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CHAPTER 6
Chelation of Actinides

REBECCA J. ABERGEL?

“Chemical Sciences Division, Lawrence Berkeley National Laboratory,
One Cyclotron Road, Berkeley, CA 94720, USA
*E-mail: rjabergel@lbl.gov

6.1 The Medical and Public Health Relevance of
Actinide Chelation

The use of actinides in the civilian industry and defense sectors over the past
60 years has resulted in persistent environmental and health issues, since a
large inventory of radionuclides, including actinides such as thorium (Th),
uranium (U), neptunium (Np), plutonium (Pu), americium (Am) and curium
(Cm), are generated and released during these activities.! Controlled process-
ing and disposal of wastes from the nuclear fuel cycle are the main source
of actinide dissemination. However, significant quantities of these radionu-
clides have also been dispersed as a consequence of nuclear weapons testing,
nuclear power plant accidents, and compromised storage of nuclear materi-
als.! In addition, events of the last fifteen years have heightened public con-
cern that actinides may be released as the result of the potential terrorist use
of radiological dispersal devices or after a natural disaster affecting nuclear
power plants or nuclear material storage sites.>* All isotopes of the 15 ele-
ments of the actinide series (atomic numbers 89 through 103, Figure 6.1)
are radioactive and have the potential to be harmful; the heaviest members,
however, are too unstable to be isolated in quantities larger than a few atoms
at a time,” and those elements cited above (U, Np, Pu, Am, Cm) are the most
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Figure 6.1 The actinide series encompasses the 15 chemical elements with atomic
numbers from 89 to 103, actinium to lawrencium.

likely to be encountered. Because of the impending growth of nuclear power
and threats of nuclear weapon use, the amount of produced and released
radioisotopes is increasing daily,’ as is the risk of environmental contamina-
tion and larger human exposure to actinides. Internalized actinides have, in
turn, the potential to induce both radiological and chemical toxicities, lead-
ing to serious health effects. In the past few years the challenge of limiting
such exposure, contamination, and subsequent deleterious effects has given
rise to unprecedented interest in developing therapeutic actinide decorpora-
tion agents, as well as cost-effective bioremediation approaches for environ-
mental decontamination.®’

6.1.1 Actinide Metabolism and Clinical Course

Contrary to some heavy metals, actinides have no known essential role in the
normal biochemical reactions occurring in living organisms, and are a partic-
ular hazard due to their ionizing radiation properties.®’° Independent of the
contamination route (inhalation, ingestion or wound), actinides are absorbed,
then transported by the blood prior to deposition in the target organs (bone,
liver and kidney), in which they are stored, then slowly and partially excreted
through urine and feces. The biokinetics and bioinorganic chemistry of
actinides following inhalation, ingestion and injection have been well studied
in the past 50 years: models were reviewed and adopted in publications from
the International Commission on Radiological Protection (ICRP) and from
the U.S.-based National Council on Radiation Protection & Measurements
(NCRP)."'"" Such biokinetic models have been extremely useful in providing
guidance for treatment, although they cannot be relied upon to clearly deter-
mine whether a chelating agent is conferring benefit at post-exposure time
points in humans following internal contamination with actinides.

The actinides are all radioactive, and most of their isotopes decay by alpha
particle emission.! Once internalized, the actinides are distributed to various
tissues with patterns that depend on the chemical and physical form of the
contaminant in question. The densely ionizing alpha particles emitted by
actinides retained in bone and liver, and in the lungs if inhaled, damage and
induce cancer in those tissues, in a dose-dependent manner.'® Therefore,
the tissue distribution of an actinide will determine the pattern of injury
observed. Sufficiently high doses will also cause manifestations of acute radi-
ation syndrome in absorption (as in the gastrointestinal tract) or inhalation
(as in the pulmonary system) areas.’®'* Although they belong to the same
denomination in the periodic table, elements of the actinide series exhibit
very different coordination chemistries affecting their biological behavior
and distribution, as described briefly below for selected examples.
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Among the four oxidation states of uranium (111, 1v, V, vi), the uranyl ion
(U0,**, U(v1)) is the most stable form in aqueous solutions and in vivo, and
uranyl compounds have therefore been the focus of most pharmacology
studies.®’ In humans, biokinetic models predict the following distribution of
uranium 24 hours after an intake: skeleton 15%, kidneys 17%, other tissues
5% and urine 63%."* Renal injury is the primary chemical damage caused by
uranium poisoning, and is related to heavy metal toxicity. Nearly all of the
long-retained uranium in the body remains in the bones.’

In comparison to uranium, much less is known about the coordination
chemistry of the transuranic elements, neptunium, plutonium, americium,
and curium. The scarcity and high specific activity a-emission of the common
isotopes **’Np, ***Pu, **'Am, and ***Cm have limited the study of their chem-
ical and structural properties. Biological evidence indicates Pu(1v), Am(111),
and Cm(111) are the main oxidation states present under physiological condi-
tions, while all three of Np(1v), Np(v) and Np(v1) have been observed in living
systems, with Np(v) as the neptunyldioxocation (NpO,") being the most com-
mon.'"">" Both Pu(1v) and Am(111) are linked to Fe(111) transport and stor-
age systems in mammals, which may explain their retention patterns in soft
tissue.’ Although the deposition pattern of Np(1v) is similar to that of Pu(1v)
in the liver, the rapid plasma clearance and urinary excretion of Np(v) resem-
ble those of U(v1) and account for the chemical toxicity of Np, as even small
fractional kidney deposition may result in renal tubular injury.’ In contrast
to U, one primary target tissue of all three actinides (Np, Pu and Am) is the
skeleton. The endosteal bone surfaces are the preferential sites of Pu bone
deposition, whereas Am and Np deposit nearly uniformly on all anatomical
bone surfaces.” The carcinogenicity of Np, Pu and Am results mainly from
the radiation damage caused by their retention in the skeleton. The substan-
tial differences in actinide transport and retention in the body are depicted
in Figure 6.2, which displays the 24 h excretion and tissue distribution of
intravenously injected U(vi), Np(v), Pu(1rv) and Am(111) in mice.
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Figure 6.2 Actinide transport and retention in mice. Excretion (left) and tissue
distribution (right) of soluble actinides, as % of injected dose (%ID)
in young adult female Swiss Webster mice, 24 hours after intravenous
injection (1 ng of ***Pu, 7 ng of >*'Am, 1.7 pg of >**U, 4.1 ug of *’Np).
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6.1.2 Current Treatment Recommendations for Actinide
Contamination

