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ACUTE RADIATION EFFECTS, THE H-ARS IN THE NONHUMAN PRIMATE: A REVIEW AND NEW DATA FOR THE CYNOMOLGUS MACAQUE WITH REFERENCE TO THE RHESUS

Objective. This publication provides a comparison of the hematopoietic acute radiation syndrome in cynomolgous and rhesus macaques.

Methods. Medical countermeasure development under the Food and Drug Administration animal rule requires validated animal models of acute radiation effects. The key large animal model is the nonhuman primate, rhesus macaque. To date, only the rhesus macaque has been used for both critical supportive data and pivotal efficacy trials seeking Food and Drug Administration approval. The potential for use of the rhesus for other high priority studies such as vaccine development underscores the need to identify another nonhuman primate model.

The cynomolgus macaque, Macaca fascicularis has an existing database of medical countermeasure development against the hematopoietic acute radiation syndrome, as well as the use of radiation exposure protocols that mimic the likely nonuniform and heterogenous exposure consequent to a nuclear terrorist event. The review herein describes published studies of adult male cynomolgus macaques that used two exposure protocols, unilateral, nonuniform total-body irradiation and partial-body irradiation with bone marrow sparing with the administration of subject-based medical management to assess mitigation against the hematopoietic acute radiation syndrome. These studies assessed the efficacy of cytokine combinations and cell-based therapy acute radiation-induced myelosuppression.

Results. Both therapeutics were shown to mitigate the myelosuppression of the hematopoietic acute radiation syndrome. Additional studies being presented herein further define the dosedependent hematopoietic acute radiation syndrome of cynomolgus and rhesus macaques and a differential dose-dependent effect with young male and female cynomolgus macaques.

Conclusions. The database supports the investigation of the cynomolgus macaque as a companion nonhuman primate for efficacy testing under the Food and Drug Administration animal rule. Critical gaps in knowledge required to validate the models and exposure protocols are also identified.

