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Introduction

For the purpose of this chapter, large animal models of efficacy are defined as all non-rodent
species. However, this chapter will focus specifically on non-human primate and swine models.
Other models utilizing the canine and ferret have been reported, but have not gained
widespread acceptance [1].We will focus on the acute (acute radiation syndrome, ARS) and
delayed (delayed effects of acute radiation exposure, DEARE) effect of radiation exposure. In
this chapter we have provided a non-exhaustive list of references meant only to introduce the
student to the available literature.

FDA Animal Rule and Animal Rule Guidance

Use of animal efficacy models is mandated by the Food and Drug Administration’s (FDA) Animal
Rule, issued in 2002 [2]. The FDA was clear when the rule is applicable: “This final rule provides
for approval of certain new drug and biological products based on animal data when adequate
and well-controlled efficacy 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 and field trials are not feasible prior to
approval. The FDA defined how such animal efficacy was to be determined: “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 (meaning the model has been adequately
evaluated for its responsiveness) for predicting the response in humans.” [2] The rule took
about a decade to effectively implement but recent years have seen improved usage [3].

In October 2015 the FDA issued a related guidance which detailed what was meant by the
Animal Rule [4]. The FDA was clear in this non-binding guidance that an important
consideration was the appropriateness of the animal model: “The Animal Rule specifies that the
choice of species for the adequate and well-controlled efficacy studies must be appropriate
with regard to the disease or condition of interest and the investigational drug [5]. There is no
requirement for the use of a specific species. For each animal species selected by sponsors, the
sponsors should provide scientific justification that the animal species exhibits key
characteristics of the human disease or condition when the animal is exposed to the challenge
agent [6]. “In addition, the species should be selected based on an understanding of the drug’s
mechanism of action, such that the drug’s effect in the animal species is expected to be
predictive of its effect in humans, and to allow extrapolation from the animal data to the
selection of an effective dose and regimen for humans” [4].

While it is clear the Animal Rule does not mandate a large animal efficacy model, it is also
evident the FDA will be determining adequate demonstration of efficacy on a case-by-case
basis: “Generally, the efficacy of the drug should be demonstrated in more than one animal
species expected to react with a response predictive for humans. In certain circumstances,
studies in more than two species may be necessary to model the relevant aspects of the human
disease or condition and response to the investigational drug” [4].
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The FDA has issued news announcements regarding 12 products approved under the Animal
Rule [7, 8]:

March 18, 2016: FDA approves new treatment for inhalation anthrax (Anthim)

November 23, 2015: FDA approves vaccine for use after known or suspected anthrax exposure
(BioThrax)

November 13, 2015: FDA approves new indication for use of Neulasta (pegfilgrastim) to treat
adult and pediatric patients at risk of developing myelosuppression after a radiological/nuclear
incident

May 8, 2015: FDA approves additional antibacterial treatment for plague (Avelox)

March 30, 2015: FDA approves Neupogen® for treatment of patients with radiation-induced
myelosuppression following a radiological/nuclear incident

March 25, 2015: FDA approves treatment for inhalation anthrax (Anthrasil, Anthrax Immune
Globulin Intravenous (Human))

February 2, 2015: Ciprofloxacin - supplemental NDA approved to add indication for treatment
and prophylaxis of plague due to Yersinia pestis in adults and pediatric patients

March 22, 2013: FDA approves first Botulism Antitoxin for use in neutralizing all seven known
botulinum nerve toxin serotypes

December 12, 2012: FDA approves raxibacumab to treat inhalational anthrax

April 27, 2012: FDA approves new antibacterial treatment for plague (levofloxacin)

December 15, 2006: FDA approves drug to treat cyanide poisoning (Cyanokit)

February 5, 2003: FDA approves pyridostigmine bromide as pretreatment against nerve gas

In all cases a large animal model was used in the demonstration of efficacy. We postulate a
continued reliance on at least one large animal model for future Animal Rule approvals. An
understanding of large animal models is thus relevant to Animal Rule drug and biologic
development.

