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Abstract

Although chemical and radiological agents cause toxicity through different mechanisms, the
multiorgan injuries caused by these threats share similarities that convene on the level of basic
biological responses. This publication will discuss these areas of convergence and explore
“multi-utility” approaches that could be leveraged to address common injury mechanisms
underlying actions of chemical and radiological agents in a threat-agnosticmanner. In addition,
we will provide an overview of the current state of radiological and chemical threat research,
discuss the US Government’s efforts toward medical preparedness, and identify potential areas
for collaboration geared toward enhancing preparedness and response against radiological and
chemical threats. We also will discuss previous regulatory experience to provide insight on how
to navigate regulatory paths for US Food and Drug Administration (FDA) approval/licensure/
clearance for products addressing chemical or radiological/nuclear threats. This publication
follows a 2022 trans-agency meeting titled, “Overlapping Science in Radiation and Sulfur
Mustard Exposures of Skin and Lung: Consideration of Models, Mechanisms, Organ Systems,
and Medical Countermeasures,” sponsored by the National Institute of Allergy and Infectious
Diseases (NIAID), a part of the National Institutes of Health (NIH). Discussions from this
meeting explored the overlapping nature of radiation and chemical injury and spurred
increased interest in how preparedness for one threat leads to preparedness for the other.
Herein, subject matter experts from the NIAID and the Biomedical Advanced Research and
Development Authority (BARDA), a part of the Administration for Strategic Preparedness and
Response (ASPR), summarize the knowledge gained from recently funded biomedical research,
as well as insights from the 2022 meeting. These topics include identification of common areas
for collaboration, potential use of biomarkers of injury to identify injuries caused by both
hazards, and common and widely available treatments that could treat damage caused by
radiological or chemical threats.

Over the last 20 years, extensive efforts have been undertaken across the USGovernment (USG),
industry, and academia to better understand and prepare for new and emerging threats
involving chemical, biological, radiological, or nuclear (CBRN)material. The terrorist attacks on
September 11, 2001, led the USG to establish a civilian-focused, medical countermeasures
(MCMs) development program directed by the Department of Health and Human Services
(HHS). Within the HHS, the charge to conduct early-stage research and development of
radiological/nuclear and chemical MCMs was assigned to the National Institute of Allergy and
Infectious Diseases (NIAID), a division of the National Institutes of Health (NIH), under the
aegis of the Radiation and Nuclear Countermeasures Program (RNCP) and the Chemical
Countermeasures Research Program (CCRP). The Biomedical Advanced Research and
Development Authority (BARDA) within the Administration for Strategic Preparedness
and Response (ASPR) is charged with activities to develop MCMs that address the public health
and medical consequences of CBRN incidents, pandemic influenza, and emerging infectious
diseases. BARDA uses innovative technologies to enhance preparedness against potential

https://doi.org/10.1017/dmp.2023.226 Published online by Cambridge University Press

https://www.cambridge.org/dmp
https://doi.org/10.1017/dmp.2023.226
mailto:carmen.rios@nih.gov
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/dmp.2023.226


known and unknown threats. ASPR collaborates with hospitals,
health care coalitions, biotechnology firms, community members,
state, local, tribal and territorial governments, and other partners
across the country to improve readiness and response capabilities.
Under BARDA, the Chemical MCM, Radiological and Nuclear
MCM, and Burn and Blast MCM Programs partner with industry,
academia, and other government agencies to develop treatments
for injuries caused by exposure to chemical, radiological, and
nuclear threats.

ASPR also delivers to and maintains assets in the Strategic
National Stockpile (SNS), having assumed responsibility for the
SNS from the Centers for Disease Control and Prevention (CDC)
in 2018. The SNS is part of the federal medical response
infrastructure and can supplement MCMs needed by states, tribal
nations, territories, and the largest metropolitan areas during
public health emergencies.

This paper describes a trans-agency perspective on the
strategies that guide NIH’s and BARDA’s research and develop-
ment of MCMs to mitigate chemical, radiological, and nuclear
(CRN) threats, and how investments in product or platform
development in one area may be leveraged for the other. Although
the USG has preparedness plans for many scenarios, the primary
focus of this paper will be CRN threats, with occasional discussion
of items stockpiled for general medical use or other conditions
(e.g., infection, thermal burn) that may also be of use in a CRN
response (Table 1).

Background

Funding Agencies Overview

Within the HHS, the two main entities that identify and fund
promising MCM candidates to address CRN threats are NIAID
and BARDA. The thesis of the current effort is that tackling
the complexities in biological responses within the CRN threat
space can be best addressed with a trans-agency approach.
The CRN community of funding agencies has an organized
research strategy to (1) establish appropriate nonclinical models
representative of the human condition; (2) develop US Food and
Drug Administration (FDA)-cleared diagnostics; and (3) advance
therapeutics toward FDA approval for inclusion in the SNS to
enhance public health emergency preparedness. Collaborative
product development and regulatory strategies enable all USG
agencies to be smarter and more efficient in accomplishing these
goals. Together, NIAID and BARDA support the full spectrum of
threat relevant MCM research and development with the goal of
advancing products to FDA approval or clearance.

NIAID is the lead institute within NIH for the development of
MCMs to mitigate/treat chemical and radiation injuries. The
Radiological and Nuclear Countermeasures Program (RNCP),
established in 2004 within NIAID, is tasked with developing a

robust research program to accelerate the development and
deployment of new approaches to assess and treat radiation
injuries through grants, cooperative agreements, and contracts, as
well as conduct of scientific meetings for its many programs. This
mandate involves the development of safe and efficacious MCMs
to treat radiation and chemical injuries by funding research to
develop products to address injuries to the hematopoietic,
gastrointestinal (GI), pulmonary, cutaneous, renal, cardiovascular,
ocular (CCRP only), and central nervous systems. In addition,
NIAID/RNCP support for research includes the development of
decorporation agents targeting internal radionuclide contamina-
tion, biodosimetry platforms, and biomarker discovery—capabil-
ities critical to responding to a mass casualty incident involving
radiation or nuclear material.