The currently available treatments mainly vary as a function of the intake path-
way, the level of contamination (mass and activity), the chemical and biological
speciation of the radioisotope, as well as the intervention time after the inci-
dent.'>"” For contamination by inhalation, which mainly results from inter-
nalization of aerosols that display different chemical solubilities, treatments
include lung washing and chelation therapy. Such treatments aim at increasing
the solubility of the actinides deposited in the human respiratory tract, remov-
ing the actinide mechanically, and allowing chelation of the absorbed blood
fraction. For contamination by ingestion, treatments include gastric dressing,
precipitation, purge and chelation therapy. For wound contamination, several
treatments have been used including washing, surgical excision and dressings
with additional specific chelating gels, as well as chelation therapy. Over the
past fifty years, a great amount of work has been dedicated to developing meth-
ods for increasing the natural slow rate of elimination of actinides from the
human body by the administration of chelating agents.'*"® The rationale for
chelation therapy is that the agent will chelate the targeted metal and form a
stable complex that can easily be excreted, thus reducing both the radiation
dose delivered to sensitive cells and the risk of late radiation effects such as
cancer. Current chelation treatment recommendations have been reviewed
extensively and are only briefly summarized below.*%1719:20

The only currently approved chelation drugs designated for the decorpora-
tion of the transuranic actinides Pu, Am and Cm are the diethylenetriamine-
pentaacetic acid trisodium calcium and trisodium zinc salts, CaNa;-DTPA and
ZnNa,-DTPA (marketed as Ca-DTPA and Zn-DTPA, respectively) 1. Although
both drug products have been used investigationally for over 40 years,' the
U.S. Food and Drug Administration (FDA) approved the corresponding New
Drug Applications from the German manufacturer Hameln Pharmaceuticals
GmbH. only recently, in 2004.>' Ca-DTPA and Zn-DTPA can be administered by
nebulizer or intravenously. If the route of internal contamination is through
inhalation alone, then nebulized chelation therapy may suffice. If the routes of
contamination are multiple (e.g., inhalation and through wounds), then intra-
venous chelation therapy is preferred. The level of internal contamination and
the individual’s response to therapy dictate the duration of treatment: levels
of internal contamination should be ascertained weekly during chelation ther-
apy to determine when to terminate treatment. Treatment recommendations
are based on decorporation efficacy and safety data collected in animals and
humans.' For the Ca-DTPA product, the label recommended initial human
dosage is a single administration of 1 g for adults and adolescents, and 14 mg
kg™ (not to exceed 1 g) for pediatrics. If prolonged therapy is needed, then
Zn-DTPA is recommended at the same dosage.*' The well-documented Han-
ford Americium accident® is the only human evidence to support the hypoth-
esis that decorporation therapy and resulting acceleration of the natural rate
of elimination of the contaminant will reduce the amount of radioactivity in
the body, thus reducing the radiation dose received by sensitive tissues and
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producing an at least proportional reduction in the risks of induction of seri-
ous radiation effects. In the Hanford treatment case, 583 g of DTPA, primarily
as Zn-DTPA were administered to the patient over a 4 year period without any
observed toxicological effects. It is believed that the aggressive treatment with
Ca- and/or Zn-DTPA reduced the liver burden of **'Am enough to prevent the
victim’s early death from radiation-induced liver failure.**

OH O

6.1.3 Limitations of Current Therapies

In contrast to the transuranic elements Pu, Am and Cm, little progress has
been made on the decorporation of Np and U. While the results of several
studies in laboratory animals have shown that Ca-DTPA was ineffective at
promoting Np elimination, independent of the isotope used, the ligand dos-
age or the mode of administration, Ca-DTPA and Zn-DTPA are still the only
recommended substances for Np decorporation, despite some added risk
of nephrotoxicity.”” The substance recommended by the NCRP for U decor-
poration is sodium bicarbonate, although there may be undesirable side
effects such as hypokalaemia and alkalosis.** The use of DTPA salts is con-
traindicated for treatment of U contamination because of the added risk of
renal damage.”>** Finally, the approved chelation treatments, Ca-DTPA and
Zn-DTPA, can only be administered intravenously or through a nebulizer,
which would make chelation therapy in mass casualty situations cumber-
some and challenging and is a considerable limitation for the treatment of
actinide contamination of a very large population of contaminated individ-
uals in a crisis setting.»*® Therefore, the development of new orally active
and effective broad-spectrum chelating agents for the treatment of actinide
contamination remains critical for emergency human use.

6.2 Designing Chemical Structures for Actinide
Chelation

The potential health hazards of the actinides were recognized early, especially
for those synthetic heavy elements that were created by nuclear fission and that
garnered great attention during the Manhattan Project.?*?” The first efforts to
identify effective ways to promote the removal of internally deposited radionu-
clides from the body therefore date back to the late 1940’s.®*° Nevertheless,
owing to the limited understanding of actinide biological chemistry and to
the challenging task of specifically targeting toxicants over endogenous metal
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ions without inducing toxicity, only a limited number of chelating molecular
structures have stood out with the promise of therapeutic application.” The
pace of research and development for new actinide chelation methods has also
been greatly hampered by the non-existent profit prospects for such drugs and
a resulting lack of interest from the pharmaceutical industry.

6.2.1 Coordination Chemistry Criteria

Although they belong to the same chemical series and display large simi-
larities, the actinides exhibit different coordination properties determined
mainly by their outermost electron shells. The lighter members of the series
(Th through Pu) are known to exhibit multiple stable oxidation states,
whereas the heavier elements (i.e., Am and Cm) predominantly display the
trivalent oxidation state.”*° However, complexation and hydrolysis under the
conditions encountered in biological fluids favor specific oxidation states
such as Th(1v), U(v1), Np(1v, v), Pu(1v), Am(111), and Cm(111), where the (v1) and
(v) states of U and Np are the linear dioxocations uranyl and neptunyl, respec-
tively.®?! Actinides are hard cations (where “hard” applies to species that have
high charge states and are weakly polarizable according to the Pearson acid
base concept) that preferentially bind organic ligands containing hard elec-
tron donors such as oxygen atoms. Bonding with such ligands is then mostly
ionic. Partially covalent bonding is observed with softer nitrogen and sulfur
donors as well as with halides other than fluoride.’'** Coordination numbers
for actinide ions vary from 5 to 12, depending on the oxidation state of the
metal center, but most common coordination numbers are 5 for uranyl and
neptunyl, 8 to 9 for trivalent Am and Cm, and 8 for tetravalent Pu and Np spe-
cies. These relatively large coordination numbers, necessary to fully satisfy
the electronic requirements of the metal ions, will favor multidentate ligands
that can form multiple bonds with actinides. Common classes of chelating
ligands are those bearing several donor atoms that will form a five- or six-mem-
bered heterocyclic ring upon binding to the metal ion. Following those rules,
the most stable actinide (111) and (1v) complexes are formed with ligands such
as octadentate structures containing four chelating units, each incorporat-
ing two donor atoms, resulting in a complex with a 1:1 metal:ligand stoichi-
ometry.””** Relatively less stable complexes will be formed with tetradentate
ligands containing only two chelating units (four electron donors) and result-
ing in a 1:2 metal:ligand stoichiometry. The geometry of the complex and its
stability under physiological conditions also depend on the type of chelating
units and scaffold incorporated in the ligand.**

6.2.2 Synthetic Approaches to New Actinide-Selective Agents

Early investigations to enhance actinide excretion rates targeted metabolic
pathways of essential divalent metals through manipulation of dietary calcium,
magnesium, and phosphorous and supplementation with vitamin D, para-
thyroid hormone, and ammonium chloride to increase Ca absorption, bone
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resorption, and Ca excretion, respectively.?®*>>” None of these attempts
affected the biodistribution of actinides. Other unsuccessful attempts used
the British anti-Lewisite (BAL, also known as dimercaprol 2) treatment, which
is known for its effectiveness against arsenic poisoning but only incorporates
sulfur chelating groups (see also Chapter 1 and Chapter 3) that do not complex
actinides strongly.*® One method that ameliorated acute U poisoning was treat-
ment with sodium bicarbonate, NaHCO,,*® which produces a uranyl bicarbon-
ate complex in tubular urine that is less toxic than the unchelated uranyl, but
it also promotes migration to extracellular fluids and deposition in the bone.
Oral doses or infusions of sodium bicarbonate must be accompanied by diuret-
ics and carefully monitored in order to keep the urine alkaline. Although not
a chelator per se, sodium bicarbonate is currently the only treatment against
contamination with U recommended by organizations such as NCRP."

