
tation, NIAID, NIH, held a workshop on April 19-20,
2010. The workshop brought together multiple investiga-
tors involved in lung research, including those with 2007
NIAID-funded lung awards, as well as researchers from
the Centers for Medical Countermeasures against Radia-
tion (CMCRs), awardees from the radiation combined
injury portfolio, and industry scientists associated with
NIAID’s advanced product development efforts. Presenta-
tions were made by representatives from U.S. Government
agencies and contractors involved in funding research and
development of drugs for a radiation indication, as well as
agencies responsible for the licensure and procurement of
drugs for stockpiling. More than 60 participants were in
attendance and all presenters participated in a final open
panel discussion at the end of the meeting.

This report summarizes the presented data as well as key
points from the discussion session. It is not intended to be
an exhaustive review of all of the approaches that have been
considered for mitigation/treatment of radiation damage to
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the lungs, but only those addressed within the NIAID grants
and contract portfolio.

BACKGROUND
The Human Experience

The lung has long been recognized clinically as being
highly radiosensitive, resulting in its consideration as a
dose-limiting organ in many radiation therapy protocols.
Its associated radiation-induced effects present as a broad
spectrum of pneumonopathies (e.g. dyspnea, pneumonitis
and fibrosis) and are outcomes of concern in normal lung
tissue following both fractionated localized therapy (5, 6)
and whole body irradiation (6, 7). As a result of this
sensitivity, radiation-induced lung injury is of significant
medical concern, not only with respect to partial-body
therapy-related exposures involving the thorax, but also for
its potential role following radiation accident scenarios,
such as exposure due a nuclear detonation or the
detonation of a radiological dispersion device (or ‘‘dirty
bomb’’) resulting in individuals inhaling soluble or
nonsoluble radioactive particulates. Under the latter
circumstances, the irradiation might result in lung injury
without significant direct damage to other organ systems
yet still have the potential to cause life-threatening
outcomes.

In recent decades, as supportive care protocols have
improved, a number of individuals who have survived
injuries associated with the acute radiation syndromes
(ARS) have ultimately succumbed to a multiple organ
dysfunction syndrome (MODS) or failure (MOF), with
radiation-induced pneumonitis and/or pulmonary fibrosis
playing a prominent role. For example, within the first 14—
23 days post-exposure following the Chernobyl incident,
seven patients were diagnosed with pneumonitis and, of
those, two died. Of the six patients who died between 24
and 48 days post-exposure, all six had some degree of
respiratory disorder and, in two, death was attributed to the
lung injury (8). More recently, accidentally exposed
workers at a Japanese nuclear fuel manufacturing plant
(Tokaimura) who had survived doses that resulted in ARS
nonetheless died from a radiation-induced MODS that
involved radiation pneumonitis and other respiratory
dysfunctions, such as pulmonary edema (2). Although
neither of the two Tokaimura workers who exhibited
MODS developed lung fibrosis (9), in another recent
incident, autopsy findings from a patient in Shanghai,
China, who was accidentally exposed to approximately 11
Gy of radiation and survived to day 90 post-irradiation,
demonstrated both prominent interstitial pneumonia and
diffuse lung fibrosis (/0). These findings confirm both
pneumonitis and fibrosis as end points of radiation-induced
lung damage; however, it is currently uncertain if these two
outcome events are pathologically or mechanistically
related.
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Although significant efforts are made in the clinic to limit
the volume of normal lung tissue exposed to radiation due
to its radiosensitivity, cases of accidental radiation expo-
sures have been described, including patients receiving
unintended thoracic irradiation during treatment of breast,
lung and other cancers; the subsequent lung complications
have, in some instances, led to patient deaths (/7). Such
outcomes underscore the critical role played by the lung in
both early and late radiation lethality (4, /2, 13). Thus, there
is a growing realization that, in addition to countermeasures
for the classically recognized components of ARS, such as
neutropenia and thrombocytopenia, agents also are needed
that are specifically targeted at the pulmonary response,
particularly in the context of total body irradiation (TBI)
such as might be anticipated as part of a radiation incident
(14).

Current Status of Countermeasures for Late Radiation-
Induced Lung Disease

The principal radiation-induced normal tissue events in
the lung are an acute-phase-alveolitis/pneumonitis and a late
chronic pulmonary fibrosis (/5, /6), with multiple lung-
related symptoms being expressed as part of injury
progression (5, 7). Our current understanding of the
underlying pathophysiologic processes leading to these
end points is that, following the initiating radiation injury,
the progression to late lung disease involves a complex
network of cellular processes and interacting signals (/7,
18). During the acute phase, inflammation is the predom-
inant histological and physiologic feature, taking the form
of macrophage infiltration into the air spaces and focal
accumulations of mononuclear cells (15, 19); these events
are accompanied by a decline in pulmonary function (20).
Concurrent with these changes, many investigators have
demonstrated immediate and subsequent cyclical alterations
in cytokine and growth factor expression levels, seen both
locally and systemically, that are differentially persistent
throughout the developmental periods that culminate in the
pneumonitic and/or fibrotic phases (/7, 21, 22). Some
attempts have been made to target those cytokines that
appear to be critical in this progression in order to mitigate
the subsequent radiation lung damage, with some success
(23); however, it is unclear if the role(s) that any of the
identified cytokines play in the progression to pulmonary
late effects may be affected in the context of systemic
(whole body) injury.