The NIAID CCRP—a collaborative network of academic,
industry, and federal laboratories—utilizes the expertise of
multiple NIH Institutes and Centers (IC) to manage the research
and early development of MCMs against toxic chemical exposure.1

This trans-NIH partnership allows the CCRP to capitalize on
relevant subjectmatter expertise in pulmonary, dermal, ocular, and
neurological research that already exists at the respective NIH
institutes and their extramural communities.2 The CCRP at the
NIAID is responsible for overall execution of the NIH Strategic
Plan and Research Agenda for Medical Countermeasures Against
Chemical Threats (www.niaid.nih.gov/sites/default/files/NIH-Stra
tegic-Plan-and-Research-Agenda200708.pdf) and provides over-
sight and funding to various R21, R01, R34, UG3/UH3, and Small
Business research grant and cooperative agreement initiatives
administered by partner ICs, including the Countermeasures
Against Chemical Threats (CounterACT) translational program.

BARDA provides an integrated and systematic approach to the
advanced development of the necessary vaccines, therapeutics, and
diagnostic tools for public health medical emergencies. BARDA
was established in 2006 and mandated by Congress to catalyze
innovation in advanced research and development, manufactur-
ing, and procurement of MCMs. These lifesaving MCMs are
needed to protect people during public health emergencies caused
by CBRN incidents (whether accidental or intentional), pandemic
influenza, and other emerging infectious diseases. BARDA works
closely with interagency partners through the Public Health
Emergency Medical Countermeasures Enterprise (PHEMCE) to
ensure a coordinated, whole-of-government approach to MCM
preparedness and response. BARDA provides end-to-end product
development expertise and non-dilutive funding through public-
private partnerships with industry, academia, and interagency
partners to facilitate advanced development of MCMs.

Understanding the Challenge

With a limited budget to procure medical products that could be
needed for a broad range of CRN threats, the USG has moved away

Table 1. Areas of overlap between the radiation and chemical threat domains within the HHS

RADIATION & CHEMICAL THREATS – OVERLAPPING DOMAINS

Concepts of Operations
Post-Exposure, Stockpile
Timelines, Multi-Utility
Scarce Resources

Scientific Approaches
Biomarkers (Triage, Patient Management, Prognosis, Efficacy)
Mechanisms of Action (Targets,
Treatments)

Regulatory
FDA Animal Rule
Repurposing
Human Safety

Disease States
Acute/Chronic
Fibrosis, Inflammation
Oxidative Stress

Animal Models
Rodents
Large Animals (NHP, Swine, Canine)

Organs
Lung, Skin Bone Marrow
Central Nervous System

2 CI Rios et al.
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from earlier approaches in which products were sought for
individual scenarios with narrow indications. In the new develop-
ment and procurement paradigm, desirable products are threat-
agnostic in that they address clinical symptoms/conditions from an
exposure, irrespective of the causative agent (Figure 1). For this
reason, even though they may be distinctly different in nature,
there is an advantage to looking at all CRN threats through a
common lens. Exposure to chemical and radiological agents can
cause injuries that share symptomology and pathophysiology
with commonly seenmedical conditions. This “treat the injury, not
the agent” approach is cause-agnostic, and it directly aligns with
toxidrome identification, a standard practice of emergency
medicine, particularly during situations in which there is little
time to confirm the initial insult causing the observed symptoms.

Repurposing Already Approved Products

In collaboration with NIAID’s RNCP and CCRP,3 BARDA
has a progressive strategy to focus on CRN areas by prioritizing
the repurposing of common drugs that already have FDA
approval/licensure for another clinical indication where there is
a symptomatic overlap from exposure to one or more CRN agents.
Repurposing widely stocked, commercially available, and
FDA-approved pharmaceuticals (and formulations allowing
alternative routes of administration) as potential MCMs has many
advantages:

Product familiarity for end users
Existing treatments that are used regularly in the clinic ensure that
end users are familiar with their administration and possible
adverse effects, thus reducing the need for special training.

Product access
Known treatments are expected to be readily available in an area
where they would need to be used, thus cutting response delays in a
time-sensitive situation. Combined with local hospital availability,
repurposing reduces the workload for emergency managers to
develop complex deployment strategies for stockpiled treatments.

Shortened regulatory pathway
Extending the label indication of available therapeutics to
include treatment of a CRN injury shortens the pathway to
FDA approval because approved products would already have

extensive pharmacology and toxicology profiles and robust patient
safety and efficacy data.

Commercial sustainability
Expanding the availability of the approved product for the CRN
indication improves sustainability as well as market opportunity
and scalability for industry partners, which are crucial since
accessibility of a product is as important as its efficacy.

HHS has had several successes in repurposing products,
notably the FDA approval of drugs to increase survival and
neutrophil recovery following exposure to myelosuppressive doses
of radiation: Neupogen® and Neulasta® (Amgen, supported by
NIAID) and Leukine (Sanofi, supported by BARDA). In 2022,
another product, Udenyca® (a Neulasta biosimilar), was also
approved. In 2023, Stimufend® (pegfilgrastim-fpgk), a second
Neulasta biosimilar, was also approved. NIAID and BARDA
funded pivotal work that led to approval of Nplate® (Amgen) to
address radiation-induced thrombocytopenia. All these products
were already approved for treatment of either oncologic or chronic
disease conditions. Another successful repurposing effort is the
BARDA-supported FDA approval of Seizalam (Midazolam for
intramuscular [IM] injection) in 2018 for the treatment of status
epilepticus (SE) seizures.

Repurposing is a major tenet of the HHS CRN MCM
development strategy. BARDA has several mechanisms that
provide opportunities for advanced research and development
of FDA-approved and developmental drugs as candidates for CRN
MCMs. For instance, the Chem MCM Program supports the
Repurposing Drugs in Response to Chemical Threats initiative
(ReDIRECT) Area of Interest in BARDA’s EZ-BAA, in collabo-
ration with the BARDA Division of Research, Innovation, and
Ventures (DRIVe). ReDIRECT partners with innovators to
repurpose commonly available therapeutics to treat conditions
resulting from exposure to chemical agents and enable a rapid
response. The BARDA Broad Agency Announcement (BAA)
funding mechanism also supports the development of repur-
posed MCMs.