SH
Ho._h_sH

BAL 2

6.2.2.1 Polyamino-Carboxylic Acid Derivatives

The hexadentate polyaminocarboxylic acid ethylenediaminetetraacetic acid
(EDTA, 3) had become widely distributed for a variety of industrial chemical
applications by the early 1950’s. Known for the high stabilities of its metal
chelates,”® as compared to other polycarboxylic acids, EDTA 3 was therefore
among the first chelators to be tested for actinide chelation.*' The calcium
disodium salt of EDTA (CaNa,-EDTA), which does not deplete calcium and
is therefore not as toxic as the protonated version of EDTA, was shown to
enhance the excretion of Pu(1v) and Am(111) in rats. However, in vivo actinide
chelation was only achieved after high doses and repeated injections, reach-
ing toxic levels.”” The octadentate analog of EDTA, DTPA 1 was purposely
designed to overcome these limitations.”® Because of the higher denticity
of this ligand, the stabilities of the actinide complexes formed with DTPA
are higher than those of the corresponding EDTA compounds, with a better
selectivity over divalent metal ions such as Ca*"."* The CaNa,-DTPA salt was
quickly recognized for its better ability to decorporate Pu(1v) from rats and
has been studied extensively in vitro and in vivo, and used in humans since
then.'»* However, frequent CaNa,-DTPA injections are still nephrotoxic and
may result in manganese and zinc (Zn) depletion as DTPA forms stable che-
lates with those metals.” Although it is less effective than CaNa,-DTPA at
removing exogenous metals, the ZnNa,;-DTPA salt is less toxic and allows
frequent injections or continuous infusion over extended time.'**® The EDTA
and DTPA molecules have been the subject of many structural alterations,
including elongation or replacement of the central aminoalkane skeleton,
addition of aminocarboxylate moieties, and incorporation of ethyl alcohol
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or hydroxamic acid units, but none resulted in increased affinity towards
actinide ions.*" Further modifications were predominantly aimed at
increasing the low absorption of DTPA salts in the gastro-intestinal tract,
leading to the formation of lipophilic pro-drug derivatives,'** as detailed in
a later section on formulation development approaches.

fNH*OH
VN by

EDTA 3

6.2.2.2 Siderophore Mimics

Siderophores, the microbial low molecular weight molecules used by bacte-
rial organisms to scavenge iron, constitute another class of natural molecules
that prompted early investigation for their actinide removal properties. The
hundreds of known siderophores can be of different denticities, but all form
thermodynamically stable hexacoordinate octahedral Fe(111) complexes and
typically employ oxygen-containing iron-binding moieties.*® The hexadentate
ligand desferrioxamine B (DFO, Desferal, 4), a siderophore from Streptomyces
pilosus, has been used for several decades as a therapeutic iron chelator for the
treatment of iron-overload diseases.*” However, DFO displayed lower efficacy
than DTPA at removing Pu(1v) in vivo, presumably due to its lower denticity, and
the weaker acidity of its hydroxamate iron-binding units.’* Among biologically
relevant metal ions, the ferric ion stands out as having a high charge/radius
ratio, similar to that of Pu**.® In the late 1970’s, Raymond and coworkers at the
University of California, Berkeley, hypothesized that synthetic ligands adapted
from siderophores but with increased denticity would form extremely stable
actinide complexes and structures suitable for in vivo metal scavenging.’*' In
collaboration with Durbin from the Lawrence Berkeley National Laboratory,
Berkeley, over 60 multidentate synthetic ligands were produced and evalu-
ated for their in vivo Pu(1v) decorporation properties and potential toxicity, as
described in detail in the literature.'** These chelating structures used sid-
erophore-inspired bidentate chelating units such as functionalized catechol-
amides CAM, CAM(C), and CAM(S), for the unsubstituted, carboxylated, and
sulfonated versions, respectively, attached to a variety of molecular polyamine
backbones, enabling the development of new and improved chelating agents
to evolve by providing an understanding of some of the relationships under-
lying the efficacy of a ligand for the decorporation of actinides (e.g., dentic-
ity, binding group acidity, backbone flexibility, and solubility).*> Examples of
these ligands include the octadentate H(2,2)-CAM 5 as well as the tetradentate
5-LICAM(C) 6 and 5-LICAM(S) 7. The isomeric hydroxypyridinone metal-bind-
ing groups, 1,2-HOPO and Me-3,2-HOPO, are ionized at lower pH than cate-
cholamide moieties, making them better ligands for the actinides, which are
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more acidic than iron. Ligands incorporating these groups were among those
most selective and efficacious at removing actinides in vivo, with little to no
observed toxicity in animals.'*?*°* After extensive toxicity and efficacy studies
in mice and a limited number of tests in dogs and baboons, two particular
molecules, 3,4,3-LI(1,2-HOPO) 8 and 5-LIO(Me-3,2-HOPO) 9, were selected as
promising orally available candidate actinide decorporation agents.’**° Both
compounds were found to be 30 times more potent than DTPA for the decorpo-
ration of Pu(1v), and to sequester a wider spectrum of radionuclides, including
U and Np, as well as particulate contaminants from mixed oxide fuel.***” In
addition, unlike DTPA, both molecules have the advantage of being efficacious
in the oral delivery format.>® Over the last 10 years remarkable progress has
been made in the preclinical development of both agents. With 5-LIO(Me-3,2-
HOPO) 9 remaining in the pipeline, the most efficacious octadentate struc-
ture, 3,4,3-LI(1,2-HOPO) 8, was taken forward through a series of non-clinical
efficacy, safety, pharmacology, and toxicology assessments, all necessary to
demonstrate its viability as a therapeutic product.®®”*
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6.2.2.3 Poly-Phosphonic Acid Chelators and Macrocyclic
Structures