It should be noted there has been research into replacement technologies for the Animal Rule
[9]. Since the Animal Rule emphasizes survival as the critical measure of benefit, “the animal
study endpoint is clearly related to the desired benefit in humans, generally the enhancement
of survival or prevention of major morbidity”. Animal Rule radiation studies often deal in death
— both in treated and control populations. Alternatives to animal testing are attractive. These
include in silico, in vitro, and ex vivo (e.g., organ on a chip) [9, 10]. However, the technologies
need to be fully developed, qualified, and then accepted by the FDA before sponsors will be
able to use them as a basis for drug approval.

Large Animal Models and the Acute Radiation Syndrome (ARS)

Available large animal models include non-human primates, swine, and canines. Other models
have been reported, such as ferrets, but have not been widely used [1]. In selecting a large
animal model, a sponsor should place emphasis on the FDA admonition: “provide scientific
justification that the animal species exhibits key characteristics of the human disease or
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condition when the animal is exposed to the challenge agent” [4]. Exposure to a high level of
radiation arising from a nuclear detonation (the challenge agent) leads to acute (acute radiation
syndrome, ARS), delayed (delayed effects of acute radiation exposure, DEARE) and long term
effects [11-13], encompassing all organs and processes in the body. In such a complex biological
reaction, one must tailor the animal model to the specific radiation subsyndrome one wishes to
address.

Some of the large animal species which have been reported in the literature are listed in Table
1. Rhesus macaques have been used extensively for hematopoietic, lung, and gastro-intestinal

studies (see, for example, references 14-19).

Table 1. Large Animal Species and Typical Use

Species Typical Use

Rhesus Macaque Non Human Primate Hematopoietic, Gastro-intestinal, Lung

Cynomolgus Macaque Non-Human Hematopoietic

Primate

Beagle Dog Hematopoietic

Hematopoietic, Gastro-intestinal, Skin; Lung;
vascular injury or coagulopathy

Gottingen Minipig

Sinclair Miniature Swine Skin (cutaneous radiation injury)

Yucatan Miniature Swine Skin (cutaneous radiation injury)

Hanford Miniature Swine Skin (cutaneous radiation injury)

Micro-Yucatan Minipig Skin (cutaneous radiation injury)

Yorkshire Swine Skin (cutaneous radiation injury)

The FDA is most familiar with the Rhesus radiation injury model and efficacy data in the Rhesus
supported approval of Neupogen and Neulasta for treatment of patients with radiation-induced
myelosuppression [20]. Although Cynomolgus monkeys have not been widely reported, they
offer the practical advantages of lower cost and greater availability. These advantages accrue
because Cynos are widely used in large molecule toxicology and safety pharmacology studies
[21]. The major disadvantage of Cynos is the lack of a comprehensive scientific literature which
demonstrates their radiation injury relevance to humans. Although it is anticipated they will
respond in a manner similar to Rhesus, this has not been shown.

Table 2. Comparison of Large Animal Attributes

Typical Approximate | Current Radiation
Model Weight Acquisition | Domestic | Availability Sensitivity,
(Male; Kg) Cost () Breeding LD50, TBI

Rhesus 7 2750 No Constrained 7
Cynomolgus 5 1500 No Good Not reported

Géttingen 15 1300 Yes Single 2

Supplier

Yucatan 30 1300 Yes Excellent Not reported

4|Page




Sinclair 20 1300 Yes Excellent Not reported
Micro 20 1300 Yes Excellent Not reported
Yucatan
Yorkshire 40 1300 Yes Excellent Not Reported
Hanford 40 1300 Yes Excellent Not reported
Beagle 12 750 Yes Excellent 2-4

The popularity of the minipig in pharmacology, and pharmacokinetic and toxicology safety
evaluation studies has increased rapidly in recent years [22]. Pigs are exceptionally well suited
for skin studies, as porcine and human skin share critical macro- and microscopic features [23].
Both have a relatively sparse hair coat, and comparable vasculature, lipid composition,
biophysical properties, epidermal turnover kinetics, collagen and elastic fibers. Due to these
similarities, the pig is an accepted standard model for studies on wound healing, burn lesions
and reconstructive surgeries. Furthermore, the minipig has become a standard animal model in
dermal toxicity studies submitted to the FDA [24].