In the chemical therapeutics mission space, the repurposing
strategy for the Chemical MCM Program is to support the
development of interventions and pharmaceutical candidates to
address high priority chemical threats, including opioids (also
called pharmaceutical-based agents), chlorine, vesicants, nerve
agents, and other priority high-risk chemicals listed in the US
Department of Homeland Security (DHS) Chemical Terrorism

Figure 1. Representative image of the new “threat-agnostic” approach for development and procurement adopted by the chemical MCM branch of BARDA.
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Risk Assessment. Chemical incidents are unpredictable and cause
fast-acting injuries for which there are few approved MCMs or
diagnostics. Given the short time frame from chemical exposure
to injury, coupled with the lack of assays and time for agent
identification, clinical treatment of chemical injury is often
determined by the acute symptoms following exposure. Therefore,
the focus is on developing a strategy that takes advantage of the
overlapping symptomology between chemical injuries and common
medical conditions. Developing such a product for a CRN indication
may be a more cost-effective and time-efficient venture, factors that
are especially attractive in the context of MCM development.

Approaching the Problem

Using a systems biology approach that looks to treat the injury
rather than the insult opens the possibility of identifying common
research areas within CRN. Cross-referencing available data on the
pathologies common to both chemical and radiological insults
could reveal unique biomarkers, mechanisms of action, and
interventional targets that are currently unknown. Key areas with
common threads across CRN include inflammation, apoptosis,
vascular injury, sepsis, coagulopathy, fibrinolysis, ischemic
injuries, fibrosis, neovascularization, mechanical trauma, thermal
burn/skin injury, and secondary infectious disease. Other disease
states can also be informative to research efforts. For example,
parallel etiologies between coronavirus disease (COVID-19) and
irradiation injury implicate specific organ (e.g., vasculature, lungs,
heart, kidneys, gut, and brain) and immune system involvement,
which should be further explored.4 Endothelial damage is observed
following both radiological and chemical injury, as are delayed
effects persisting months and years in the body’s response to a
variety of CRN threats.

Traditionally, USG agencies have focused on studying the
biological effects of CRN threats separately, with the goal to treat
the biological damage from specific threats. However, in the last 10
years, BARDA and partner agencies have been working together to
address CRN injuries. This paradigm shift is, in part, due to an
evolving understanding of the pathologies caused by CRN threats.
A salient example of this is the impact of a variety of CRN threats
on the vascular system. In animal models of acute radiation
syndrome (ARS), the hematopoietic system is damaged and
vascular injuries occur, which are believed to contribute to
multiorgan damage (MOD). Vascular impacts and MOD are seen
immediately in the GI and hematopoietic systems and as delayed
effects of acute radiation exposure (DEARE) in the lung; these
effects in the lung may include pneumonitis and fibrosis. Similarly,
exposure to certain chemical agents such as sulfur mustard (SM)
induces vascular syndromes and fibrosis in the lung. Sulfur
mustard can also induce cytotoxic effects on hematopoietic stem
cells at high exposure levels.

Considering Chemical Threats

One of the main challenges in addressing medical consequences of
exposure to chemical agents is the very short time from exposure to
injury, which can occur in minutes to hours. Although several
platforms are available to discern the identity of various chemicals,
for example, the CDC Rapid Toxic Screen (RTS), which can
identify up to 150 chemical agents in blood and urine samples,a

these technologies are not expected to be useful due to the extended

time required for sample preparation and analysis during and/or
immediately after high consequence, public health emergencies
involving mass casualties. Consequently, the clinical management
of chemical injury is often dictated by the acute toxic symptoms
presented following exposure, that is, toxidromes. The BARDA
Chemical MCM Program and the NIAID CCRP have developed a
strategy that takes advantage of the overlapping symptomology
between chemical injuries and more common medical conditions
(e.g., acute lung injury, acute respiratory distress syndrome,
pulmonary fibrosis, and uncontrolled seizures/convulsions). The
DHS has identified nearly 200 highly toxic chemical compounds
(HTCs) as credible public health security threats. Many of these
chemical threats are easily accessible and widely available due to
the large number of manufacturing sites, general commercial use,
and extensive transportation across the nation. Given the wide
availability of chemical agents combined with the general lack of
effective therapeutics, it is imperative that new MCMs be
developed to address the adverse acute and long-term health
effects caused by exposure to chemical agents.

To best address the broad chemical threat spectrum, the USG
has adopted an approach that aligns with toxidrome identification,
as is standard practice in emergency medicine. The identified
HTCs cause injuries primarily within five priority toxidromes:
neurologic (e.g., organophosphate chemical warfare nerve agent
sarin, soman, and VX), pulmonary (e.g., sulfur mustard, chlorine,
phosgene), respiratory (e.g., synthetic opioids fentanyl and
carfentanil), metabolic (e.g., cyanide), and vesicating (e.g., sulfur
mustard and Lewisite). Diagnosis of these toxidromes allows for
assessment and treatment of chemical injuries without the need to
identify the chemical agent causing the injury. To this end, the
NIAID CCRP and BARDA’s Chemical MCMProgram are focused
on discovery and advanced development of therapeutics geared
toward treating symptoms associated with chemical exposure,
rather than “antidotes” for specific chemical agents. This
toxidrome-based approach allows for broad-spectrum therapeutic
utility, while aligning with conventional practice of medical
toxicology. The strategy of using products to treat chemical injury
that are already FDA approved, or are being developed for
common clinical indications, provides opportunities to develop
multi-purpose, broad-spectrum candidates that would be readily
available to emergency responders where and when they need
them. The “treat the injury not the agent” paradigm has driven the
Chemical MCM Program’s investments in capabilities for
repurposing commonly used products for chemical indications.
The existing national stockpile is focused on capabilities to treat
specific chemical incidents (e.g., CHEMPACK for nerve agent
release); however, their supply is limited, and distance may delay
the timely delivery of lifesaving MCMs to the scene of a chemical
incident. With chemical MCMs especially, prepositioning thera-
peutics throughout the country can reduce the time to delivery of
potentially lifesaving medical treatments, but this approach also
imposes logistical and planning burdens. Instead, being able to use
an already FDA-approved and readily available product could
potentially increase access to a MCM during an emergency, as
more prehospital first responders with varying levels of training
and certification may be able to administer such treatments and
thus streamline the response.