Knowing that actinide ions tightly bind phosphate groups on the bone
mineral surface,”” a series of cyclic and linear polyphosphates and poly-
phosphonic or phosphinic acids were tested in rats, revealing enhanced
urinary excretion of U but little reduction of U-induced nephrotoxicity."”°
Ethane-1-hydroxy-1,1-bisphosphonate 10 (EHBP), also known as etidronic
acid, stood out as it inhibits bone resorption and had been used to treat
bone remodeling disorders. Studies in rats contaminated with 50% lethal
amounts of uranyl nitrate demonstrated the efficacy of EHBP, which pre-
vented mortality with a 100% rate and significantly increased urinary U
excretion and reduced U content in kidneys when injected intramuscularly
at a wound site or intraperitoneally promptly after contamination.”” More
recent work identified a series of uranyl-binding diphosphonate ligands
through novel high-throughput screening methods.”®”® Several compounds
showed promise in significant reduction of the uranium burden in the kid-
ney (up to 50% for the structure named “3 C” 11) liver, and skeletons of rats
contaminated with uranyl. However, no further data has been reported since
with these compounds. Finally, another more recent approach to actinide
chelation has been the use of macrocyclic calixarene structures, previously
developed as selective actinide extractants for analysis purposes.*® Injection
of the 1-hydroxy-4-sulfonatobenzene hexamer or octamer in rats did not
alter uranyl retention.®" However, these cage-like molecules provide confor-
mational flexibility and can be functionalized with chelating groups. Sub-
stitution of the hexamer p-tert-butylcalix[6]arene structure with 3 carboxylic
groups arranged in C3 symmetry provided much higher affinity for uranyl
and led to the discovery of 1,3,5-OCH;-2,4,6-OCH,COOH-p-tert-butylcalix[6]
arene 12 as a very promising compound for U decontamination.®***

HO E/OH
~OH

H
OHO

0"

EHDP 10
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6.3 Evaluating Actinide Chelation Efficacy

6.3.1 Invitro Evaluation Techniques

The presumed mechanism of action of new actinide-binding ligands is
expected to be a chelation mechanism, in which the compound binds the
targeted actinide and forms a stable complex that can be eliminated through
excretion pathways. Chelation is likely to be clinically efficacious if the affin-
ity of the chelating agent for the targeted actinide metal ion is higher than
those of potential biological ligands (such as proteins and bone matrices),
and if its affinity for the targeted actinide metal ion is more specific than
for essential divalent metal ions. Several tools are available to determine the
affinity of new molecules for metal ions in vitro and are used to predict their
invivo actinide decorporation efficacy.

6.3.1.1 Solution Thermodynamics

Solution thermodynamic equilibrium constants define the quantitative limits
of designed ligands to compete for a particular metal. The strength of metal
binding will not only dictate the actinide sequestration ability, it may also
determine the mechanisms of actinide release (ligand exchange, redox reac-
tions, or complex degradation), which make solution thermodynamic stability
and metal exchange kinetics crucial parameters to assess. Complex formation
constants are dependent on both the acidity of the ligand and the stoichiome-
try of the metal-ligand complex. By standard convention, overall equilibria are
expressed as f3,,;; values, as defined in eqn (6.1). However, very large differences
in the acidity of various ligands at physiological pH do not account for the fact
that ligands may still be protonated, as determined by their respective stepwise
protonation association constants Ky, (eqn (6.2)—(6.4)).

mM +IL + hkH" < M, LH, f,, = % (6.1)
[M]"[L][H"]
H, L+H o HL K, = & (6.2)
[H, L][H"]
L+hH o HL B, = [H—’lL]h (6.3)
L]
[HnL] —_ ﬂoln (6.4)

K = =
o [Hn—lL][H+:| ﬂol(n—l)

Hence, protons and metal cations compete with each other for binding to the
ligand. In addition, different formation constants must be taken into account
to compare ligands of varying denticities. To compare the true relative ability
of different ligands to bind a metal, independent of proton concentration or
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denticity, a parameter that is proportional to the free energy AG released by
metal-ligand binding must be used. To that extent, the pM value, defined as the
negative logarithm of the free metal ion concentration, is calculated from the
different conditional constants for a given metal-ligand system under defined
conditions, such as pH and metal and ligand concentrations. Standard refer-
ence conditions for the purpose of comparing actinide chelating agents and
biological ligands are physiological pH 7.4 and total concentrations of 10 pM
ligand and 1 pM metal. For such comparisons, a higher pM value is indicative
of a more competitive, therefore better, chelator. Examples of proton-indepen-
dent stability constants as well as corresponding pM values are provided in
Table 6.1 for the common chelator DTPA and the ligand under development,
3,4,3-LI(1,2-HOPO) 8. (These properties are also discussed in Chapter 2.)

6.3.1.2 High-Throughput Screening Methods

While the determination of thermodynamic constants is a rigorous tool pro-
viding a quantitative measurement of the affinity of a particular ligand for
specific metal ions, it is often tedious and may not be adequate for the eval-
uation of libraries of new molecules in the era of high-throughput synthesis.
Recent methodologies for the evaluation of actinide ligands have included
high-throughput in vitro screenings based on the competitive displacement
of reference chelating agents.”® A particular microtiter colorimetric assay fol-
lowing the disappearance of a chromogenic uranyl complex preformed with
sulfochlorophenol S was applied to screen over 40 known ligands including
polycarboxylate, hydroxamate, catecholate, hydroxypyridonate and hydroxy-
quinoline derivatives as well as 50 new bisphosphonate ligands for their
U-binding properties.”” More recently, an immunoassay based on surface
plasmon resonance analysis was developed to measure uranyl affinity for
proteins and small molecules and was described as fast, sensitive, and cost-
effective.® This technique involves the immobilization of a specific monoclonal
antibody raised against uranyl and uses 1,10-phenanthroline-2,9-dicarboxylic
acid as the probe of uranyl capture by the antibody. While limited to specific
conditions (pH, concentration, etc.) such screening methods offer a rapid and

Table 6.1 Examples of solution thermodynamic parameters determined for
selected actinide complexes of 3,4,3-LI(1,2-HOPO) and comparison with
corresponding DTPA complexes.

Ligand Cation log 110 pM Reference
3,4,3-LI(1,2-HOPO) Th* 40.1 41.0 33

UO0,** 18.0 18.8 119

Pu** 43.5 44.5 120

cm® 21.8 22.7 34
DTPA Th* 28.7 26.8 44

U0,*" 11.8 9.9 121

Pu*f 33.7 31.7 44

Cm?* 21.7 21.1 122
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robust readout and allow focusing on further in vivo evaluations. Combined
with combinatorial synthetic methodologies, a high number of molecules may
now be discovered and evaluated for their actinide affinity properties.

