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Presenter
Presentation Notes
Hello and welcome. My name is Erika Davies and I’m a program officer in the radiological and nuclear countermeasures branch in the CBRN division of BARDA.  Today, we will be discussing our approach to the development of nonclinical models of total body irradiation, necessary for natural history assessment and subsequent medical countermeasure development.
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The effects of radiation on the body have been described by organ specific damage to the body, such as Hematopoietic acute radiation syndrome (which I will refer to as ARS), GI-ARS and Lung-ARS.  The different radiosensitivities of these organs result from differences in cellular composition and proliferation; many pathways in cell cycle are disrupted by ionizing particles, thus enhancing the damage in rapidly dividing cells. Because of these different radiosensitivities, dose and organ specific models were developed in order to focus the acute radiation syndrome in target organs. Hematopoietic ARS has been studied in Total Body Irradiation doses,  In order to yield the pathologies associated with GI (and other organ specific) acute radiation syndrome, bone marrow sparing and/or targeted organ irradiation have been implemented to prevent animals from succumbing to hematopoietic injury.  While these targeted models are essential for biomarker studies, with utility in proof of concept studies, they do not reflect the modeling done in event planning, which assumes total body irradiation. During the acute phase of total body irradiation, most organs are damaged, but do not yield lethal pathology. Furthermore, BARDA has found evidence of systemic damage, even in shielded models. For example, bone marrow cytopenias in the sternum have been observed following hemi-body irradiation, even though the sternum is not in the field of radiation. 
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With our total body irradiation paradigm, BARDA is focused on the following five priority areas necessary for targeted natural history for MCM development. These include, in no order of importance, Vascular Injury/Sepsis, Coagulopathy/Fibrinolyisis, Inflammation, Cell Death and Ischemia. Our current focus is on  cell death, vascular injury and coagulation. Future work will investigate the role of inflammation and ischemia in the etiology of acute radiation syndrome.


Lessons Learned From Animal Models
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There are many models for acute radiation syndrome with various pros/cons. Many mouse models exist for both total and partial body exposures to radiation. These mouse models are cost effective and require a low barrier to provide sufficient standard of care after radiation exposure. However, while there is a bounty of literature supporting MCM efficacy in mouse models this has not proportionally translated to any new ARS MCMs. On the other side of the spectrum is the non-human primate model. This model is believed to most accurately reflect the human condition. However, use of NHPs has high cost, ethical, and labor barriers. Both mouse and NHP models have been used to support Animal Rule approval of the currently approved MCMs. Dog models have also been used as a model, but have fallen out of vogue for ethical reasons. Going forward, BARDA is investing in additional animal models for both natural history development and MCM testing. These models include the New Zealand White Rabbit and both inbred and outbred minipigs. Minipigs and rabbits fill an important intermediary niche between mice and NHPs, that is cost effective, representative, and with different ethical burdens. 
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BARDA’s intention with these models was to align with the anticipated Concept of Operations (or CONOPs) for a mass casualty event <CLICK>. To do so, all institutions <CLICK> involved in model development use the same radiation source <CLICK>. Animals receive prophylactic antibiotics and prophylactic analgesics, rather than receiving these in a trigger to treat fashion. This  is different from what is currently published in lit regarding NHP survival.  Based on modeling done by BARDA in collaboration with blood centers, BARDA operates under the paradigm that blood transfusions will NOT be the standard of care during a mass casualty event. 

To anchor minipig and rabbit animal model development with the gold standard NHP studies, the data I show today will be include NHPs receiving the same minimal supportive care. 
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Here we show a survival curve of NHPs across radiation exposures, from sub- to super lethal, under the paradigm described above, with analgesics prescriptive antibiotic treatment and no blood transfusions. These data provide a new bench mark for measuring the suitability of new animal models in a CONOPs relevant manner. 

The goal of this work is to generate new animal models for drug development under the animal rule. Therefore, the underlying cellular and molecular physiology should be reflective of the human condition.  

Here: institutional lethality curve. 
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Animal Model Radiation Dose Response Curves
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BARDA is funding the development of rabbit and minipig models in New Zealand White rabbits and both Gottingen(inbred)  and Sinclair (outbred) minipigs. This investment will allow for future mcm testing once the natural history of radiation injury has been sufficiently characterized.  As shown, rabbits have a similar radiosensitivity to NHPs, with LD50’s hovering around 7.0 Gy. Meaning that 50% of the animals would succumb to their injuries within a predetermined time window (30 or 45 days, depending on the study).  Minipigs are well known to be highly radiosensitive, and have thus been largely excluded as radiation injury models. However, minipig lethality still follows a predictive sigmoidal curve that can be utilized, provided an organization sufficiently hits their target dose with minimal error (predicted dose = dose received). 