Classically, prevention of normal tissue late effects has
focused on pre-treatment with radioprotective agents,
notably using free radical scavengers such as amifostine.
With respect to the lung, interest in this specific drug has
waxed and waned over the years since the 1970s, when
Yuhas first suggested that amifostine may be protective
(24). Since that time, groups such as Vujaskovic et al. and
others have continued to demonstrate at the pre-clinical
level that pre-treatment with amifostine can reduce

Downloaded From: https://bioone.org/journals/Radiation-Research on 13 May 2024
Terms of Use: https://bioone.org/terms-of-use

pulmonary late effects (25-27). Although some studies
demonstrated a reduction in the severity of pulmonary
toxicity from amifostine administration prior to concurrent
cisplatin chemotherapy and radiation (28), this approach
has failed to gain significant headway in the clinic.
Furthermore, the need to administer the drug in advance of
the exposure precludes its use in a radiation incident other
than for the protection of emergency responders, and even
then, its narrow temporal window of efficacy limits its
application.

Another widely accepted target for mitigating strategies
for the lung has been inflammation, hypothesized by many
to play a significant role both in the progression of
radiation-induced pulmonary effects and also in radiation-
induced MODS. Certainly, clinical evidence suggests that
limiting the inflammatory reaction is a reasonable approach,
given the beneficial effects seen following both glucocorti-
costeroid and nonsteroidal anti-inflammatory drug admin-
istration targeted at the signs and symptoms of pneumonitis
(29, 30). However, there is little evidence that even an
intensive anti-inflammatory treatment has any effect on
radiation fibrosis (37). Nonetheless, a number of pre-clinical
studies have shown benefit from nonspecific, anti-inflam-
matory approaches (32, 33), supporting continued investi-
gations of such an approach.

Recently, some investigators have suggested that normal
tissue late effects, such as pneumonitis and fibrosis in the
lung, are the result of an interaction between inflammation
and oxidative damage, leading to a chronic induction of
radical oxygen species (34). This hypothesis has led
researchers to explore the use of antioxidants, for example,
using dietary supplements such as the soy isoflavone,
genistein (35), or more specific approaches, such as
targeting cells’ inherent antioxidant apparatus, e.g., by
increasing the levels of superoxide dismutase (SOD) (36).
Justification for such an approach is provided by earlier
work that showed that the intra-tracheal introduction of a
SOD plasmid/liposome complex reduced the induction of
pulmonary late effects (37) and that over-expression of
SOD appears to be protective (38). In addition, significant
levels of vascular injury and remodeling have been
reported in lungs after radiation (39-42). For example,
pneumonitis is accompanied by pulmonary vascular
endothelial dysfunction (39), loss of pulmonary vascular
reactivity (47), decrease in pulmonary arterial density (42),
increase in pulmonary arterial pressure (43) and right
ventricular hypertrophy (42). Angiotensin converting
enzyme (ACE) has been described to play a role in
vascular remodeling (44-46), making it a possible target
for mitigation of radiation-induced lung injury by ACE
inhibitors (39).

Unfortunately, despite the promise suggested by the
approaches described above, there are no currently
approved countermeasures that mitigate pulmonary late
effects. Furthermore, in the aftermath of a radiological or
nuclear incident, additional factors may affect pulmonary
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end points, which need to be considered in the context of
developing treatment strategies; examples of such factors
include the possible changes in temporal expression and/or
magnitude of response that may occur as a consequence of
systemic injury as a result of TBI, internal contamination
following inhalation of radionuclides, age (particularly the
effect of development in children’s lungs), or combined or

sequential injuries.

PROGRAM OVERVIEW?

During the one and one-half day NIAID meeting, invited
talks were divided into several sessions. These included
“Setting the Stage for MCM Development”, “NIAID’s
Grants and Cooperative Agreements Portfolio — Research
Update”, and ‘“‘Industry Approaches”. The possibility and
mitigation of late lung cancers from radiation exposures was

not addressed.

Animal Model Development for Radiation-Induced Lung

Complications

It is generally accepted that the FDA Animal Rule
licensure pathway will require proof of efficacy in at least
two animal species (47). For this reason, animal model
development within the NIAID lung program is being
pursued in several species, including mice, rats, canines and

nonhuman primates (NHPs).

Although a number of different animal models have been
studied as a means of deciphering the pulmonary response
to radiation exposure, mice are the most widely-used model,
both for radiation exposure effects in general and also
specifically to investigate radiation-induced lung damage
(Fig. 1). However, at least one group of investigators
suggested that some strains of mouse may be better models
of the human lung response than other strains (I. Jackson).
For example, they noted that, despite its wide-scale use, the
pro-fibrotic C57BL/6J strain may be a relatively poor model
of lung injury due to the observed development of pleural
effusions. This pathology, although not widely observed in
humans, was noted in patients who received accidental
radiotherapy overexposures to the thorax (48). The group at
Duke University finds that C57L, C3H, and CBA strains
appear to more closely resemble the human lung response to
radiation (Fig. 1) and believe that these strains may be more
appropriate models. They state that in many of the rodent
strains, irradiated animals actually die from pleural
effusions, rather than from pneumonitis or fibrosis, and
that in humans and NHPs, pleural effusions can develop,
but they are normally resolved with steroid administration
and do not ultimately contribute to death (I. Jackson).
Specifically, they proposed that the CS57L/J strain is a