6.3.1.3 Invitro and Ex vivo Binding

The most important tissue biological ligands are the mineral phase of bone,
for all actinides,®® liver ferritin for trivalent and tetravalent actinides,®>®”
and the renal tubular epithelium for UO,>". Few experimental examples
have investigated the ex vivo or in vitro actinide removal efficacy of the most
studied ligands from these biological pools. Ex vivo preparations of con-
taminated skeleton have been described in the literature: ashed bone sam-
ples were obtained from mice injected intravenously with uranyl chloride
(***U0,Cl,) and sacrificed four hours later when uptake of bone U appears
to be complete.®® Bone ash in buffer was incubated without stirring or with
occasional mixing for one or two hours at 20 or 37 °C with ligands such as
Ca-DTPA and 3,4,3-LI(1,2-HOPO) 8 at ligand: U molar ratios of 75 and 250,
respectively. Net removal of U from bone ash was about 2% for Ca-DTPA and
4% for 3,4,3-L1(1,2-HOPO). Removal of Pu and Am sorbed to well-character-
ized hydroxyapatite powder was also evaluated for 3,4,3-LI(1,2-HOPO) and
Ca-DTPA.?**® Ca-DTPA was ineffective for Pu removal (100 uM, 24-48 hours
contact) while 3,4,3-LI(1,2-HOPO) showed removal of 3.8%. The most effec-
tive ligand for Am (100 pM, 24-48 hours contact) was 3,4,3-LI(1,2-HOPO)
showing 14.5% removal while Ca-DTPA removal was about 1.4%. The com-
pound 3,4,3-LI(1,2-HOPO) also removed useful amounts of both Pu and
Am from bone mineral.** These were the first successful demonstrations of
removal of Pu or U from bone mineral with chelating agents in ex vivo or in
vitro systems. Finally, in vitro studies have also investigated actinide removal
from liver cytosol, to address mainly the binding of soluble liver proteins
such as ferritin.* Using the highest concentrations of Ca-DTPA, less than 5%
of the protein-bound Pu was rendered ultrafilterable.®” A ferritin-rich liver
cytosol was prepared from Pu-injected mice and ultrafiltered (100 kDa), with
over 95% of the Pu retained on the filter. Incubation of the Pu-containing
mouse liver cytosol with 3,4,3-L1(1,2-HOPO) (10™* M, 1 hour, 37 °C) removed
50% of the Pu associated with the ferritin peak and 72% of the Pu associated
with the very heavy protein fraction. These results were a dramatic improve-
ment over the 5% Pu removed from dog liver cytosol with 10 M Ca-DTPA.*’
Finally, more recent ex vivo studies have evaluated the decontamination effi-
cacy of calixarene nanoemulsions using transdermal Franz diffusion cells for
24 hours on intact, wounded, and excoriated skins from pig ear contami-
nated with uranyl nitrate.”® Of particular interest in these studies is the devel-
opment of new superficial skin wound models, reproducing superficial cuts
and stings, and mimicking contamination scenarios because of the mechan-
ical injuries commonly encountered in the nuclear industry. Combined with
the absence of toxicology findings, decontamination efficacies of up to 94%
of the U applied to wounded skin were observed.
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6.3.2 Invivo Efficacy Determination

6.3.2.1 Animal Model Selection

Although in vitro and ex vivo screens are certainly a first approach to delin-
eate the potential of new actinide chelating molecules and products, in vivo
studies are ultimately necessary to demonstrate the viability of these agents
and to establish their therapeutic index based on efficacy results as well as
toxicology findings. Live animals must be used in these studies, because the
phenomena investigated (efficacy, function, and toxicity) depend on kinetic
transfers of ligands and metals between and among the several fluid and
cellular compartments of the intact animal in the presence of its homeo-
statically controlled fluid medium. Efficacy should be assessed in more than
one animal species, especially considering the high reliance on biokinetic
models in humans and different mammalian species. A large majority of the
decorporation efficacy studies performed over the past three decades with
new chelating agents such as 3,4,3-LI(1,2-HOPO) 8 were conducted on labora-
tory mice.'”?*?°* Mice are commonly used for metabolic and toxicity studies,
because they are appropriate small-scale acute models for larger mammals.
Mice were used in those studies in part because Pu metabolism and chelate
action had already been studied in that animal,®'® but there were other fac-
tors to consider as well. The animal chosen for the primary investigations
was the young adult female Swiss Webster mouse, an outbred strain of stable
size and docile behavior. The mice were used at 11-15 weeks of age and 30 +
3 g body weight. At that age, the female mouse skeleton is nearly mature, and
the long bones have attained 98% of their maximum length.**’ An animal
model with a mature skeleton more closely resembles a human adult with
respect to the degree and extent of bone remodeling. These are important
considerations in interpreting the results of chelation therapy, as they will
significantly affect the retention of actinides deposited in the skeleton. The
last important advantage, unique to the study of actinide chelators, is the
generation of much smaller amounts of radioactively contaminated wastes.
Unlike the mouse model system, adult rats have slowly but continuously
growing skeletons. This means that the direct comparison of rats to larger
mammals in terms of the efficacy of a chelating agent may be masked by
a decrease in the amount of actinide retained in rat bone, making a chela-
tor tested in rats appear better for the removal of actinides from bone than
it would be when applied to other mammals.” However, because rats are
commonly used in standardized safety pharmacology and toxicology tests,
decorporation efficacy studies may be useful in providing correspondences
to assess therapeutic indices. Work with larger mammals, such as dogs and
baboons, allows a closer approach to human physiology. However, one of the
difficulties in utilizing the non-human primate data as stand-in for humans
is that non-human primates possess an efficient biliary outlet for actinides.
There is no evidence for an efficient biliary outlet for actinides in humans
or dogs. In view of the available literature observations,”®°*% mice, rats,
and dogs have appeared to be the species of choice to pursue decorporation
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efficacy studies with the most advanced programs developing new formula-
tions of DTPA and the new chelating agent 3,4,3-LI(1,2-HOPO).