Williams et al noted [1]: “The pig is widely used as a large animal model to study the skin effects
of radiation exposure. The FDA often encourages experiments in the porcine model in support
of the approval of an IND package for dermatological agents”. Use of swine in full body
(hematopoietic, h-ARS) and organ-specific studies (e.g., gastrointestinal, GI-ARS) have been
reported [25-32]. In an inter-laboratory comparison the mini-pig has been shown to be a
reproducible model [33].

Subsyndrome Challenges

A reasonably well-accepted Rhesus model of hematopoietic ARS has been developed [1, 34-35]
under a full supportive care regimen. Additionally, an h-ARS model in Gottingen mini-pigs under
no, or minimal supportive care has appeared in the literature [30]. Both Rhesus and minpig
models are described for GI-ARS [30, 36], including a bone marrow sparing model in Rhesus
developed by MacVittie [17]. However, competing models are under development, with
differing levels of bone marrow sparing [37-40]. It is always important to emphasize the
appropriateness of the model as it translates to the human and to an actual incident. It is not
clear if a single model for a radiation subsyndrome will ever become the definitive or “gold
standard” model because medical countermeasures (MCMs) usually work in different ways
(mechanism of action), which implies different probes or models. This concept is emphasized
when biomarker are considered.

The armamentarium of available large animal radiation models becomes more sparse as one
moves beyond hematopoietic, gastrointestinal, lung and skin. Models for the central nervous
system and other internal organs are particularly lacking. Well-characterized models for
thrombocytopenia, vascular leakage and coagulopathy are also missing. One may safely say
that numerous challenges in large animal model development remain.
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Delayed versus Acute Effects: Animal Rule Implications

The animal rule requires demonstration of “enhancement of survival or prevention of major
morbidity” [2]. Satisfying this requirement is straightforward, if not easy, for subsyndromes
such as hematopoietic, gastrointestinal, and lung where lethality studies can be conveniently
designed. For other subsyndromes such as cutaneous radiation injury the situation is murkier.
Death is not a likely outcome and major morbidity is not well-defined. As always, sponsors
should engage the FDA in discussions regarding the appropriateness of an animal model.

Lethality studies, by themselves, are not particularly informative. Secondary measures of
efficacy are desirable. Secondary measures have the added benefit of contributing to one’s
understanding of the MCM’s mechanism of action. The Animal Rule requires a “reasonably well
understood pathophysiological mechanism of the toxicity of the substance [i.e., ionizing
radiation exposure] and its prevention or substantial reduction by the product” [2]. Thus the
challenge is to understand the radiobiology of high level radiation injury at a molecular level
and then to demonstrate how the MCM candidate interrupts and repairs the relevant
biochemical cascade. Since the relevant large animal radiation models are typically limited to
non-human primates and swine, it is important to develop a detailed understanding of the
physiology of those two species. Translating to the human is critical for Animal Rule approval. In
certain cases, species specificity has prevented a straightforward link between animals and man
[41].

Supportive care and large animal models

Supportive care for animals in a radiation study has varied considerably. We will briefly consider
three levels of supportive care: none, standard, and full.

Some practitioners have developed study protocols without the provision of supportive care
[see, for example, 42]. The impetus behind this practice seems to be the notion that in a mass
casualty incident there will initially be a lack of medical supplies. As such, an ARS MCM must by
itself maintain health or affect some degree of recovery. Thus, in testing an MCM candidate,
the most relevant scenario is one in which the drug must act alone. In addition, demonstrating
that an MCM candidate can provide benefit without the need for ancillary treatments is a most
compelling argument in favor of the MCM’s value. A key consideration in developing a study
protocol which doesn’t provide supportive care is ensuring that the animals do not suffer. We
will address euthanasia criteria in a separate section of this chapter.

Many practitioners prefer a supportive care approach in which standard antibiotics,
antidiarrheals, analgesics, and antiemetics are administered [1, 47]. The logic in this case is that
these medicines are readily available both in health facilities and pharmacies throughout the
country and also in the Strategic National Stockpile (a series of medical warehouses
administered by the Centers for Disease Control [43, 44]. In an optimal incident scenario, both

6|Page



MCMs and standard supportive care supplies will be available to first responders as they treat
victims.