- Mortality in NHPs Occurs Primarily Between Days
13-20 Across TBI Radiation Doses

100 /\ l El
\ ° @ 5.2 Gy
= 75- B8 5.7Gy
2 A 4 620y
= ¥ 6.7 Gy
; 50 €~ 7.2 Gy
S v & 7.7Gy
E l o - 8.2 Gy
254
® LDgy50~ 6.8 Gy
. n= 10 &/ group
0 - - - - Majority of Deaths:
Q ,;o ,50 bf) Q)Q

Days 13-20

Days Post-Irradiation

Saving Lives. Protecting Americans.



Presenter
Presentation Notes
The Kinetics of mortality is a critical component in our understanding of the natural history of radiation exposure. The time frame in which animals become expectant provides insight into when medical intervention is most relevant. As shown by the kaplan meyer plot, the window in which most animals succumb is not dose dependent, as most of the animals expired between days 13 and 20, regardless of the radiation dose. This consistent time period of mortality for the majority of animals may reflect similar injuries and causes of death across radiation doses. 
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Radiation Induced Mortality in Rabbits and Minipigs
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In our rabbit and minipig models we have found a similar window of mortality.  For the rabbit models developed at two different institutions, most rabbits become moribund between days 9 and 13/14. The mortality window in the minipig models is wider than that seen for either NHPs or rabbits, but still encompasses a similar time frame, as shown for both inbred and outbred strains. This phenomenon may be indicative of animals succumbing to pathologies observed in the NHP model. 
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A well-established marker of radiation exposure is the radiation dose dependent neutropenia. Following an initial increase, neutrophils counts in the periphery rapidly decrease, reaching a nadir at approximately day 13 following radiation exposure.  It is this neutropenia and resultant immune suppression that places exposed individuals at risk for infection from both external and internal sources of pathogens. The current FDA approved medical countermeasures for treatment of acute radiation syndrome, are the cytokines G- and GM-CSF, which shorten the time period of neutropenia.
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Similarly, in the rabbit and minipig models of radiation injury, an initial spike in peripheral neutrophil counts precedes a severe drop in neutrophils, reaching a nadir around day 11 in rabbits and day 20 in minipigs. While a slight rebound maybe seen during the initial period of neutropenia, neutrophil counts remain at pathologically low levels, until hematopoiesis is re-estabilished. Please note that animal mortality corresponds to the lowest levels of pancytopenia, as seen here and in following slides. 
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In addition to neutropenia/innate immune suppression, adaptive immunity is greatly compromised by ionizing radiation injury to hematopoietic precursors. Peripheral lymphocytes decline sharply in the days immediately following radiation exposure. Loss of adaptive immunity places animals at additional risk of infection and sepsis. 


Rabbit and Minipig Lymphopenias Follow a Similar
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“NHP Platelets Begin to Decline Between Days 4-7 In
Response to lonizing Radiation
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Megakaryocytes, the cellular factories that produce platelets, are another radiosensitive constituent of hematopoietic system. Therefore, platelets in the periphery are not able to be replenished after exposure to ionizing radiation.  Severity of this thrombocytopenia reaches a nadir at day 12, with a recovery in platelet counts by around day 25.  This thrombocytopenia places animals at risk for potential hemorrhage and internal bleeding. Of note, many of the victims of the Hiroshima and Nagasaki bombings died evidence of bleeding. Also,  individuals exposed in the Goiânia accident also died from complications related to thrombocytopenia. Unfortunately, the importance of bleeding in response to radiation exposure has often been overlooked in descriptive animal models of radiation exposure and the “gold standard” NHP models are lacking in this important area. 
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Rabbits and minipigs display thrombocytopenia with similar kinetics to that seen in NHPs, with platelets reaching a nadir around day 10 in rabbits and day 15 in minipigs.  Future slides will show the clinical manifestations of this platelet deficiency. 
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You have seen several examples of pancytopenia due to the effects of ionizing radiation on hematopoietic progenitors. Therefore, it should not come as a surprise to learn that peripheral RBCs also decrease in number following radiation.  While the RBC drop is not as dramatic as that seen for WBCs (and is likely why this has largely been ignored/not reported), it still represents a significant loss of RBC cellularity and hematocrits. Sudden declines in RBCs and hematocrits precede death for many animals and likely represents blood loss due to a dysfunctional coagulation system.
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Clinical manifestation of impaired coagulation include the appearance of petichiae and ecchymosis on the skin of rabbits and minipigs. Upon necropsy, internal hemorrhage has been found in various organs, including the digestive system, lungs, liver and brain.
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Thromoelastometry assesses the various functional aspects of the coagulation cascade. The two parameters that I will focus on in the following slides are the clot formation time and maximum clot firmness. Together, these two values quantitatively assess the robustness of the clot formed during the analysis. 