Radiation Skin Injuries

In addition to the shift in thinking discussed above,
BARDA continues to engage with the FDA/CDRH to revisit theahttps://www.cdc.gov/biomonitoring/chemical_threat_agents.html
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nomenclature associated with radiation injuries to skin and
redirect product development strategies. Whereas mild injuries to
the skin, a common side effect seen in patients undergoing cancer
radiation therapy, are termed radiation dermatitis (RD), the term
for skin injuries from accidental exposure to the skin, arguably
from larger exposures, is cutaneous radiation injury (CRI). The
origin of these terms either from clinical use or animal model
research has played a role, and now a broader recognition of the
need to reconcile terminologies has been proposed by BARDA and
others.5 This approach extends the application of the MCM to
clinical conditions seen in routine health care like RD. A direct
benefit would be bolstering the market sustainability and product
access for use in mitigation of injuries from nuclear fallout
exposure to the broader population without the need for stockpile
and distribution. In 2022, BARDA’s partner Argentum was
successful in seeking the first in class FDA clearance for their
Silverlon product for limited CRI conditions and RD. This
paradigm shift in building preparedness by BARDAwill achieve its
full potential with expanding the indication for use of Silverlon
over the full range of CRI. BARDA’s first investment was to
procure Silverlon for management of burn injuries in the field.
BARDA supported an expanded indication for management
of skin injuries from SM in 2019. Continued investment and
development through 2022 led to its indication for limited use in
CRI and RD,b as discussed above. The 2022 US FDA approval of
MediWound’s NexoBrid was another BARDA-led effort.
NexoBrid is an enzymatic debridement agent that was already
approved in several countries, indicated for eschar removal in
adults with deep partial thickness and/or full thickness thermal
burns.c Similarly, KeraNetics’ KeraStat® topical cream received
FDA clearance in 2020 for management of thermal burns and
radiation dermatitis,d and BARDA is supporting additional efforts
to expand the indication for use in CRI. Thismulti-purpose, broad-
spectrum approach has proven to be cost-effective in preparing for
mass casualty events involving CRN agents.

Radiation Vascular Injuries

RNCP’s and BARDA’s recognition that vascular injury is a
potential cause of multiorgan injury in ARS and DEARE continues
to drive development of MCMs by both programs6 to mitigate
vascular damage. Due to the similarity in injury among radiation,
SM, and certain other chemical agents, some of these vascular
MCMs are also being tested for use in chemical injury models.
To enhance understanding of vascular biology and, in particular,
coagulation in the context of trauma, NHLBI and DoD established
TACTIC (Trans-Agency Consortium for Trauma-Induced
Coagulopathy). This effort focuses on the similarities between
traumatic mechanical injury and radiation injury. The 12 basic
science projects conducted by 21 investigators led to the under-
standing that vascular injury due to radiation mirrors vascular
dysfunction observed in trauma patients. Endotheliopathy,
coagulopathy, and inflammation are observed in traumatic injury
as well as in radiation injury and contribute to the observed
multiorgan injury.6 As in radiation injury, endothelial damage is a
wide-reaching pathology that is observed in response to a variety of
CRN threats, including SM.7

Addressing Microbial Threats

Another approach centers around the prophylactic use of
antibiotics to protect victims of a nuclear event. While significant
infections can be mitigated by antibiotics, a segment of patients
would likely experience antimicrobial-resistant infections.
To mitigate this risk, it is useful to study not only what antibiotics
could prevent mortality, but also determine whether those
antibiotics would have limited use due to resistant bacteria.
Such modeling could be useful for any threats that could cause
widespread bacterial infections or require antimicrobial treatment.
BARDA has established a joint program between its Antimicrobial
and Radiological/Nuclear branches to further examine the role that
various antibiotic classes may play in the treatment of infections as
a result of radiation injury.

Emergency Response Logistics

A primary focus of ASPR is development of best practices for
emergency response. To support this mission, BARDA sponsored
research to develop and optimize an evidence-based protocol for
mass-casualty decontamination following a chemical incident. The
Primary Response Incident Scene Management (PRISM) guidance
addresses strategic, tactical, and operational aspects of prepared-
ness and response to mass-casualty incidents involving the
deliberate or accidental release of hazardous materials, including
chemical warfare agents.e Some of the same decontamination
principles could likely be applied following exposure to radiologi-
cal agents. PRISM provides a simple-to-follow protocol for
disrobing and decontamination that is faster and more effective
than current processes, which vary from locality to locality across
the United States. One notable finding of the research is that
carefully removing clothes and wiping skin with a paper towel or
absorbent cloth can remove more than 99% of chemical
contamination. In addition, data from in vitro and human
volunteer studies suggest that hair offers a protective effect from
chemical exposure in the short-term, yet it may retain chemicals
longer than the skin. It is possible that this could also apply to
radioactive particle contamination. The findings also point to the
need to avoid the common practice of using high-pressure water
from fire engines to shower patients who are still clothed, as
showering in contaminated clothing washes chemicals through
clothing and into the skin. Based on the PRISM recommendations,
community planners can build scientifically sound actions into
emergency response plans.

In addition, to aid first responders with critical decisions
regarding decontamination following a chemical incident, BARDA
supported the development of a mathematical decision-aid
tool for chemical decontamination named Algorithm Suggesting
Proportionate Response Engagement (ASPIRE). ASPIRE, which is
based on the PRISM Guidance, helps first responders assess the
utility of disrobing and decontamination on a case-by-case basis.
ASPIRE can be found in Chemical Hazards Medical Management
(CHEMM) websitef and the Wireless Information System for
Emergency Responders (WISER) phone app.g Much of this
knowledge gained in consideration of chemical exposures is likely
to be useful following a radiological or nuclear incident, but further
research is needed to establish the exact parameters.