2 Where pre-publication data are discussed, the investigator’s name

is provided in parentheses.
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Human vs. Mouse Radiation
Dose-Responses for Pneumonitis at
6 Months
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FIG. 1. Radiation dose-responses for severe pneumonitis among
humans receiving either single doses of UHBI (@) (//7) or single
dose-equivalents of TBI (O), most with cyclophosphamide chemo-
therapy prior to allogeneic bone marrow transplantation (//8). These
are compared with lethal pneumonitis in three different mouse strains
receiving WTL. C57L mice are the most sensitive to radiation and the
most comparable to the incidence in humans. CBA mice appear to be
more resistant towards radiation pneumonitis. C57BL/6 mice were the
most removed from the human data in showing no lethal incidence of
pneumonitis over 6 months after lung irradiation.

potentially good model for investigating both pneumonitis
(Fig. 1) and fibrosis (49), and that in any strain selected, the
presence or absence of pleural effusions should be noted in
any resulting publications. Excellent overviews on strain
differences in lung effects (50) and potential animal model
limitations to mimic human pneumonitis, pleural effusion
and fibrosis are available (57).

Another important aspect of the development of MCMs
for delivery to a civilian population is the identification of
agents for use in special populations, e.g., children; this
specific subpopulation has demonstrated a differential
response compared to adults with respect to radiation injury
and to many pharmaceutical agents. The development of
mouse models of pediatric lung damage is being evaluated
at the University of Rochester (J. Finkelstein), where studies
on neonates (4-21 days of age) are ongoing (52). This
group has shown that the age of the immature animal at the
time of irradiation plays an important role in the outcome of
the exposure; of note, age 7-10 days is critical in the
neonatal animal for lung maturation (J. Finkelstein). The
investigators noted that the irradiation of neonatal mice is
challenging since there is a steep dose response, and total
body irradiation can lead to a dose-dependent stunting in
growth and, at higher doses, a failure to wean; however,
total body doses <5 Gy were generally well-tolerated by
the animals (J. Finkelstein). In addition, due to the likely
involvement of trauma as part of a nuclear or radiological
event, other models under consideration included mice
subjected to radiation combined injury, specifically radia-
tion combined with burn, detailed below (E. Kovacs).

Notwithstanding the broad database available with respect
to murine models of lung injury, other workshop attendees
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described the advantages of using rats for lung injury
studies since their larger size allows for greater ease of
manipulation, including achieving clearer computed tomog-
raphy (CT) scanning. Interestingly, investigators from the
Medical College of Wisconsin described a gender effect in
the pulmonary response of rats, observing that male rats
appeared to have a differential radiation sensitivity from
females, including the development of different late effects
(e.g., males did not develop pneumonitis in some studies, at
doses with which females did) (M. Medhora). It is worth
noting that a recent report suggests a similar finding of
differential gender sensitivity is also seen following human
radiation exposures (53); however, no such gender
differences were noted in the C57L/J radiation response
(I. Jackson). In light of these data, it was determined that
careful selection of an end point (e.g., pneumonitis or
fibrosis) should be made in the context of the chosen rodent

model.

In addition to rodent models of radiation exposure, larger
animals, such as canines and monkeys, are being studied for
their potential use as models of the human pulmonary
response. For example, researchers at Fred Hutchinson
Cancer Research Center have been actively developing
external irradiation canine models since the 1980s,
primarily for use in the area of transplantation research,
although the group has recently focused its attention on the
use of this animal model for investigating lung complica-
tions following irradiation alone (R. Nash). This model is
important because canine lung architecture is more similar
to humans than rodents (54); and there exists a wealth of
data on the use of this animal model for internal

contamination as well as late lung effects.

With respect to the NHP, despite often being considered
as the closest animal model to humans for many diseases
and exhibiting responses to acute, high-dose radiation
exposure that are representative of those expected in
humans, the limited use of NHPs as models for radiation-
induced lung damage provides little background informa-
tion or supportive data for this model. However, there is a
specific need for such a model in order to study the efficacy
of drugs in treating radiation-induced lung damage.
Therefore, NHP model development studies are currently
underway (T. MacVittie, 1. Jackson)®. Although it has been
suggested by some that pig models might also be
representative of radiation-induced damage to the human
lung due to the structural similarity of pig lungs to those of
humans (4, 55), and a number of studies have explored the
use of pigs as surrogates for human responses (55-59),
these animals are not currently under model development as

part of the NIAID program.