6.3.2.2 Invivo Decorporation Studies

Decorporation experiments in animals mostly consist in contaminating
animals with radionuclides of interest and subsequently administering the
chelating drug under different treatment regimens. Metabolic balances of
the radionuclides and biodistribution profiles are then established. Decor-
poration efficacy is then based on direct measurement of the elimination
of the radioactive contaminant through feces and/or urine (or exhalation,
as appropriate) at various time points after administration of the decorpo-
ration agent. Residual body burden and specific organ content may also
provide information on the potential internal relocation of the radionuclide
and subsequent toxicity due to concentration. These measurements are in
turn used to calculate changes in whole-body committed radiation dose fol-
lowing product administration. While the endpoints for such experiments
are therefore mostly limited to reduction in whole body burden and com-
mitted radiation, a large number of parameters can be varied, in addition
to the treatment regimen, including the route of contamination, the iso-
topic ratio, and chemical form of the contaminant, or the amount of con-
taminant and the associated radiation dose administered. Various routes of
contamination have been investigated, comprising intravenous injection,
inhalation, and wound simulation through subcutaneous or intramuscular
injections.'®**27* An important difference in these contamination modes is
the unit mass of contaminant deposited in specific tissues such as the lungs
and respiratory tract for inhalation studies. The particular actinide isotopes
chosen for decorporation experiments will depend on the desired indication,
and the chemical form used for the contaminant will also largely affect its
solubility properties and biokinetic distribution. A large number of actinide
decorporation efficacy studies have been performed and reported over the
years.'®1%9279 We have chosen to summarize here the results of only two
recently published series of studies conducted with the new chelating agent
3,4,3-LI(1,2-HOPO)®° 8 and with the DTPA diethyl ester pro-drug C2E2,% 13,
respectively, which are most representative of ongoing efforts to develop
new treatment solutions for actinide contamination and follow well-defined
animal contamination models.
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In an effort to establish a dosing regimen for 3,4,3-LI(1,2-HOPO), a series
of dose-dependent Pu and Am decorporation efficacy studies, spanning a
range of parenteral and oral treatment doses, were carried out in young adult
female Swiss Webster mice intravenously administered (through a warmed
lateral tail vein, 0.43 to 0.74 kBq or 10 to 20 nCi per mouse) soluble ***Pu-
citrate or **'Am-citrate. Both parenteral and oral treatment with 3,4,3-LI(1,2-
HOPO) resulted in dose-dependent elimination rates and total body burden
and distinct tissue content reductions, compared to saline- and DTPA-treated
groups (Figure 6.3). The results of these studies allowed the determination
of an optimal dose level of 3,4,3-LI(1,2-HOPO) for a specific route of treat-
ment administration. The minimum dose levels that produced maximum
decorporation efficacy of soluble ***Pu and **'Am in mice were 1 pmol kg™
ip and 100 pmol kg™ po, and 1 pmol kg™ ip and 200 pmol kg™ po, respec-
tively. These studies also demonstrated that extremely high oral doses of
Ca-DTPA would be needed to reach efficacious decorporation levels observed
at the presumed efficacious level of 200 pmol kg. Finally, following the body
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Figure 6.3 Dose-dependent total body retention of ***Pu and **'Am after paren-
teral or oral treatment with 3,4,3-LI(1,2-HOPO) (squares) and Ca-DTPA
(triangles). Ligands were given to groups of five mice by intraperitoneal
injection (panels a and c) or oral gavage (panels b and d) 1 h after intra-
venous injection of >**Pu-citrate (panels a and b) or **'Am-citrate (pan-
els ¢ and d). Mice were euthanized 24 h after contamination. Adapted
graphical presentation based on data from ref. 69.
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surface area conversion model, an accepted conversion system of animal
doses into human equivalent doses (HED), a 200 pmol kg ™" dose level in mice
corresponds to a 16 umol kg™ human dose, which is well within the safety
range defined through parallel pharmacology and toxicology studies.

The **'Am decorporation efficacy of C2E2 13 was assessed in Beagle dogs
(~13 months of age) exposed to an **'Am aerosol atmosphere for 8 min, with
each dog receiving an average of 111 kBq (3 pCi). Single doses of C2E2 (three
dose levels from 100 to 500 mg kg™') were administered by oral gavage 24 h
after contamination to mimic a realistic treatment delay, resulting in statis-
tically significant increases in **'Am elimination over control and reductions
in liver, kidney and lung **'Am burden in all treatment groups. Urinary excre-
tion of 2*'Am increased in a dose-dependent manner and fecal elimination
showed modest enhancement for three days after treatment before return-
ing to control levels. While no direct comparison with intravenous DTPA was
provided, these efficacy results combined with findings from safety studies
constitute supporting evidence for the promise of this bio-available ester 13.

6.4 Development of Viable Actinide Chelation
Treatments

As detailed above, one of the main requirements for an effective actinide
sequestering agent is its high affinity and selectivity towards metal binding.
While chelation efficacy remains the first parameter to evaluate, effective
actinide chelators need to respond to a series of other criteria including low
toxicity under administration conditions, and preferably high bioavailability
as well as ease of administration, which may be through the oral, transder-
mal or inhalation routes. Finally, feasibility of further development requires
that prospective therapeutics be prepared at low cost on a large and rapid
scale and exhibit long shelf-lives to facilitate the logistics associated with
stockpile maintenance and emergency response. This section summarizes
most current efforts in pursuing the pharmaceutical development of drug
products incorporating chelating agents selected for their respective high
actinide decorporation potential.

6.4.1 Formulation Development

In the context of developing actinide chelating drugs as medical counter-
measures against radiological and nuclear threats for use in emergency
situations, emphasis was laid on routes of administration that allow rapid
distribution to the population, essentially excluding the intravenous route
currently recommended for the sole approved DTPA-based products. Unfor-
tunately, molecules presenting the highest affinity for actinides are com-
monly large molecules, as they must accommodate the larger denticity
requirements to fully coordinate the metal ions. The quest for optimized
thermodynamics therefore conflicts with properties needed for a chelator
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to exert pharmacological effects, such as low molecular weight, appreciable
lipid solubility, and the ability to cross biological membranes (see Chap-
ter 2). Such criteria were taken into account in the design of new chelating
compounds such as the hydroxypyridinone ligands, bisphosphonates, and
calixarene structures. More targeted approaches have been the structural
modification of DTPA or the formulated use of excipients and delivery agents
with existing ligands for enhanced bioavailability.

6.4.1.1 Structural Modifications of DTPA

Charge and hydrophilicity are the main factors of DTPA’s permeability-
limited absorption and resulting poor oral bioavailability (approximately
3%).”® Following methods well established in drug delivery and small mol-
ecule modification, several attempts have been made to increase the lipo-
philicity of DTPA through esterification of carboxylic acid moieties of
DTPA."?° An early lipophilic derivative of DTPA, named “Puchel”, incorpo-
rated two undecanoic acid chains with the specific goal of enhancing intra-
cellular penetration; no actinide-removal efficacy enhancement or toxicity
reduction was observed in vivo, however, in comparison to Ca-DTPA.®” Long
alkane chains were then added to triethylenetetramine hexaacetic acid
(TTHA) 14, a nonadentate analog of DTPA, in studies focusing on oral bio-
availability enhancements.”® Among that series of C,TT compounds (n vary-
ing from 8 to 22 carbons), the C;(TT and C,,TT chelators were found most
effective at reducing ***’Am and **°Pu content in the tissues of contaminated
rats, but were not more effective or less toxic than Ca-DTPA.*°
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More recently, while focusing on bioavailability enhancement, Jay and
coworkers prepared and evaluated a series of DTPA esters for their physi-
co-chemical properties and permeability characteristics.”>''°* The pen-
ta-ethyl and di-ethyl esters of DTPA, referred to as C2E5 and C2E2 13,
respectively, initially emerged as candidates for further development. How-
ever, although C2E5 was shown efficacious in a >**' Am wound-contamination
animal model,'*'* concerns were raised over its hepatotoxicity and poten-
tial to form up to 10 metabolites. On the other hand, C2E2 is still under
investigation as a promising oral chelator for transuranic elements. Recent
studies reported its decorporation efficacy in Beagle dogs, using the **'Am
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nitrate inhalation contamination model (vide supra), and suggested that it is
well tolerated at therapeutic levels.”>'"" Finally, a comprehensive assessment
of the genotoxic potential (including the in vitro bacterial reverse mutation
Ames test, mammalian cell chromosome aberration cytogenetic assay and
an in vivo micronucleus test), indicated that C2E2 is not mutagenic or clasto-
genic. Further efficacy and toxicity studies for C2E2 are ongoing at this time,
making this compound a promising orally available candidate for transura-
nic actinide chelation.