Finally, some MCM developers have used a full supportive care regimen [15-19]. In this case
blood products are also administered. In full supportive care studies, treatment is generally
administered on an as-needed basis. Such a protocol is reflective of the care one would expect
to be given to the human victims of an incident, once logistical aspects of the medical response
have caught up with the demand [45]. One problem with a full supportive care protocol is that
the treatment varies from animal to animal, depending on medical need. A variable protocol
can be a confounder when one is trying to demonstrate improvement of a new MCM candidate
and may require a higher number of animals on study to control for variability. In addition, the
start of full supportive care such as blood transfusions in an animal study may not accurately
represent when such treatments would be available in an actual incident. There is some
literature indicating that MCMs which are efficacious with full supportive care may not provide
the same benefit in the absence of such supportive care [14, 15, 42].

Regardless of the level of supportive care, we recommend a fixed protocol. That is, whatever
level of supportive care provided (e.g., analgesics, antibiotics, antiemetics and antidiarrheals,
blood products) should be administered to all animals regardless of indication at the same time
in the same amount. If supportive care is to be provided based on observation, then once a
single subject requires treatment then all study subjects receive the same treatment at the
same time. We contend that it is most important to remove known variables in a study
protocol. We propose that potentially deleterious effects of unnecessary supportive care are
minimal compared to the confounder of variable treatment. Such treatment can lead to
guestions such as: did the MCM provide benefit or did supportive care? Would the MCM work
in the absence of supportive care or with less supportive care? Large animal studies tend to
employ a minimal number of animals (see the section on statistics in this chapter) and
statistical proof of benefit can often depend on the outcome of only a few study subjects. In
such a tenuous circumstance we believe that it is imperative to be as rigorous as possible.

Euthanasia Criteria

There is conflict between adequately powering a study and the cost in doing so. In almost all
cases, the number of animals used in a study will be the minimum necessary to deliver a
credible outcome [46]. Thus, it is important to ensure that each animal, whether a survivor or a
non-survivor, exhibits an outcome free from unintended human interference. However, there is
an important and immense obligation on the part of the study institution to ensure that study
subjects do not suffer needlessly. The situation is difficult since in many radiation studies, the
majority of animals will approach a nadir from which recovery appears unlikely. Nevertheless,
in a well designed radiation study, the targeted percentage of survivors (in a control group) can
be achieved.

One key to removing inappropriate human intervention as an confounder in radiation lethality
studies is to render all euthanasia criteria as objective as possible. Some measures of health,
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such as weight loss and body temperature are easily determined. Other criteria, such as distress
(pain), are less well-defined. In addition to cross-training all study personnel (veterinary staff)
who will be rendering euthanasia decisions, we recommend a step-wise approach to pain
management. We base this recommendation on the concept that differences in pain are easier
to assess than absolute pain levels. Under this approach, if an animal is observed to be in
distress we recommend administration of an analgesic and observation again within a few
hours. If no improvement is evident a second, higher dose of the analgesic is given. Again, after
an appropriate interval, the animal is observed. If there is still no change in the “soft signs” of
distress then the animal may be euthanized per written (e.g., standard operation procedure)
criteria.

Dose Optimization

Optimization of the administered candidate MCM dose entails several considerations. These
include the dose level, the initiation, frequency and length of dosing, and the route of
administration. Adequately addressing all these topics can require several studies, at a
considerable cost. Many of these parameters can be determined in a small animal model and
then applied to a large animal model using allometric extrapolations [47-49]. This approach is
less expensive and time consuming. However, it is advisable to perform at least some
confirmatory studies in the large animal model itself.

Usually the route of MCM administration can be determined early on in the drug development
process. The route of administration is often mandated by the drug formulation. As a practical
matter, if the MCM is to be used at or near the incident site immediately after the event, then
an easily performed route is preferred. Such routes include intramuscular, subcutaneous, nasal,
sublingual, and oral. Dose level (amount of drug administered) can be estimated from small
animal work but it is recommended that at least three dose levels be subject to additional
testing in a large animal model. The range of dose levels should encompass at least an order of
magnitude.