bhttps://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K221218
chttps://www.accessdata.fda.gov/drugsatfda_docs/label/2023/761192s000lbl.pdf
dhttps://www.accessdata.fda.gov/cdrh_docs/pdf19/K192386.pdf

ehttps://www.medicalcountermeasures.gov/barda/cbrn/prism/
fhttps://chemm.hhs.gov/
ghttps://wiser.nlm.nih.gov/
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Another critical resource to prepare and respond to public
health emergency is ready access to accurate information. BARDA
supports the Radiation EmergencyMedicalManagement (REMM)
tool (previously maintained by the National Library of Medicine
[NLM]).h REMM is a website developed by HHS/ASPR that
provides guidance for a range of health care providers regarding
the clinical diagnosis and treatment of radiation injuries, as well as
just-in-time information to those without formal radiation
medicine expertise. REMM houses the Exposure and Symptom
Triage (EAST) tool to assess radiation exposure after a nuclear
detonation, triage guidelines, and algorithms for radiation
exposure and contamination treatment under a variety of resource
settings. REMM is a preparedness and response tool for the broad
medical community. ASPR and BARDA also sponsored the
development of the CHEMM tool, in cooperation with the NIH/
NLM and subject matter experts in medicine, emergency response,
and toxicology. The goal of the CHEMM tool is to enable first
responders, first receivers, health care providers, and planners to
plan, respond, recover, and mitigate the effects of incidents
involving chemicals. The platform is comprehensive, user-friendly,
web-based, and downloadable, allowing for its use during an event,
even when the Internet may be unavailable.

Current CRN Environment

Status of Radiation/Chemical Preparedness—Concepts of
Operation (CONOPs) and the SNS

Six drugs are currently approved by the FDA for the treatment of
myelosuppressive doses of radiation. Five products are leukocyte
growth factors that target the myeloid compartment to increase
neutrophil and/or macrophage counts post-irradiation. In 2021,
the FDA approved a megakaryocyte-targeted product to increase
platelet counts post-irradiation. Given their approval status, these
products are available, can be transported across state lines, and
can be used by health care personnel during a radiological public
health emergency without further need for approvals such as an
Emergency Use Authorization (EUA). They could also be utilized
as a vendor- or end user-managed inventory, where the US
Government provides funding for a “stock bubble” to be held by
the manufacturer,8 or at hospitals, pharmacies, or on ambulances,
etc.9 Decorporation and blocking agents to address internalized
radionuclides are also approved and available. These include
Prussian blue, calcium and zinc diethylenetriaminepentaacetic
acid (DTPA), and potassium iodide. However, these products are
not necessarily expected to be widely distributed or in regular
use in the health care community and will require deployment in
the event of a radiological incident.i NIAID and BARDA supported
efforts to improve the utility of these agents, including
(1) development of oral formulations of DTPA10–12; (2) studies
to increase potency and range of radionuclide binding of novel
agents13; and (3) evaluation of formulations of Prussian blue that
are more readily used by special populations (eg, children and
older adults).j

Given that the timelines for injuries in most chemical
emergencies are much shorter than those anticipated for a
radiological or nuclear crisis, the CHEMPACK program began as
an SNS initiative in 2003. The CHEMPACK program is envisioned

as a comprehensive capability for the effective use of MCMs in the
event of an attack on civilians with nerve agents. The program
builds upon the existing emergency response system by adding
education, training, and exercise components, and by pre-
positioning of antidotes throughout strategic locations around
the country. These strategic locations are selected by local
authorities to support a rapid hazardous materials (HAZMAT)
response by allowing quick access to lifesaving MCMs by first
responders and hospital personnel in the event of a nerve agent
incident.

Crossing Mission Spaces—MCMs

Some radiological and nuclear MCMs may be of benefit to the
chemical threat space as well. Some chemicals, specifically SM, can
cause injury to the bone marrow.14 For this reason, studies were
done to determine whether leukocyte growth factors could also
have a positive impact in addressing SM-induced myelosuppres-
sion. In nonclinical studies, G-CSF injection 30 minutes after SM
exposure led to improved survival and mitigated loss of white
blood cells.15 In addition, increased levels of G-CSF16 or GM-CSF17

were identified in bronchoalveolar lavage fluid taken from patients
with lung fibrosis following mustard gas exposure even decades
later, suggesting a possible role for neutrophils in the etiology of the
disease and, by extension, potential use of leukocyte growth factors
as a therapeutic in lung fibrosis. Also, SM exposure can lead to
increases in macrophage and neutrophil levels in exposed skin and
concomitant elevated expression of G-CSF levels.18

Although not yet approved by the FDA for a radiation
indication, there are other widely available compounds (either
products approved for other diseases states or nutraceuticals) that
could be beneficial for both radiation and chemical indications.
These include therapeutics targeted toward skin injuries, for
example, curcumin,19–22 N-acetylcysteine (NAC),23–26 and various
COX-2 inhibitors.27–30 NAC has also been found to mitigate/treat
SM-31 and radiation-32 induced lung injury in humans. Other
compounds like KL4, a surfactant approved for respiratory distress
in neonates, have shown promise for radiation-induced lung
damage,33 with potential for use in SM exposures as well, based on
the reported efficacy of other surfactants.34,35 Similarly, products
indicated for idiopathic pulmonary fibrosis (IPF), including
drugs that target pathways known to be involved in fibrosis
(e.g., transforming growth factor β, PDGFR α and β; FGFR,
VEGFR, tyrosine kinases), could be used for both radiation and SM
indications to interfere with the lung injury cascade. Both
nintedanib (Ofev) and pirfenidone (Esbriet) are approved for
use in IPF and are in testing for the radiation indication (National
Clinical Trail #00020631).36,37 These or similar products may have
the potential to mitigate SM-induced lung fibrosis.38

Drugs like angiotensin-converting enzyme (ACE) inhibitors,
which block elements that contribute to hypertension as their
primary mechanism of action, were shown to reduce lethality
associated with radiation exposure (both hematopoietic,39 and
from late lung complications).40,41 It is conceivable that this
product could also find use in the mitigation of certain chemical-
induced lung complications. Still other products in advanced
development for radiation-induced dermal42 or lung43 indications
could be considered for potential use in an SM exposure scenario,
and those under study for SM could be applied to the radiation
space.44,45 Additional products of interest to both missions are
detailed elsewhere in this special issue. It is critical that researchers
working in development of MCMs for either chemical or radiation

hhttps://remm.hhs.gov/
ihttps://www.cdc.gov/nceh/radiation/emergencies/countermeasures.htm
jhttps://www.phe.gov/Preparedness/news/Pages/prussianblue.aspx
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exposures be aware of work done in the other areas in order to
apply findings across both threat spectrums.