3 Z. Vujaskovic et al., Variations in mast cell hyperplasia in the
irradiated lungs of different mouse strains, rats and nonhuman
primates. Presented at the Fifty-sixth Annual Meeting of the

Radiation Research Society, 2010.
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Total- and Partial-Body Irradiation Models

Any discussion of animal models for radiation damage to
any organ system must include the volume of the tissue/
organ/organism that will be exposed to radiation. With lung
exposures, there are a number of different radiation
protocols that might be considered, so it is critical to
understand how each represents the expected human
response to both the radiation exposure and the MCM.
For example, as part of a large-scale nuclear or radiological
event, it is likely that the majority of those exposed will
experience a total body, albeit heterogeneous, exposure.
However, in the absence of supportive care, external doses
of TBI delivered at levels currently considered necessary to
cause late lung damage would be acutely lethal, so
irradiation protocols involving TBI are often not selected
in studies of late pulmonary effects. Nonetheless, to more
effectively model the accident scenario, some investigators
have elected to use high-dose TBI exposures, and rely on
bone marrow transplantation to reconstitute the animal’s
bone marrow compartment and minimize mortality resulting
from hematopoietic complications (M. Medhora). Other
researchers have adopted high-dose exposure protocols, in
which only a part of the animal is irradiated (partial-body
irradiation, PBI). PBI models include those in which only
the thorax is irradiated (whole-thorax lung irradiation,
WTLI) (Z. Vujaskovic), and variations on this WTLI
exposure in which only one side of the lung is irradiated
(with the other lung serving as an unirradiated control) (R.
Nash). In several of these models, the heart is shielded in
order to eliminate the complicating factor of radiation-
induced cardiovascular damage.

However, a drawback with some of the models discussed
above is, indeed, the absence of hematopoietic myelosup-
pression and/or gastrointestinal (GI) damage, since one
would anticipate these playing a role in a real-life, human
exposure scenario and possibly affecting the progression of
lung damage. To address this issue, a NHP-PBI model is
being developed in which only the tibia and feet of the
animals are shielded, allowing for approximately 5% active
marrow to be retained (T. MacVittie, I. Jackson)*. As may
be anticipated, depending on the dose, some of the animals
do not survive the resultant GI and/or hematopoietic
damage, but among those that do survive the acute
syndromes, all have experienced bone marrow myelosup-
pression and recovery; however, significant downstream
damage to the GI has been observed. In fact, many of these
animals go on to develop a late ““GI syndrome,” which
manifests as a failure to reconstitute normal villus structure
and an inability to absorb nutrients (thus leading to weight

4 T. Shea-Donohue et al., An acute radiation syndrome (ARS)
nonhuman primate (NHP) research platform: prolonged gastrointes-
tinal (GI) dysfunction observed in NHPs surviving the acute heme
and GI syndromes. Presented at the Fifty-Fifth Annual Meeting of the
Radiation Research Society, 2009.
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loss that can necessitate their removal from the study)®.
Nonetheless, these animals also begin to demonstrate late
lung complications within months of exposure, as diag-
nosed by computed tomography (CT) scans (T. MacVittie,
J. MacManus, L. Jackson). It was proposed that this model is
a good representative of what might be seen clinically in

personnel following accidental TBI.

This PBI model, along with a WTLI model, is being
developed by NIAID through a product development
contract. However, the radiation damage resulting from
these kinds of PBI exposures provide significant challeng-
es and require early and intense medical management of
the animals in order to ensure that they survive the ARS
stages of illness. An alternative protocol, proposed as part
of a CMCR animal models workshop (60), is to expose the
animals to a sub-lethal TBI radiation exposure, but with an
additional localized ‘‘top-up,” high-dose radiation expo-
sure to the thorax, thus retaining the systemic injury
associated with TBI without risking acute lethality. In this
model, the anticipated pulmonary end points are retained,
with pneumonitis being observed at 8-12 weeks and
fibrosis starting at around 26 weeks post-irradiation (J.

Williams).

Radiation plus Other Stressors (Two-Hit Models)

In the wake of the detonation of an improvised nuclear
device, it is expected that irradiation will be combined with
other traumatic injuries in 65-70% of all casualties, with
40% of those involving skin burns (6/). Therefore, in
addition to mouse models for radiation alone, investigators
are developing a radiation combined injury model in
C57BL/6 mice (62), in which radiation exposure is
delivered concomitantly with skin burn; the effects of this
double-hit injury are being studied for their effect on lung
function and overall mortality. Burn in the presence of 2-9
Gy of total body irradiation has been modeled, and
preliminary data from animals given a combined insult
demonstrated decreased survival at early time points,
prolonged pulmonary neutrophil infiltration, and increased
expression levels of pulmonary chemokines and cytokines

(E. Kovacs).

In a second dual-injury model, irradiated mice were
subsequently infected (9-12 months post-radiation) with
influenza or exposed to aerosolized lipopolysaccharide
(LPS) in order to assess the long-term acquired or inherent
immune functionality of the irradiated lung. As compared to
age-matched unirradiated animals, LPS exposure led to a
delayed, but ultimately increased, recruitment of inflamma-
tory cells into the lungs of the previously irradiated animals,
and was followed by a slower recovery (63). Following
influenza exposure, differential levels of immune cell
recruitment were seen between irradiated and age-matched
animals, although viral titers were equivalent between the

treatment arms (J. Finkelstein).
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Early Expression of Biomarkers that are Predictive of Late
Lung Effects

The totality of mechanisms involved in radiation-induced
lung injury are not well understood, and many pathways
have been studied in attempts to elucidate how radiation
exposure leads to late complications (64). Some of these
pathways involve the extracellular expression of critical
factors, such as transforming growth factor (TGF)-B1 (65,
60), interleukin (IL)-6 (67), and nitric oxide (68), and a
number of reviews have described the impact that these and
other potential mechanisms may have on the progression to
late normal tissue injury (34, 69-73). However, many
investigators have suggested that the systemic (circulatory)
expression of some of these cytokines and growth factors
has the potential for use as biomarkers of injury since there
are both immediate and late changes in expression levels
associated with the various phases of progression. Although
it is likely that the majority of the acutely expressed factors
may serve only as surrogates of injury, it is hoped that at
least some might prove to be predictive in nature, with their
altered expression levels indicating which patients are
susceptible to the development of late complications. Data
were presented supporting the analysis of a panel of acute-
phase cytokine levels measured in peripheral blood that may
serve as surrogate markers of pulmonary injury; the panel
included IL-1, IL-6, and CXCL1 (KC in the mouse) (52).
Interestingly, increased expression levels of both IL-6 and
KC were demonstrated again at late time points (=9 months
post-radiation) (63), suggesting that these factors may
indeed act as biomarkers of late injury and also may
function as potential targets for mitigation (J. Finkelstein).