Introduction

The nonhuman primate (NHP), rhesus macaque, Macaca mulatta, has been the predominant large animal model for assessing the in vivo biology of numerous cytokines and efficacy of medical countermeasures (MCM) against acute radiation effects focused on the multiple organ injury characteristic of the gastrointestinal (GI-) and the hematopoietic (H) acute radiation syndrome (H-ARS); (Monroy et al., 1986;Herodin et al., 2005;[START_REF] Macvittie | The acute gastrointestinal subsyndrome of the acute radiation syndrome: a rhesus macaque model[END_REF]MacVittie et al., 2012b;MacVittie et al., 2015b;[START_REF] Singh | Animal models for acute radiation syndrome drug discovery[END_REF]Singh et al., 2017;[START_REF] Singh | Nonhuman primates as models for the discovery and development of radiation countermeasures[END_REF]Singh and Seed, 2017;[START_REF] Macvittie | Radiation nephropathy in a nonhuman primate model of partial-body irradiation with minimal bone marrow sparing-Part 2: Histopathology, mediators, and mechanisms[END_REF]MacVittie et al., 2020b). Recent studies have emphasized the delayed effects of acute exposure (DEARE) characterized by the prolonged GI injury, immune suppression and injury to the lung, kidney and heart (MacVittie et al., 2012a;Garofalo et al., 2014;[START_REF] Macvittie | Immune cell reconstitution after exposure to potentially lethal doses of radiation in the nonhuman primate[END_REF]de Faria et al., 2015;Cohen et al., 2017;[START_REF] Macvittie | Radiation nephropathy in a nonhuman primate model of partial-body irradiation with minimal bone marrow sparing-Part 2: Histopathology, mediators, and mechanisms[END_REF]Parker et al., 2019a;Parker et al., 2019b). Models of the GI-, H-ARS and lung-DEARE have been developed via total-body irradiation (TBI), whole thorax lung irradiation (WTLI) and partial-body irradiation (PBI) with marginal bone marrow (BM) sparing (Bertho et al., 2005a;Bertho et al., 2005b;[START_REF] Macvittie | The acute gastrointestinal subsyndrome of the acute radiation syndrome: a rhesus macaque model[END_REF]MacVittie et al., 2012a;Garofalo et al., 2014;[START_REF] Macvittie | Immune cell reconstitution after exposure to potentially lethal doses of radiation in the nonhuman primate[END_REF][START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF][START_REF] Yu | Subject-based versus population-based care after radiation exposure[END_REF][START_REF] Thrall | A comparative dose response relationship (DRR) between genders for mortality and morbidity of radiation-induced lung injury in rhesus macaque[END_REF][START_REF] Accardi | Characterization of a partial-body irradiation model with oral cavity shielding in nonhuman primates[END_REF][START_REF] Beach | Total body irradiation models in NHPs -consideration of animal sex and provision of supportive care to advance model development[END_REF]. The models have been validated through established dose response relationships (DRR), respective slopes, lethal dose (LD) values, response to radiation of varied quality, e.g., 60 Co gamma-, 250 kVp to 1 MV x ray, 6 MV LINAC derived photon-and mixed gammma/neutron-radiation, uniform, non-uniform, homogeneous and non-homogeneous exposure geometry, natural history and associated co-morbidities (MacVittie et al., 2015b;[START_REF] Singh | Nonhuman primates as models for the discovery and development of radiation countermeasures[END_REF][START_REF] Macvittie | Radiation nephropathy in a nonhuman primate model of partial-body irradiation with minimal bone marrow sparing-Part 2: Histopathology, mediators, and mechanisms[END_REF][START_REF] Macvittie | A systematic review of the hematopoietic acute radiation syndrome (H-ARS) in canines and nonhuman primates: acute mixed neutron/gamma versus reference quality radiations[END_REF]. In this regard, relative to the effects of acute radiation, the rhesus macaque has served as the predominant NHP model to define the multiple organ injury (MOI) of the ARS and DEARE and assess the efficacy of MCM against potentially lethal, acute radiation-induced GI-, H-ARS and lung, kidney and heart injury characteristic of DEARE.

The requisite design and use of validated animal models are paramount to defining the regulatory pathway for MCM licensure to treat lethally irradiated personnel. This extended data base is also coincident with a recent focus to link the NHP data base from controlled exposure and treatment to the human response to unplanned irradiation and anecdotal reports of treatment with medical management and MCM (Herodin et al., 2005;Doerr et al., 2014;[START_REF] Graessle | Comparing the hematopoietic syndrome time course in the NHP animal model to radiation accident cases from the database SEARCH[END_REF].

The cynomolgus macaque, Macaca fascicularis, has been used to a lesser degree but no less effective in defining in vivo cytokine biology in normal animals and subsequent use of cytokines both alone and in combination to assess efficacy against the H-ARS, the use of variable exposure geometry to induce the ARS and mimic an inhomogeneous and nonuniform exposure, and the use of mesenchymal stem cells (MSC) and autologous (Au) stem cell transplant and CD34+ cell procurement (Donahue et al., 1988;[START_REF] Krumwieh | Human recombinant derived IL-3 and GM-CSF in hematopoiesis of normal cynomolgus monkeys[END_REF]Krumwieh et al., 1990c;b;Krumwieh et al., 1990a;[START_REF] Kahn | In vitro and in vivo biology of an engineered novel factor for expansion and development of platelet producing cells[END_REF][START_REF] Bertho | Reinjection of ex vivo-expanded primate bone marrow mononuclear cells strongly reduces radiation-induced aplasia[END_REF]Drouet et al., 2004;Bertho et al., 2005a;Bertho et al., 2005b;[START_REF] Bertho | Correlation between plasma Flt3-ligand concentration and hematopoiesis during G-CSF-induced CD34+ cell mobilization[END_REF]Drouet et al., 2008).