Response Timelines

Requirements for use of products to address radiation-induced
injuries allow for some response time, with many experts
suggesting that distribution and/or administration will likely take
at least 24 hours.46 For this reason, stockpiling represents an
acceptable means of making these products available for some
threats47,48; however, further pre-positioning in both vendor- and
end user-managed paradigms is a preferred strategy for faster-
acting threats.46 It may also be possible to use items that are already
approved for other traditional clinical indications and may be
available during a public health emergency, such as items carried
by first responders, or those maintained in hospitals and/or local
pharmacies. There are, for example, certain standard-of-care
approaches like antibiotics, resuscitative fluids, and broad-
spectrum skin care products with overlapping uses.

Pre-positioning for a radiation incident may be limited when it
comes to FDA-approved MCMs. While these MCMs are in use at
hospitals and other medical settings, they are not regularly carried
or administered by first responders. However, that is not the case
for blood products. Blood products are forward deployed in a
variety of settings, including by first responders in civilian settings
and by soldiers for battlefield use. BARDA continues to support
research into the use of blood products to increase survival in
patients with ARS and trauma and to invest in the development of
next-generation blood products with increased storage lifespan
and shelf-stability. These products are intended for use not only by
trauma doctors, but also by first responders. Such blood products
would benefit not only ARS patients, but also patients with
mechanical injuries expected during a nuclear incident.

Breadth of the Burn-Radiation-Chemical MCM Research
Communities—Overlaps

BARDA encourages its product developers to explore both the
radiation and chemical domains when applicable. A demonstrat-
able result of this strategy is reflected in advanced development of
the burn contact wound dressing, Silverlon, mentioned above, as
an MCM that is FDA cleared or approved for treatment of SM
burns, CRI, and RD (described earlier). Silverlon is a commercially
available silver-plated nylon dressing indicated for the manage-
ment of first- and second-degree thermal burns. In 2019, Silverlon
became the first ever FDA-approved treatment for SM wounds.
BARDA’s support for the SM indication began in 2013, and, in
2022, the product was cleared as a device for treating CRI resulting
from a public health emergency.k

Research Strategies and Methods

Research Models for MCM Discovery

Research involving radiation and chemical threats is reliant on the
use of animal models to simulate the biological effects of these
insults in humans. Understandably, due to the ethical nature of
conducting such studies in humans, research in this area often
follows the FDA Animal Rule licensure pathway (described in
detail below).49 The Animal Rule generally requires proof of MCM
efficacy in at least one animal model predictive of the human

response; however, this is widely considered to mean one small
animal and one large animal model. For this reason, BARDA
actively supports non-clinical model development in several
species. Rodents are often the primary species utilized in early
preclinical studies before moving onto higher-order species for
more advanced work. Typically, total body irradiation (TBI) is
used to model the expected hematopoietic injuries after a
radiological or nuclear incident, and the radiation doses commonly
used result in a mortality of 50% (LD50) over a period of 30–60
days, depending on the model. Other models of radiation injury
include partial body irradiation (PBI). PBI models typically involve
larger doses of radiation to a specific organ (such as whole thorax
lung irradiation [WTLI]) or involves sparing a portion of bone
marrow (BM) to prevent total myelosuppression. PBI experiments
are performed to model organ-specific injuries, with BM sparing
models being used to permit the study of multiple organ injury
induced at higher doses of radiation than would be survivable using
TBI models. Using these PBI models, researchers have identified a
variety of DEARE injuries, such as radiation-induced lung injuries
(RILI), which encompass pneumonitis and fibrosis.

The TBI mouse animal model allows for the study of
hematopoietic (H)-ARS. H-ARS can include prolonged immuno-
suppression, impaired function of hematopoietic stem cells, and
multiorgan DEARE in long-term survivors of TBI doses.50–58

Included within the murine H-ARS modeling repertoire are
young adult,57,59–62 outbred,56 pediatric,58 and geriatric63 mice that
have been instrumental in efficacy studies for the development of
MCMs. However, murine models have limitations. Mouse models
have limited capability for longitudinal blood collection, given the
blood volume of a mouse. The radiosensitivity of mice is highly
strain-dependent, and the mouse kinetics of H-ARS differs from
humans. Therefore, BARDA and NIAID supported the develop-
ment of larger animal models, including minipig and New Zealand
white rabbit. These large animal models for longitudinal blood
sampling mimic human ARS in terms of onset, symptoms, and
blood kinetics.

The high sensitivity of the lung to irradiation and the unique
nature of delayed pathology have made this tissue a focal point of
DEARE research, with implementation of animal models that have
greatly evolved over time. A surrogate model of RILI that is
frequently used is the DNA-damaging chemotherapeutic drug
bleomycin. However, chemical radio-mimetics can trigger more
immediate cell damage in the lung, thus leading to an accelerated
form of radiation injury that may not exhibit the more latent
development of lung damage observed after radiation exposure.64

Researchers pursued local exposure models that exhibit lung
damage most reflective of what can be expected in humans. These
models with localized lung exposure include the WTLI model and
the “top-up” model that involves TBI followed by an addition
exposure of WTLI. Most recently, PBI models have been
investigated where 2.5 to 8% of the bone marrow is shielded.43

These analyses led researchers to develop more refined animal
models with the potential to carefully evaluate the efficacy ofMCM
candidates.