These findings were consistent with other evaluations of
inflammatory cytokines in the post-irradiated lung, which
have suggested that cytokine and growth factor expression
levels are bi- or multi-phasic, with some responses
occurring within hours of irradiation, and other responses
manifesting weeks to months later (/7, 74). It has
previously been noted that biochemical and structural
indicators could also be predictive of late changes (75);
however, these data are more difficult to assess clinically.

Approaches to Treating Radiation-Induced Pulmonary
Damage

Anti-oxidant and anti-inflammatory drugs. Synthetic
SOD mimetics are antioxidant agents that have shown
promise in the treatment of ongoing radiation damage,
presumably by reducing chronic oxidative stress. A number
of such compounds are being developed as lung radiation
damage mitigators and include MnTE-2-PyP(5+) (76),
MnTnHex-2-PyP(5+) (77) and AEOLI10150 (78).
AEOL10150 is a catalytic, metalloporphyrin antioxidant
that reduces radiation damage to the lung, even when
delivered up to 72 h after WTLI (79) (80-82). This agent,
when given during and after radiation exposure, has also
been shown to increase survival in mice (79, 83). The
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compound scavenges peroxynitrite, inhibits lipid peroxida-
tion, and has SOD activity. Metalloporphyrins as a class of
compounds have been shown to attenuate O,-, ONOO- and
H,0,-mediated injury. AEOL10150 is also an effective
rescue treatment for Cl(,)-induced airway hyper-responsive-
ness, airway inflammation, injury-induced airway epithelial
cell regeneration, and oxidative stress (84). Another series
of compounds that falls under this category are SOD-
catalase mimetics, two different classes of Mn-ligand
complexes known collectively as ‘“EUK compounds.”
EUK-207 and EUK-189 are salen Mn complexes that
scavenge multiple ROS and RNS species and show
protective efficacy in a variety of in vivo disease models,
including being among the most effective mitochondrial-
protective antioxidant agents known (85) and capable of
prolonging survival in SOD27~ mice, a model for severe
mitochondrial oxidative injury (86). The mitochondrial-
protective properties of salen Mn complexes have been
confirmed in ischemia (87) and radiation-induced mito-
chondrial injury models (88). EUK-189 was previously
shown to mitigate radiation injury in hematopoietic (§9) and
lung models (90), and to inhibit radiation-induced oral
mucositis (88). EUK-207, a newer salen Mn complex
designed for greater stability, has a longer plasma half-life
than EUK-189 and mitigates radiation injury in the kidney,
skin, and CNS, as well as the lung (S. Doctrow, J. Williams)
(88). In a rat thoracic irradiation model (97), EUK-207
mitigated pneumonitis and fibrosis-related end points, as
well as reducing lung 8OHdG levels, an indicator of
oxidative injury. Another group of SOD/catalase mimetics
(the EUK-400 series) are, unlike EUK-207 and EUK-189
and several other Mn-containing antioxidant agents, orally
bioavailable. These compounds show anti-apoptotic activity
but are Mn porphyrins, and showed greater cytotoxicity
than the salen Mn complexes (92). Both the salen Mn and
Mn porphyrin classes of “EUK’ compounds have been
found to inhibit radiation-induced endothelial cell apoptosis
in cell culture studies (93).

Proprietary formulations of oxidized glutathione variants
made by Novelos Therapeutics, Inc. (Nov002 and Nov205),
are also undergoing testing for their ability to reduce
radiation-induced lung damage (K. Held). The Nov002
compound, composed of oxidized glutathione plus cisplatin
in a 1,000:1 molar ratio (94), has been shown to decrease
chemotherapy-induced hematopoietic toxicity (95). In
contrast, Nov205 is oxidized glutathione plus inosine in a
1:1 molar ratio and has been studied in clinical trials for
patients with chronic hepatitis C who did not respond to
standard therapies. Both of these drugs are believed to act as
immuno-modulators and have anti-inflammatory properties.
They are both stable with a long shelf life, and have shown
minimal toxicity in humans. In addition, both forms of the
drug are being evaluated clinically under Investigational
New Drug (IND) applications filed with the FDA. Their
potential efficacy is being evaluated in a mouse model, with
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end points such as breathing rate, body and lung weight,
survival, and histopathology planned’.