Initiation of candidate MCM dosing, frequency of dosing, and length (duration) of dosing are
intimately intertwined and studies to determine optimal values must be carefully designed. We
recommend a design of experiments (DOE) approach to this multi-factorial problem [50-52]. A
judicious approach in applying DOE principals is required. The DOE formalism arose in the
engineering realm in which animal issues were not involved. As always in animal research, one
must carefully balance statistical validity and animal use limitations.

An additional parameter to be evaluated is the radiation dose level. In this chapter we will not
address issues such as the quality of the radiation (e.g., linear accelerator vs. radioisotope
source) or radiation dose rate. However, the total radiation dose administered is a parameter
which requires investigation. All MCMs will have a characteristic range of exposures over which
their use will be of benefit. This therapeutic range will vary by MCM and by the ARS
subsyndrome. It is important to understand this parameter as it will inform real-world use after
an incident. For total body irradiations (e.g. hematopoietic ARS) we recommend at least three
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radiation doses, equally spaced in the linear portion of the S-shaped lethality curve. That is,
LD30, LD50, and LD70. Good data at these three points will allow calculation of the dose
modification factor (DMF), which is a commonly used measure of treatment merit [53]. Once
again, the interplay between statistical validity, budget, and animal use will influence the study
design.

Statistics

Powering of animal efficacy studies is a controversial topic, however evaluation of a candidate
MCM under a well powered study design is critical to appropriately demonstrating efficacy.
Depending on the level of survival or symptom improvement expected this may require 40 or
more animals in each study group [47, 50]. When one adds in non-pivotal studies which
investigate the effects of (1) radiation dose, (2) amount of drug administered, (3)
administration schedule and (4) supportive care regimen then several hundred animals may be
required. The expense of such studies often leads to compromises in study design. To the
extent possible it is desirable to use a homogeneous cohort. Controlling for variables such as
differences in weight, age, health, history and genetic makeup can support the use of fewer
animals. As mentioned elsewhere a fixed protocol which provides the same supportive care to
all animals also helps to reduce variability, improving the chances of a definitive study outcome.

Additional Testing

Phase IV (post marketing) commitments are to be expected for radiation MCMs [54]. It is
anticipated these studies will often employ large animal models. Such studies will certainly
include drug-drug interactions. For example, since Neupogen is now stocked in the SNS, it is
reasonable to presume that any follow-on radiation MCMs will need to be tested in a subject
cohort similarly treated with Neupogen.

Special populations (at risk individuals) have been a top concern of the Office of the Assistant
Secretary for Preparedness and Response [55]. Indeed, the Secretary may give priority to
development of qualified MCMs that are likely to be safe and effective with respect to children,
pregnant women, elderly, and other at-risk individuals [56]. Thus, one should anticipate having
to eventually deal with the problem of creating and using a pediatric large animal model.

Natural History

As indicated previously, we will not address in detail the long-term effects of acute radiation
exposure. Extensive work has been done to understand the long-term effects of lower levels of
radiation exposure in beagle dogs [57]. These early studies were focused on potential radiation
exposure due to fall out after a nuclear detonation, rather than that due to an acute exposure.
For example, continuous gamma ray exposure from a cobalt-60 source at Argonne National
Laboratory in 1968 used a maximum dose rate of 26¢cGy/day [57, page 172]. Currently, most
NHP acute radiation studies are conducted with a dose rate of 60-80 cGy/minute. That is, most
current radiation work is aimed at understanding the effect of a dose from prompt gamma
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emission. Thus, a full understanding of the natural history of an acute radiation exposure of
several Gray due to gamma rays in a large animal model has not been performed [58]. Such a
study represents a major opportunity and a major challenge, particularly since such a study in
non-human primates could conceivably last three decades. In order to adequately perform such
a study an expensive, lengthy commitment by the US Government would be required.