Furthermore, the cynomolgus macaques were used to initiate a set of animal exposure protocols that focused on medical management of the acute radiation induced H-ARS consequent to more realistic, high-dose accidental or terrorist nuclear radiation exposures. The goal was focused on stimulating the proliferation and differentiation of residual hematopoietic stem and progenitor cells (HSPC) related to either their intrinsic radio-resistance or a marginal survival fraction due to the heterogeneity and nonuniformity of dose distribution (Herodin and Drouet, 2005). Unilateral, dose-dependent TBI, and PBIBM sparing, manipulated the variables of maintaining survival of residual HSPC and their capacity to regenerate the system [START_REF] Bertho | Reinjection of ex vivo-expanded primate bone marrow mononuclear cells strongly reduces radiation-induced aplasia[END_REF]Chapel et al., 2003;Drouet et al., 2004;Bertho et al., 2005a;Bertho et al., 2005b;Drouet et al., 2008).

Gaps in knowledge will be identified relative to the respective database established with the cynomolgus and rhesus macaques. This review will present a published database for cynomolgus macaques as a model for radiation-induced H-ARS and MCM efficacy. Additional, unpublished supporting data will be provided herein by the co-authors (Herodin and Drouet; Thrall; Authier; and Doyle-Eisele) relative to TBI-induced H-ARS. The established database for adult, male cynomolgus macaques relative to the young adult, male rhesus is adequate to ensure equivalence for the radiation sensitivity of the acute H-ARS. However, a dose response relationship must be defined for selected exposure geometries such as TBI, bilateral or unilateral and PBI with anatomical BM sparing. The use of pulse rate, unilateral exposure to mixed gamma/neutron radiation must also be determined, considering potential exposure to prompt nuclear radiation [START_REF] Kramer | Monte Carlo modeling of the initial radiation emitted by a nuclear device in the National Capital Region[END_REF].

Review question.

What is the available database, published and unpublished, that will define the role of the cynomolgus macaque, Macaca fascicularis, as a valid model for assessing the development of potential MCM against the potentially lethal, acute radiation-induced ARS. This review will emphasize the comparative nature of the radiation effects between the cynomolgus and rhesus macaques irradiated with respective nonuniform and uniform total-body exposure geometry and PBI with marginal BM sparing plus medical management.

Eligibility criteria. The authors assessed the eligibility of studies in the published literature and those data sets provided herein using cynomolgus and comparable rhesus macaques in the respective author's laboratories.

These databases are composed of irradiated cynomolgus macaques exposed to acute radiation effects and consequent H-ARS with varied, (a) dose, (b) radiation quality, (c) dose rate, (d) exposure geometry, (e) supportive care, (f) age, sex and (g) endpoints to assess radiation effects and the efficacy of selected MCM against the H-ARS. Additionally, cohorts of nonirradiated macaques were used to assess the in vivo biology of cytokines.

PRIMARY STUDIES CYNOMOLGUS MACAQUES.

Irradiated macaques. Twelve studies (total n=124) were published in the open literature using predominantly young adult male with a modest number of female cynomolgus macaques.

Animals were either irradiated controls, treated with potential MCM or cell-based therapies (Table 1), or unirradiated controls. The body weight (bw) ranged from 3.0 -7.0 kg and included a group of ovariectomized, female, adult NHP that were a medium 20 y of age and 3.0 kg bw.

Radiation source, quality and exposure geometry. The radiation sources and quality were a linear accelerator (LINAC)-derived high energy, 6 MV and 10 MV x radiation, mixed field gamma and neutron irradiation and 60 Co gamma radiation. The dose rates ranged from 0.20 to ~0.7 Gy min -1 . The exposure geometry was bilateral, anterior posterior (AP)/posterior anterior (PA) uniform and unilateral, non-uniform, AP frontal exposure, TBI or PBI/BM with marginal BM sparing.