ACE inhibitors. Suppression of the renin angiotensin
system was described more than two decades ago to
ameliorate radiation pneumonitis and fibrosis in the lungs
(39). Recently, ACE inhibitors were found to be more
effective than an angiotensin receptor blocker (33). Several
different types of ACE inhibitors have been tested, either
alone or in combination with other drugs, for their ability to
minimize radiation-induced lung damage; these inhibitors
include fosinopril, enalapril and captopril. In studies
performed in rats, either TBI was given with bone marrow
transplant® or WTLI was administered’. The three drugs
mitigated morbidity after TBI when started up to 4 h after
radiation. Enalapril was effective even when started one
week after TBI. All three drugs were shown to attenuate
onset of fibrosis even when administration was delayed one
week post-irradiation in the WTLI model (M. Medhora).
However, captopril and enalapril, but not fosinopril
mitigated morbidity through pneumonitis from 42-70 days
after WTLI. Captopril has a short half-life, so enalapril was
the preferred choice. These results suggest the mechanism
of action of ACE inhibitors may be a class effect of the
drugs rather than mitigation by structural side groups, which
differ in the three drugs tested. In independent drug
combination studies, addition of captopril to a protocol of
SOD/catalase mimetic, EUK-207, led to improved survival
(86% vs. 47%) compared to EUK alone®, and when statins
were added to the captopril and EUK-207 combination,
100% survival was observed at 6 months post-radiation (J.
Williams).

Nutraceutical approaches. As noted earlier, genistein, a
soy isoflavone with antioxidant properties, has shown
promise in treating radiation lung injury (35, 9/). Genistein,
known to block NFkB activation, delays lethality in
radiation-exposed rats and decreases micronuclei formation
in irradiated lung fibroblasts (R. Hill). It has also been
shown to mitigate pneumonitis and fibrosis even when
initiated 1 week after irradiation (96). Another promising
approach to limiting radiation damage to the lung is the use
of a Chinese herb, triptolide (TPL), which is a potent,
biologically-active compound isolated from the medicinal
“Thunder God Vine’, Tripterygium wilfordii. TPL is a small

5 L. Gerweck et al., Novel agents for mitigation of radiation-
induced pulmonary injury. Presented at the Fifty-Sixth Annual
Meeting of the Radiation Research Society, 2010.

6 M. Medhora et al., Efficacy of structurally different angiotensin
converting enzyme (ACE) inhibitors for mitigation of radiation
pneumonitis. Presented at the Fifty-Sixth Annual Meeting of the
Radiation Research Society, 2010.

7E. R. Jacobs et al., Angiotensin converting enzyme (ACE)
inhibitors mitigate pulmonary fibrosis in rats. Presented at the Fifty-
Sixth Annual Meeting of the Radiation Research Society, 2010.

8 F. Gao et al., Angiotensin converting enzyme (ACE) inhibitors in
combination with EUK-207 for mitigation of radiation pneumonitis.
Presented at the Fifty-Sixth Annual Meeting of the Radiation
Research Society, 2010.
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FIG. 2. Statins increase survival in irradiated mice. Statins were administered either immediately after
irradiation (15 Gy) or 8 weeks post exposure. *Statistically significant increases in survival at greater than 25
weeks post-irradiation as compared to untreated controls were noted for both treatment arms. Modified from

Williams et al., 2004 (32).

molecule that has been shown to alter mitochondrial
function (97) and enhance the anti-tumor effect of radiation
(98). TPL has also been in clinical trials for polycystic
kidney disease, having already shown efficacy in animal
models of the disease (99). When administered to mice after
irradiation, TPL improved survival, breathing rate and lung
compliance, indicators of lung fibrosis (S. Yang). Radia-
tion-induced lung inflammation was also reduced by post-
irradiation treatment with TPL, and its mechanism of action
appears to be mediated by inhibition of immune cells and
pro-inflammatory molecules’.

Cell therapies. Mesynchymal stem cells (MSCs) are
multi-potent stem cells that can differentiate into a variety of
different cell types. These cells have been shown to reduce
radiation-induced damage in a number of different non-
hematopoietic organ systems, including the GI tract (100,
101), skin (102), and the salivary gland (/03, 104), and are
now undergoing testing for their ability to treat radiation
damage to the lungs (R. Nash). In a canine model, in which
only one lung was irradiated (with the other serving as an
unirradiated control), no pneumonitis was seen at the dose
levels used, although small areas of inflammation were
noted at the periphery and fibrosis developed by week 26
(R. Nash). Post-exposure infusion of MSCs showed promise
in limiting damage, as assessed by bronchoalveolar lavage
(BAL) at 36 weeks post-irradiation and pulmonary function
tests (R. Nash).

9 C. Chen et al., Triptolide reduces radiation-induced cytokines in
lung inflammation model. Presented at the Fifty-Sixth Annual
Meeting of the Radiation Research Society, 2010.
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Statins and growth factors. A number of statin drugs,
both alone and in combination with other agents, have been
studied in several mouse strains (J. Williams). Administra-
tion of simvastatin alone showed no survival benefit;
however, when combined with the SOD/catalase mimetic,
EUK-207, the combination of drugs reduced macrophage
infiltrate numbers, down-regulated pro-inflammatory cyto-
kines, and led to an increase in survival'®. Other statins also
increased survival when administered immediately after or
at 8 weeks post-radiation exposure (Fig. 2) (J. Williams).
Keratinocyte growth factor (KGF) studies are also being
planned in a canine model, in order to assess the potential
efficacy of the compound in ameliorating radiation-induced
lung damage (R. Nash).