Government Priorities

The Pandemic and All-Hazards Preparedness Act of 2006, which created the Biomedical
Advanced Research and Development Authority (BARDA), specified that among the duties of
advanced research, development, and procurement of qualified medical countermeasures was
the design and development of tests or models, including animal models [59]. In 2011 BARDA
established a Nonclinical Development Network and facilitate development and qualification of
animal models [60]. The National Institutes of Health (NIH) maintains a similar capability [61]
and recently awarded a new five year contract [62]. Thus, there is continued interest at both
BARDA and NIH in supporting animal efficacy models related to radiation exposure.

These networks can develop well-characterized animal models which can then be used by MCM
developers. Ideally, since such a government-developed model is well understood, the model
itself will not be a subject of concern when submissions are made to the FDA. However, as
mentioned above, animal models may or may not generalize from one MCM candidate to
another. It is important to determine early in the drug development process whether an
existing model is applicable for a new MCM candidate. If not, then a sponsor may need to
approach the government regarding funding to support a new or revised model. As we have
mentioned, the only two widely used models are non-human primates and swine. Importantly,
there are still numerous variables related to these two general models which could significantly
affect the adequacy and appropriateness of a specific model.

Concept of Operations (CONOPS)

The government has given considerable thought to the response to a nuclear incident [63]. This
analysis explicitly acknowledges that many resources will not be available in sufficient amounts
during the first hours and days following an incident. MCMs may be used without supportive
care and standard supportive care may be given without MCMs. Thus, CONOPS has a bearing
on large animal models in that the details of the model will vary depending on where and when
the MCM will be employed. Some MCMs may be used at or near the incident site in the first
few days after the detonation. Such “field use” [64-66] MCMs will need to have certain
characteristics. These include a good therapeutic index (safe to use in individuals who did not
actually receive a significant radiation dose), ease of administration (both route and
preparation), facile deployment (light with small footprint; stable for an extended period at
elevated temperatures such as those of a hot summer day), and affordable (several hundred
thousand units may be needed). For field use MCMs, a large animal protocol can accommodate
the beginning of drug treatment as soon as 24 hours post-radiation exposure. Field use MCMs
will likely be administered to most anyone who meets minimal diagnostics (location when blast
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occurred, prodomal symptoms). Thus, efficacy will need to be demonstrated over a wide range
of radiation exposures, perhaps one to ten Gray.

In contrast, MCMs which are targeted to administration in a medical facility will need a
different set of attributes. The most challenging characteristic will be the ability to demonstrate
efficacy starting at four (or so) days post-exposure and continued efficacy if the first dose is not
administered for up to 7 to 14 days. This requirement is extremely challenging from a medical
perspective, since some subsyndromes of ARS (hematopoietic, gastrointestinal) will begin
exhibiting serious, if not life threatening, outcomes in that same time frame [64]. Other
requirements are relaxed, compared to field use. For example, the drug may be more difficult
to administer (e.g., slow infusion), require cold temperature storage and lengthy preparation
before use. The drug may also be more costly since fewer units will be needed. It is presumed
that within several days the biodosimetry diagnostics currently under development will come to
fruition and that the exposures of most patients will be known [67-69]. This will serve to
accurately select patients who are in need of additional treatment. The “definitive care” MCM
can also be used in conjunction with ancillaries not available in quantity at the incident site such
as blood transfusions. In designing large animal radiation models for definitive care products
one will need to demonstrate efficacy with much delayed drug administration. However, a full
supportive care plan can and should be part of the protocol design.

Summary

In this chapter we have endeavored to highlight the complexity of developing and using a large
animal efficacy model of acute radiation exposure. Because the Animal Rule is a relatively new
regulatory pathway there are few well-characterized models. Even the best developed models
have limitations and are subject to controversy regarding some of their attributes. A
practitioner in this area usually has the dual challenge of satisfying the FDA and the government
funding agencies. Nevertheless, the need for approved MCMs is great. In 2010, President
Barack Obama warned that “nuclear terrorism is the gravest threat to global security” [70]. And
just this year the President stated that the prospect of Isis or other terrorists getting hold of a
nuclear bomb is among the most serious threats faced by the world [71]. We concur with these
thoughts and encourage additional development of useful large animal models for acute
radiation exposure.
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