For development of animal models to evaluate chemical threat
injury, the BARDA Chemical Countermeasures Program has
partnered with the BARDA’s Division of Nonclinical Development
(DNCD) to establish animal models of chlorine gas exposure.
These models (mouse and swine) serve multiple purposes,
including screening novel products, supporting ReDIRECT,
providing proof-of-concept data to industry partners, and
performing follow-up analyses on promising candidates. Whilekhttps://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K221218

Disaster Medicine and Public Health Preparedness 7

https://doi.org/10.1017/dmp.2023.226 Published online by Cambridge University Press

https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K221218
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K221218
https://doi.org/10.1017/dmp.2023.226


the data generated from these models may be proprietary, the
methods used to generate these models will be published in peer-
reviewed journals. Models for SM toxicity have also been
developed and utilized as publicly available screening resources
through partnerships with DNCD and the NIAID CCRP.65,66 To
accelerate the development of chemical MCMs, the Chemical
MCM Program is investing in innovative and enabling technol-
ogies for the identification and investigation of promising potential
MCMs. Some of these technologies include organ-on-a-chip
platforms and artificial intelligence-driven screening to ensure the
rapid deployment and prompt administration of life-saving
treatments. Applying cutting-edge technology in organ-on-a-chip
platforms and computational software for machine learning will
support current screening capabilities and give us new strategies
for identifying and developing new and effective MCMs for
chemical threats. Another area of interest is the development and
manufacturing of novel drug delivery technologies for rapid
administration of MCMs. The goal is to expand the industrial base
for existing technologies, like autoinjectors, while promoting
competition for future development of new technologies and
reducing reliance on sole-source suppliers.

NASA established an interagency initiative to develop extended
longevity tissue chips, partnering with NIAID/RNCP, BARDA,
FDA, NIH/National Center for Advancing Translational Sciences
(NCATS), and NIH/National Cancer Institute (NCI). This 2022
initiative enables investigation into the natural history of various
agency-relevant stressors, such as radiation and the resulting
sequelae of ARS. BARDA has additional partnerships with NCI
and FDA for the development of organ-on-a-chip models of ARS,
as well as funding opportunities through the BAA. The use of these
technologies will deepen our understanding of the impact of
radiation damage on endothelial and vascular function and on
specific tissues or organ systems and enable new MCM develop-
ment. To replicate human CRI, porcine models are preferred due
to the similarities between human and porcine skin. Our close
interactions with CDRH led us to hone the development of robust
CRI porcine models for the evaluation of two different MCMs
under partnership with BARDA.67

Biomarkers, Diagnostics, and Other Approaches

Assays and devices to assess exposure to either radiation or
chemical threat agents are of high research and development
interest. The CDC developed the RTS, which has the capacity to
identify over 150 chemical agents.l Although as of this writing,
there is no FDA approved diagnostic device for radiation,68 the
dicentric chromosome assay is considered the “gold standard” to
assess radiation exposure dose.69 Rather than the traditional, pre-
defined threat approach, researchers propose identifying injury
biomarkers by focusing on threat-agnostic biodefense.m Hence,
irrespective of the insult (chemical, radiological, or biological),
researchers focus on clinically measurable biomarkers that can
predict the outcome of the exposure, without prior knowledge of
the agent. Biomarker signatures will likely include common
patterns of pathologies and will be identified using integrated
multi-omics data and imaging modalities to reflect dysfunction in
the affected host.

While there are no approved biodosimeters for radiation or
chemical threats, there are assays that could be deployed during

such an emergency. Available methods for detecting the biological
impacts of chemical and radiation exposure are complete blood
counts with differentials, which indicate cytopenias that can
correlate to exposure level. Other existing methodologies under
study for possible future use include computed tomography (CT)
and magnetic resonance imaging (MRI) scanning (e.g., of the
lung), functional imaging, clinical symptomology, multi-omics
signals, and assessment of host-responses to an insult. While these
tools and concepts, which could be exploited to develop a
predictive signature, are promising concepts, the technology is
immature, and regulatory agencies will require a clear correlation
between the insult and the pathology.

Critical Pathways to Approval/Licensure/Clearance—
Regulatory Strategies

FDA Requirements

Establishment of the FDA Animal Rule (AR) in 2002 allowed for
approval of new drugs when human efficacy studies were not
ethical or feasible for drugs (SubpartI-21, CFR Parts 314.6000.650)
or biologics (Subpart H-21, CFR Parts 601.90-95). These
regulations specifically addressed the regulatory gaps in MCM
development to mitigate serious adverse health events, resulting
from exposure to lethal or permanently disabling CBRN threats.
The AR approval relies on adequate and well-controlled studies in
relevant animalmodels to determine efficacy of theMCMas well as
extensive safety studies in human volunteers. The foundational
pillars of the AR necessitate (1) a well-understood pathophysiology
sequelae of the insult/injury (chemical, biological, radiological)
and its resolution by the MCM, (2) efficacy in more than one
animal model predictive of response in humans, (3) study
endpoints related to desired benefits in humans (reduction in
major morbidity or mortality), and (4) pharmacokinetic (PK)/
pharmacodynamic (PD) assessments in animal models and
humans that allow for appropriate MCM dose scaling.

Milestones for Improving US Preparedness

Pyridostigmine bromide was the first MCM approved under the
AR in 2003 as a prophylactic against Soman nerve agent poisoning.
Since then, FDA’s Center for Biologics Evaluation and Research
(CBER) and Center for Drug Evaluation and Research (CDER)
have approved over a dozenMCMs under the AR.n However, given
unforeseen circumstances, when there is an urgent need for
medical interventions and little to no time to conduct elaborate
studies to meet the AR requirements, how can first responders and
CONOPs planners utilize the existing approved MCMs to better
prepare for an emergency response? What are the regulatory
means to facilitate a rapid response to such an emergency? How
can funding agencies connect policy and regulatory requirements
with established scientific norms? These are topics for continued
and frequent dialogues.

In the event of a public health emergency, assuming a broad-
brush approach to focus on treatment of the symptoms and injury
might be the logical next step. For instance, with five MCMs
approved to treat radiation-induced immune cell loss, and given
the impact of SM exposure on the bone marrow,70 it may be
possible to use these products for the treatment of SM-induced
hematological damage. Preliminary studies on the efficacy of

lhttps://www.cdc.gov/biomonitoring/chemical_threat_agents.html
mhttps://www.pnnl.gov/threat-agnostic-biodefense nhttps://www.fda.gov/media/150191/download
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filgrastim in mitigating SM-induced hematological deficits
indicate that such a treatment is promising (see Beske et al.
elsewhere in this special issue). However, to date, there are no
FDA-approved MCMs for the treatment of SM-induced hemato-
logical toxicity.66 Hence, it may be logical to extrapolate the data for
radiation-induced hematological deficits to expedite approval of
the same MCM for SM-induced hematological deficits. It also may
be possible to streamline regulatory processes given the prior
approval for the treatment of radiation-induced neutropenia or
thrombocytopenia.