Other novel approaches. The threat of radiation exposure
to the lung is not always from a prompt gamma exposure,
but can also be due to prolonged exposure from
internalization (inhalation) of radioactive particles. Studies
in a canine (beagle) model have demonstrated that the use of
bronchoalveolar lavage (BAL) will facilitate the removal of
inhaled '**Ce, resulting in greatly increased survival times in
treated animals when compared to animals not subjected to
BAL (105). BAL also removed about 50% of inhaled **' Am
particles and similarly improved survival in dogs (/06).
Currently, therefore, BAL is the only treatment available to
clear nonsoluble radioactive particle in the lung, and has
been used following incidents of internal contamination
(107); however, it is an invasive procedure.

10J, P Williams et al., A combined therapeutic approach to
pulmonary mitigation following a radiological event. Presented at the
Fifty-Sixth Annual Meeting of the Radiation Research Society, 2010.
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The lead drug under investigation for this indication, P-
552, is a small molecule, sodium-channel blocker based on
the structure of amiloride, a potassium-sparing diuretic used
clinically for over 20 years. This molecule is also in clinical
development for the treatment of cystic fibrosis (/08) and
xerostomia (/09). When delivered post-exposure by aerosol
inhalation with saline, P-552 induces a synergistic increase
in airway surface hydration (W. Thelin). It has been
suggested that the P-552 molecule, when combined with
small amounts of saline, offers the possibility of accelerat-
ing clearance of inhaled radioactive particles with little risk
and in a minimally-invasive manner by thinning the fluids
in the lung and encouraging clearance of the radionuclide by
the cilia (W. Thelin).

The final novel compound under study through the
NIAID program is Homspera — an orally-available,
Substance P (SP) analog that is a NK1 receptor agonist
and modulator of inflammation. SP has been shown to
enhance bone marrow recovery after radiation exposure
(110). Radiation depresses levels of SP; however, if levels
are increased, inflammation and fibrosis are reduced (J.
Finkelstein). Homspera also appears to affect the GI and
hematopoietic compartments. This drug is being evaluated
for its efficacy in reducing pulmonary fibrosis as a
modulator of neurogenic inflammation, and its ability to
reduce bone marrow toxicity effects on stem-cell popula-
tions.

DISCUSSION

Following the presentations, an open discussion allowed
meeting participants to interact with a panel of government
officials and contractors involved in the advanced develop-
ment and licensure of drugs for a radiation/lung damage
indication. The panel included representatives from the
NIAID, the Biomedical Advanced Research and Develop-
ment Authority (BARDA), HHS, the Office of Counterter-
rorism and Emergency Coordination (OCTEC) and the
Division of Medical Imaging Products, Center for Drugs
Evaluation and Research (CDER), FDA, and the University
of Maryland School of Medicine. A listing of all panelists
can be found in the Acknowledgments section. An overview
of the discussions is provided below.

Expected Concept of Operations (CONOPS) following a
Radiological or Nuclear Incident

Expectations were expressed that, following a large-scale
radiological or nuclear event, individuals exposed to
heterogeneous or partial-body (shielded) radiation expo-
sures could subsequently develop late lung complications.
There are currently no medical countermeasures (MCMs) in
the strategic national stockpile (SNS) — coordinated by the
Centers for Disease Control (///) — to treat radiation
damage to the lungs. Therefore, there is a critical need to
carry out studies within the NIAID-funded portfolio to
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provide a pipeline for advanced development of such drugs.
However, for an agent to be considered for such emergency
usage, additional conditions must be met not always
considered as part of drug licensure:

® Given that biodosimetry methods and devices, which can
rapidly and accurately estimate after-the-fact dose are not
yet available, it is possible that any therapies targeting
radiation-induced lung injury, provided after a radiolog-
ical or nuclear event, may be incorrectly administered to
someone who has not received a dose of radiation
sufficient to warrant its use. For this reason, successful
Phase I safety trials (if data are not already available) will
be an imperative as part of the development process, and
the number of patients required might be larger than what
would be needed for a classical, drug licensure pathway.
It may be possible to reference available, clinical efficacy
data for a drug licensed for another lung indication,
although consultation with the appropriate FDA division
would be warranted, especially if this pathway is being
considered.

® Since a drug for a radiation-induced lung indication
would likely be used alongside other treatments, drug
interactions will need to be assessed. In addition, since
the drug would be used in a civilian population, its
effects in special populations (e.g., elderly, pediatric or
immuno-compromised patients) would need to be
determined.

® Any toxicology and/or PK/PD studies for the drug would
need to be carried out in both irradiated and nonirradiated
animals since these variables can be different in an
irradiated, and thus, myelo-suppressed, animal.

Another driving force behind the CONOPS is the
guidance from the government that delivery of a MCM
may not be possible within the immediate hours or even
days of an incident and, therefore, administration schedules
beginning at times >24 h to 72 h post-exposure represent
appropriate testing windows for drugs to treat acute
radiation effects. This is similarly true regarding the
development of drugs for a radiation-induced late effect,
and investigators were strongly encouraged to consider
testing using delayed administration scheduling.

Finally, only FDA-licensed drugs (licensed in the U.S. for
any indication) can be stockpiled, and released from the
stockpile for use following a radiological or nuclear incident
can only be done if the specific drug is FDA-approved for
the radiation indication, or through issue of an emergency
use authorization (EUA) for that drug (//2). In either of
these pathways, it is important that data be obtained in
appropriate, Good Laboratory Practice (GLP)-compliant
animal models, as per FDA’s Animal Rule (3).