6.4.1.2 Pharmaceutical Approaches

In an effort to improve the pharmacokinetic properties and bioavailability
of DTPA, a number of classical and novel formulation approaches have been
explored. To target the major actinide deposition sites more efficiently and
improve its ability to cross biological membranes, liposome delivery systems
were applied to DTPA.>*'% After intravenous delivery, conventional lipo-
somes and stealth® multilamellar liposomes were found to lengthen the cir-
culation time of DTPA and to increase its distribution specifically in the liver
and in the bones. Dramatic improvements in ***Pu removal from rats were
also noted by Phan and coworkers: a dose of 0.3 pumol kg™ of polyethylene
glycol-coated stealth® liposomes with a mean diameter of 100 nm induced
the same skeletal >**Pu reduction as four injections of DTPA (30 pmol kg™).'*

To enhance oral delivery, Shankar and coworkers developed Zn-DTPA tab-
lets, an oral solid dosage form containing permeation enhancers.'’”'*® Lim-
ited efficacy and safety studies are available for these tablets, however recent
publications reported that daily oral administration at a 1325 mg™" kg™ day™*
level for 7 days was well tolerated in Beagle dogs. In addition, decorpora-
tion efficacy in rats injected with **’Am and treated once with oral tablets
(575 pmol kg™) or intravenous DTPA (30 umol kg ') was comparable.'*”'%®
In a different process developed by the company Nanotherapeutics Inc.,
nano-particulate aggregates of DTPA and zinc acetate were encapsulated
within entero-coated capsules providing the most advanced oral delivery
product for DTPA, NanoDTPA®.'>''° Under this form, DTPA displayed sig-
nificantly improved bioavailability in dogs and promoted as much **'Am
removal as intravenous DTPA.'*

Because inhalation is considered the most likely route of contamina-
tion, targeting the actinide particles deposited in the lungs has also been
an active area of research. Efforts to aerosolize Ca-DTPA either as a pow-
der or as a nebulized solution provided thorough characterizations of the
resulting particles and droplets.'’ In parallel, the French military complex
produced a micronized dry powder of DTPA, of which only 3% deposited in
the alveolar region of the lungs when inhaled through a dry powder inhaler
(Spinhaler®).'*? In spite of such low aerosolization performance, this prod-
uct is currently available in France for emergency administration to nuclear
workers exposed to Pu. In more recent studies, porous particles were pre-
pared by spray-drying DTPA in a mixture of ethanol and water together with
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excipient dipalmitoylphosphatidylcholine and ammonium bicarbonate.
Optimization of the spray-drying conditions resulted in about 56% of the
powder deposited in the lungs and 27% in the alveoli upon inhalation.'"?
Administration of this powder to rats contaminated with inhaled, poorly sol-
uble Pu oxide aerosols promoted as much plutonium removal as intravenous
DTPA,""* warranting further safety and efficacy studies that would confirm
the viability of this new formulation as an emergency treatment.

It is interesting to note that other molecules have been the subjects of
pharmaceutical development work. The sodium salt of alendronic acid 15,
a diphosphonate chelator that acts as a specific inhibitor of osteoclast-me-
diated bone resorption, has been formulated into nanoparticles to be spray-
dried and mixed with lactose for lung delivery.'*> Although not yet tested for
efficacy, the pharmacokinetic profile of the resulting product is promising, as
the molecule crosses the pulmonary barrier rapidly and 34% of the inhaled
powder was found in the lungs of healthy human volunteers. Other chelating
structures based on the calixarene architecture have been the focus of formu-
lation development efforts for skin decontamination: most notably, Fattal
and coworkers, in collaboration with the French Institute for Radiological
Protection and Nuclear Safety, recently produced an oil-in-water nanoemul-
sion containing p-tert-butylcalix[6]arene 16 together with nonionic surfac-
tants.® This particular emulsion was shown to induce a 98% decrease in U
transcutaneous diffusion on pig ear skin contaminated with uranyl nitrate.*®
A more viscous mixture of this nanoemulsion containing a hydrogel sub-
sequently displayed similar U binding properties and was deemed more
suitable for skin applications.'*®
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6.4.2 Safety Determination and Regulatory Approval

Clearly, as summarized above, the past few decades have seen a resurgence
in scientific interest for the development of new molecules and formulated
products of existing compounds as actinide chelation therapeutics. However,
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the path from research discovery to commercialization and availability to the
patient is long and arduous, especially for such new drug products; due to
the inherently rare nature of the contamination threat, radionuclide decor-
poration agents are predominantly produced for Government stockpiles,
they have limited marketability and will not benefit from the expertise and
machinery of large pharmaceutical corporations. Fortunately, international
organizations such as the International Council for Harmonisation of Tech-
nical Requirements for Pharmaceuticals for Human Use (ICH) and regula-
tory authorities such as the FDA in the United States provide a number of
guidelines and documents discussing the scientific and technical aspects
of drug registration and providing well-defined development criteria and
milestones.

6.4.2.1 The Animal Rule

Actinide chelating agents are categorized as medical countermeasures,
which are the drugs, vaccines, and medical devices that are needed to
respond to a public health emergency, including products to prevent and
respond to anthrax, smallpox, radiological/nuclear agents, pandemic influ-
enza and other emerging diseases.” For such products, well-controlled effi-
cacy studies in humans cannot be ethically conducted because the studies
would involve administering a potentially lethal or permanently disabling
toxic substance or organism to healthy human volunteers. It is for example
not feasible or ethical to perform controlled clinical trials in which humans
are purposely exposed to radionuclides such as isotopes of Pu, Am, Cm, Np
and U. To address this issue, in May 2002 the FDA promulgated a rule allow-
ing for approval of new drug products based on animal data.'’” The intent
of this “Animal Efficacy Rule” was to facilitate the development of medi-
cal countermeasures against chemical, biological, nuclear, or radiological
threats, including new actinide decorporation treatment strategies. It indi-
cates that the FDA will rely on the evidence from the studies in animals to
provide substantial evidence of the effectiveness of the proposed new agent
when: (i) there is a reasonably well-understood pathophysiological mecha-
nism of the toxicity of the substance and its prevention or substantial reduc-
tion by the product; (ii) the effect is demonstrated in more than one animal
species expected to react with a response predictive for humans, unless the
effect is demonstrated in a single animal species that represents a sufficiently
well-characterized animal model for predicting the response in humans; (iii)
the animal study endpoint is clearly related to the desired benefit in humans,
generally the enhancement of survival or prevention of major morbidity;
and (iv) the data or information on the pharmacokinetics and pharmaco-
dynamics of the product or other relevant data or information, in animals
and humans, allows selection of an effective dose in humans. Additional
guidelines specific to the development of new decorporation agents under
the Animal Rule are found in other FDA guidance documents and must also
be taken into consideration throughout the development of new chelating
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products.''® Finally, in addition to meeting the criteria under the Animal Effi-
cacy Rule, general essential elements required for the animal models to be
used in studies to support efficacy are presented in Table 6.2.