This cross-usage may not be applicable in all cases. Preclinical
data are crucial to provide evidence of utility. For instance,
keratocyte growth factor (KGF) protects mice from radiation-
induced GI injury when administered prior to exposure71;
however, when KGF was administered 24 hours post-irradiation
in mice, it did not afford any survival benefit [Satyamitra,
unpublished data], and in irradiated NHPs, its use post-irradiation
led to worse outcomes.72 Similarly, stem cell factor (SCF) improved
mouse survival following exposure when administered 8 hours
prior to total body irradiation73; however, when administered
24 hours post-irradiation, earlier mortality of irradiated mice was
observed [M. Satyamitra, unpublished data]. When a completely
different toxic insult is used, it is impossible to predict if a threat-
agnostic approach would do more harm than good. Hence, some
preclinical studies are needed to bridge treatment strategies for
different insults.

The benefits and challenges of repositioning or repurposing
products to address medical consequences following a chemical
or radiological public health emergency have been previously
highlighted.3,74 Neupogen, Neulasta, Nplate, Udenyca, and
Stimufend are approved drugs that were repurposed for acute
radiation syndrome. All fiveMCMs were reviewed by CDER, FDA,
and it took 15þ years of planning, research and development,
and voting by an advisory council for FDA to approve the first of
them (Neupogen) for radiation use. However, based on precedent,
Nplate required just 5 years to obtain FDA approval, and no advisory
council was convened. Similarly, as previouslymentioned, Silverlon, a
wound dressing widely used for traumatic injuries, is now FDA-
cleared for treatment SM-induced vesicant injuries (2017)o and, more
recently, for radiation dermatitis and CRI.p,q

A widely available drug indicated for the treatment of common
medical conditions for injuries caused by a CRN agent is Seizalam
(Midazolam for intramuscular [IM] injection), which received
FDA approval in 2018 for the treatment of status epilepticus (SE)
seizures, including those caused by exposure to nerve agents. This
approach departed from the more conventional regulatory
approval for a New Drug Application (NDA)/Biologics License
Application (BLA) for a specific CRN indication (e.g., nerve agent-
induced seizures), rather focusing on pursuing regulatory MCM
approval based on the general symptoms observed to treat a
specific symptom (e.g., SE seizures), independent of the cause of
the initial injury (e.g., nerve agents, epilepsy). The approval was
based on abundant evidence showing that SE caused by nerve
agents and organophosphate pesticides poisoning is fundamentally

identical to SE precipitated by other causes. Based on this work,
BARDA supported the advanced research, development, and
procurement of midazolam vials. The FDA agreed that IM
midazolam for acute treatment of generalized convulsive SE
(GCSE) should not be limited to nerve agent-induced SE, rather
approved for the treatment of all presentations of GCSE, leading to
Seizalam’s 2018 approval for the treatment of SE. This approach
aligns with the “treat the symptom, not the agent” strategy, which
positions widely used treatments for common medical conditions
to be available for use by first responders or medical professionals
for use following exposure to a chemical threat. Applying this
successful approach to the development of MCMs for CRN threat
areas could result in a streamlined regulatory pathway and wide
availability of therapeutics routinely used for the treatment of
common medical conditions to address injury caused by exposure
to CRN agents.

Another widely available therapeutic being repurposed for
the treatment of chemical exposure is atropine. Atropine is an
anti-muscarinic drug used, among other indications, to treat
organophosphorus nerve agent poisonings, symptomatic brady-
cardia, and to dilate pupils for posterior chamber eye examination.
Atropine can be administered IM, intravenous [IV], or into the eye.
Atropine ophthalmic drops have been administered sublingually
(SL) in several off-label clinical settings for conditions such as
excessive salivation and for easing the final moments in hospice
patients. BARDA supported a Phase 1 clinical trial to evaluate the
bioavailability and pharmacokinetics of sublingually administered
atropine sulfate ophthalmic solution compared to the IV route of
administration (NCT04290039). Findings suggest that sublingual
atropine is safe and well tolerated. Bioavailability of sublingual
atropine was determined to be ~63% of that achieved via IV
administration. Bioequivalence of SL vs IM would be expected to
reach 80–120% bioavailability, but studies remain to be conducted.
In patients suffering mild organophosphate intoxication symp-
toms, SL administration of the ophthalmic formulation of atropine
may be readily available to treat their symptoms, while currently
stockpiled atropine autoinjectors and multidose vials could
be preserved for the subset of patients experiencing severe or
life-threatening poisoning.

Conclusion

In preparing the nation to respond to CRN threats, a more efficient
approach than purchasing and stockpiling of products is
imperative. Implementation of a “threat agnostic” approach that
focuses on biological outcomes following CRN injury may increase
preparedness. Key to this strategy is the repurposing of FDA-
approved products, including medical devices and resources such
as those involved in standard medical care (e.g., fluids, dressings),
for a CRN indication. Priority should be given to widely available
and widely used FDA-approved products to ensure product
viability and sustainability. The USG strongly suggests that
developers pursue generic commercial indications for their
products, in addition to indication(s) for CRN threats. Having
proven treatments and resources available that are familiar to the
medical community, along with accessible, accurate, and timely
information, paves the way for a robust US preparedness posture
and an efficient multi-use and threat-agnostic medical response.

Author contribution. All authors contributed equally to the content of the
manuscript. Manuscript organization and submission were conducted by CIR
and ALD.

ohttps://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K190343
phttps://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K221218
q~https://www.prweb.com/releases/silverlon_receives_fda_breakthrough_devi

ce_designation_for_radiation_dermatitis_and_cutaneous_radiation_injury/prwe
b18362909.htm#:~:text=Argentum%20Medical%2C%20a%20medical%20device%20lea
der%20and%20pioneer,its%20Silverlon%20%C2%AE%20Wound%20Contact%2C%
20Burn%20Contact%20Dressings.
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