MCM Development for Radiation Injury to the Lung

Because the ultimate goal of NIAID’s program is
licensure of a drug to treat late lung complications following
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radiation exposure from a radiological or nuclear incident,
efforts have focused on developing animal models that
would be acceptable to the FDA for licensure via FDA’s
Animal Rule pathway. Unlike licensure via the traditional
drug development pathway, this alternative pathway

includes the following requirements for licensure:

® establishment of a reasonably well-understood patho-

physiological mechanism of radiation damage;

® that effects of radiation exposure and MCM mitigation
are demonstrated in at least one animal species expected

to react with a response predictive of humans;

® the animal study outcomes are clearly related to the

desired benefit in humans;

® data on MCM pharmacokinetics (PK) and pharmacody-
namics (PD) are available to allow selection of an

effective dose in humans.

It is critical to link together data obtained in each animal
model (including mechanism of action, radiation and drug
dose, PK and PD), and then show that the animal models are
appropriate representations of the damage observed in
humans, and that amelioration of damage by the drug at a
given dose in the animal models is predictive of the

response that will be observed in humans.

Working with the FDA toward MCM licensure

Some explanations and guidance were offered to the
workshop participants by regulatory officials present on the
best way to move forward with their prospective agents. For
example, for protein or small molecule approaches, FDA
jurisdiction over MCMs for radiation damage to the lungs
following a radiological or nuclear incident is in the
Division of Medical Imaging Products, Center for Drug
Evaluation and Research (CDER). Cell therapy approaches
would involve divisions within the Center for Biologics
Evaluation and Research (CBER). FDA communications
for these types of drug development programs are iterative,
with initial contact preferably handled by liaison groups
within each FDA center, which can provide companies with
guidance on licensure pathways for drugs for this indication.
Initial contact within CDER for medical countermeasures
for radiation exposure should be with the FDA Office of
Counter-Terrorism and Emergency Coordination (OCTEC).
Applicants pursuing cell therapies and certain biologics
should contact the Senior Advisor for Counterterrorism/
Medical Countermeasures, Office of the Director, CBER. It
is extremely important that any potential sponsor of a drug
for a radiation lung indication engage with the appropriate
branch within the CDER or CBER, to determine which
models and end points are acceptable to the FDA before
designing pivotal studies to ascertain drug efficacy.
Additional information on important considerations for
investigators considering pursuing FDA approval for a

radiation indication can be found elsewhere (/13).
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Safety. As with FDA licensure of any drug, safety studies
will be critical. Since a drug for a radiation-induced lung
indication would likely be used concomitantly with other
treatments, drug interactions must be assessed. In addition,
since the drug would be used in a civilian population, its
effects in special populations (e.g., elderly, pediatric or
immuno-compromised patients) would need to be deter-
mined. Any toxicology and/or PK/PD studies for the drug
would need to be carried out in both irradiated and
nonirradiated animals, since these variables can be different
in an irradiated, and thus, myelo-suppressed animal. Even
with the FDA Animal Rule licensure pathway, Phase 1
studies in healthy volunteers would still be required, and
due to the intended use, the number of patients required
might be larger than what would be needed for a classical
drug licensure pathway. It may be possible to reference
available, clinical efficacy data for a drug licensed for
another lung indication, such as idiopathic pulmonary
fibrosis, or for treatments in cancer patients that have
received either TBI or thorax irradiations, although
consultation with the appropriate FDA division would be
warranted, especially if this pathway is being considered.

Challenges for Development of Lung Therapies

As with any organ-specific therapy for radiation damage,
there are challenges in developing both an irradiated animal
model for the indication as well as drugs to treat the variety
of syndromes that may result from radiation exposure to the
lungs. This is further complicated by the fact that lung
effects can take many months to evolve, therefore, animal
studies take longer to yield results.

Development of animal models and supportive care
protocols. Participants and panelists discussed the possibil-
ity of performing studies in mouse versus rat models.
Obviously, each model has its advantages; however, the
consensus was that it was probably best at this time to
continue concurrent development of models in both rodent
species. Use of knockout and/or transgenic mice may be
advisable in order to discern mechanism of action of the
drug, but at least one or two other animal models should be
selected for efficacy studies.

It was agreed that whatever rodent is selected for small
animal studies, it is critical to fully standardize the model
and validate it for its ability to detect efficacy of a MCM.
Validation should include referencing “‘gold standards’’ and
comparing proposed new treatments to standard of care. For
example, the synthetic steroid, dexamethasone, is used
clinically to treat lung injury (//4), and in the case of
radiation-induced damage, would likely be used by a
physician. Dexamethasone has also been shown to mini-
mize fibrosis in animal models of lung damage (/15);
therefore, researchers developing an MCM should consider
the use of this treatment in the models that they propose,
and obtain guidance from the FDA before initiating such
studies.
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Standard supportive care in many animal research
facilities includes administration of fluids, antibiotics,
analgesics for pain, and antipyretics for fever. Intensive
supportive care, such as would be expected for human
patients following a radiological or nuclear incident, is
typically provided only to large animals due to the
infeasibility of administering such support to small animals.
There is