Although specific to drug development and regulatory approval in the U.S.,
these guidelines have been adapted and are valid in other countries, espe-
cially in the European Union, under a harmonization effort. Below is a brief
summary of a typical sequence of requisite nonclinical and clinical studies
that will support regulatory approval of a new radionuclide decorporation
countermeasure.

- Tests of effectiveness in vitro, including solution thermodynamics
and kinetics of complexation of the targeted element by the proposed
substance.

- Assay development and validation, standard for most new chemical
entities, including manufacturing, purification, and characterization
methods.

- Preliminary or exploratory animal efficacy studies, typically in rodents
or other suitable small animal model, following methods such as those
described above.

- Animal safety pharmacology studies to investigate potential unde-
sirable pharmacodynamics effects on physiological functions and to

Table 6.2 Essential characterization elements for the selection and justification of
animal models under the Animal Efficacy Rule.

A. Characteristics of the etiologic agent:
. The challenge agent
. Pathogenic determinants
. Route of exposure
. Quantification of exposure
B. Host susceptibility and response to the etiologic agent
C. Natural history of the disease:
1. Time to onset of disease
. Time course of progression of disease
. Manifestations (signs and symptoms)
D. Trigger for intervention
E. Characterization of the medical intervention:
. Product class
. Mechanism of action
. Invitro activity
. Activity in disease of similar pathophysiology
. PK in unaffected animals/humans
. PK in affected animals/humans
. PK interactions with medical products likely to be used concomitantly
. Synergy or antagonism of medical products likely to be used in combination
E Design considerations for the efficacy studies:
. Endpoints
. Timing of intervention
. Route of administration
. Dosing regimen

\S) W N =

w

O N O Uk WN -

=W N =
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assess effects on the cardiovascular, central nervous, pulmonary, and
renal systems before first administration in humans.

- Animal toxicology studies should include at a minimum (i) expanded
single- and repeat-dose toxicity studies in two mammalian species (one
non-rodent), with the duration of the repeat-dose toxicity studies equal
to or exceeding the duration of the intended treatment in humans; (ii)
genotoxicity studies in vitro and in vivo.

- Single-dose, dose escalation, safety, and tolerability studies in humans
(initial first inhuman studies), using doses supported by animal data.

- Pivotal efficacy studies supporting approval conducted in the most
appropriate animal species; the animal species selected should be simi-
lar to humans with respect to the pharmacokinetic profile of the decor-
poration agent and the distribution of the radioactive contaminant.

- Definitive safety studies in humans; these studies should be conducted
at the highest dose anticipated to be marketed and be performed in
parallel with the animal efficacy study or studies intended to support
approval, assuming the product is reasonably likely to produce clinical
benefits in humans.

Along this sequence are specific milestones such as (i) the Investigational
New Drug (IND) stage that indicates an initial review of nonclinical data by
the FDA and a permission to proceed with first-in-human clinical studies;
(ii) the Orphan Drug (OD) designation that grants special status to a drug
to treat a rare disease or condition upon request of a sponsor; and the final
New Drug Application (NDA) submission, which is the vehicle through which
drug sponsors formally propose that the FDA approve a new pharmaceutical
for sale and marketing in the U.S.

6.4.2.2 Current Status of Existing Actinide Chelation Products

As stated earlier, Ca-DTPA and Zn-DTPA solutions have officially been
approved for intravenous and inhalation use in the U.S. since 2004.>' How-
ever, they had already been stockpiled for different governmental agencies
such as the U.S. Departments of Energy and Defense and used in contami-
nated workers. DTPA-based products, including the micronized dry-powder
inhalation product have also been available and used for years in European
and Asian countries, especially in France, where there is a significant at-risk
population due to the heavy reliance on nuclear power. The regulatory
approval of DTPA by the FDA was therefore mostly grandfathered in based on
a large database of human use assembled by the Radiation Emergency Assis-
tance Center/Training Site (REAC/TS) and reviewed by the FDA itself.'* There
is currently no new approved product for an actinide decorporation agent
that was approved through the newly implemented Animal Rule develop-
ment path. With the help and great interest from the Department of Health
and Human Services in the U.S. as well as from other public institutions such
as the Atomic Energy and Alternative Energies Commission and Institute for
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Radiological Protection and Nuclear Safety in France, Public Health England
in the United Kingdom, or Atomic Energy Of Canada Limited in Canada, new
products have now embarked on the regulatory approval route.

Among the different drugs and products listed in the different sections of
this chapter are some remarkably advanced projects aiming to provide new
chelating options:

In 2011, Nanotherapeutics Inc. obtained the FDA orphan-drug status for
NanoDTPA™ capsules to treat radiation exposure. Most recent published
reports from this company provide encouraging americium decorporation
efficacy data and indicate that nonclinical studies are still ongoing. The C2E2
DTPA 13 pro-drug developed by Jay and coworkers at the University of North
Carolina and the DTPA oral tablet developed by Shankar and colleagues at
SRI International have both undergone substantial safety and efficacy test-
ing, with projected submissions of IND applications in the mid-2010’s. The
most advanced program is that of an oral product of the new decorporation
agent 3,4,3-LI(1,2-HOPO) 8 led by the Lawrence Berkeley National Labora-
tory. Based on extensive nonclinical safety and efficacy data in three animal
species, mice, rats, and dogs, the IND status was formally provided by the
FDA in the summer of 2014, with first-in-human safety studies currently
under preparation.

Although undeniable progress has been made in the development of seques-
tering agents for actinide decorporation since the identification of potential
health hazards from those radionuclides in the 1950’s, only one molecule,
DTPA, has been used internationally and officially approved for distribution,
with significant limitations such as potential nephrotoxicity, reduced decorpo-
ration efficacy, and cumbersome recommended use of intravenous injections.
Several formulations for oral and inhalation use of DTPA have been pursued
with promising prospects. In parallel, only one other ligand, 3,4,3-LI(1,2-
HOPO), has been developed far enough to warrant hopes for availability in the
next decade. There is therefore still a pressing need for new chelating mole-
cules as well as advanced studies that will complete the existing research and
development efforts. Beyond mere approval of new drug products, one needs
to be able to define a reasonable treatment regimen, a challenging task when
relying solely on animal data, in an accident scenario where a large popula-
tion would be exposed to different isotopes, at different contamination levels,
through different routes, and at different times.

Abbreviations

BAL  British anti-Lewisite (dimercaprol)
CAM functionalized catecholamides

DTPA Diethylenetriaminepentaacetic acid
EDTA Ethylenediaminetetraacetic acid
EHBP Ethane-1-hydroxy-1,1-bisphosphonate
FDA  (US) Federal Drug administration
HED Human Equivalent Dose
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HOPO hydroxypyridone

ICRP International Commission on Radiological Protection
NRCP (US) National Council on Radiation Protection and
Measurements
REAC/TS Radiation Emergency Assistance Center/Training Site
TTHA Triethylenetetramine hexaacetic acid
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