Radiation Impairs Clot Formation in NZW Rabbits
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In New Zealand white rabbits, the clot formation time increases until day 10, suggesting a deficiency in numbers or function of clotting factors (including cellular components). Clot firmness decreases over the same time period, demonstrating that blood from irradiated animals is deficient in its ability to form a clot. The kinetics of this altered clot formation correspond to the thrombocytopenia time course. However, the correspondence isn’t always quite this tight, and in some animals clotting function remains impaired following restoration of peripheral platelet counts. 
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Similar impairment of clot formation and robustness also occurs in irradiated minipigs, as these data from irradiated inbred minipigs shows.
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Subsequent to functional changes in clotting assessed by ROTEM/TEG,  analysis of the clotting cascade factor activities and molecular analyses indicates a severe dysregulation of coagulation. I’d like to draw your attention to the altered activities of factors 8 and 12, with increased activity seen as early as 2 hours following irradiation, and continuing to increase through the time course of the study. D-Dimer, a breakdown product of fibrinolysis, is very high early after radiation, indicating that massive fibrinolysis occurs in response to the thrombotic events that occur due to radiation. Since fibrinolysis is dependent upon the presence of fibrin clots, the logical extension is that clot formation and consequent clot breakdown occur in the hours following radiation exposure. 


Deposition of Fibrin in Livers of Irradiated Rabbits
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Immunohistochemical evidence of fibrin deposition has been found in the livers of irradiated rabbits. Here, the liver from a moribund animal 12 days following radiation exposure, shows unusual deposition of fibrin. We have yet to determine the extent and consequence of fibrin deposition in the liver and other organs in response to ionizing radiation. 
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The purpose of this talk has been to introduce rabbits and minipigs as suitable animal models of ionizing radiation injury. However, I have provided a mere snapshot of the data accumulated during these studies and have focused on hematologic parameters– to benchmark these models with published animal models of radiation, and coagulation markers- to elucidate the natural history of radiation induced coagulopathies. Numerous assays have been run and analyzed across the involved institutions, including: 
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BARDA Rad/Nuc Team

Mary Homer, PhD — Branch Chief
(mary.homer@hhs.gov)

Judy Bader, MD, MPH — SME
Jason Bell — Contracting Officer
(jason.bell@hhs.qgov)

James Bowers — Contracting Officer
(james.bowers@hhs.qgov)

Ashley Cecere, MS, PMP — Project
Officer (ashley.cecere@hhs.gov)
Wendell Conyers — Contracting
Officer (wendell.conyers@hhs.gov)
Erika Davies, PhD — Project Officer
(erika.davies@hhs.gov)

John Esker, PhD — Project Officer
(john.esker@hhs.gov)

Phil Hastings — Contracting Officer
(phil.hastings@hhs.gov)

Corey Hoffman, PhD — ORISE Fellow

(corey.hoffman@hhs.gov)

Juanita Jones, MPH — Program
Analyst (juanita.jones@hhs.gov)
George Keane- Contracting Officer
(george.keane@hhs.gov)

Andrew Moreno — Project Officer
(richard.moreno@hhs.gov)

Brian Moyer, MS, CNMT — SME
(brian.moyer@hhs.gov)

Ethan Mueller — Contracting Officer
(ethan.mueller@hhs.gov)

Carl Newman — Contracting Officer
(carl.newman@hhs.gov)

Oke Obi — Contracting Officer
(oke.obi@hhs.gov)

Jamie Oleksa, MS — Program Analyst
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Michele Riggs -- Contracting Officer
(michele.riggs@hhs.gov)
Christopher Scott — Contracting
Officer (christopher.scott@hhs.gov)
Toby Silverman, MD — SME
(toby.silverman@hhs.gov)
Elizabeth Steiner — Contracting
Officer (elizabeth.steiner@hhs.gov)
Beryl Voigt — Project Officer
(beryl.voigt@hhs.gov)

Wayne Young — Project Officer
(wayne.young@hhs.gov)
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