Medical management. Administration of medical management via subject-or cohortbased triggers-to-treat was variable across the studies. Moderate, trigger-based care included transfusions (fresh, whole blood irradiated when the platelet count was < 20 x 10 9 L -1 or the hematocrit < 20%, Ampicillin (50 mg kg d -1 ) and gentamycin (1.5 mg kg d -1 ) were provided during neutropenia [absolute neutrophil count (ANC) < 0.5 x 10 9 L -1 ] and cefalexin (1 mg kg d -1 for 3 days) during prolonged periods of febrile neutropenia above 39 ᵒ C. Other studies provided prophylactic administration of Enrofloxacin (5mg kg -1 ), until WBC blood counts returned to normal levels; fluids and symptomatic care was provided as needed.

Normal baseline cynomolgus macaques: Male and female NHP, 2-5 y old, bw range of 3.0 -7.0 kg and housed at veterinary facilities in accordance with respective European and U.S. guidelines on animal care. Normal, unirradiated cynomolgus macaques, n > 114, were used to assess in vivo cytokine biology, response to Au transplant, CD34+ cell isolation, and MSC biology (Table 2).

Radiation-induced myelosuppression, 60 Co gamma-, mixed gamma/neutron radiation, unilateral, AP or PA TBI and cytokine-induced mitigation of H-ARS.

A team of French investigators established a series of exposure protocols in cynomolgus macaques that extended the predominant, bilateral TBI protocol to unilateral, nonuniform TBI and PBI with marginal BM sparing. These changes in exposure geometry better mimicked the exposure aspects of a nuclear terrorist scenario that is likely characterized by ill-defined body position, shielding, marginal BM sparing and variable dose rates from potential prompt and fallout exposure, nonuniform and heterogenous irradiation [START_REF] Bertho | Level of Flt3ligand in plasma: a possible new bio-indicator for radiation-induced aplasia[END_REF][START_REF] Bertho | Reinjection of ex vivo-expanded primate bone marrow mononuclear cells strongly reduces radiation-induced aplasia[END_REF]Chapel et al., 2003;Drouet et al., 2004;Bertho et al., 2005a;Bertho et al., 2005b;Herodin and Drouet, 2005;[START_REF] Herodin | Antiapoptotic cytokines in combination with pegfilgrastim soon after irradiation mitigates myelosuppression in nonhuman primates exposed to high irradiation dose[END_REF]Drouet et al., 2008;MacVittie et al., 2012a;[START_REF] Kramer | Monte Carlo modeling of the initial radiation emitted by a nuclear device in the National Capital Region[END_REF]Farese et al., 2019). The sources of radiation utilized in respective exposure protocols were 60 Co gamma radiation and reactor-derived mixed gamma/neutron radiations at moderate dose rates. The variation in exposure geometries allowed the investigators to utilize the dosedependent properties of hematopoietic and GI stem and progenitor cells, as well as the differential, nonuniform depth dose for consequent BM sparing and recovery through the acute H-ARS. The investigators evaluated the efficacy of cytokine-based treatment administered early post exposure, as well as cell therapy to enhance recovery from high-dose, radiation-induced H-ARS. Recent modeling efforts within the Defense Threat Reduction Agency have suggested the potential for prompt exposure to mixed gamma/neutron radiation [START_REF] Kramer | Monte Carlo modeling of the initial radiation emitted by a nuclear device in the National Capital Region[END_REF].

Additionally, the studies provided variable uniform and nonuniform exposure protocols that permitted more valid testing of methods to assess the biodosimetric value of Flt-3 Ligand (FL).

Furthermore, several studies unveiled a sequential, delayed, MOI syndrome. The added value of these studies, relevant to this review, was the use of the cynomolgus macaque.

Bertho et al. (2001).

Assessment of BM damage in cynomolgus macaques was examined following bilateral and unilateral AP, TBI 60 Co gamma radiation [START_REF] Bertho | Level of Flt3ligand in plasma: a possible new bio-indicator for radiation-induced aplasia[END_REF].

 Study objective. To assess the value of plasma FL concentrations in irradiated animals as an indicator of BM damage for the management of accidental radiation-induced myelosuppression.

 Animals. Young macaques (Macaca fascicularis), mean weight 5.3 ± 0.6 kg (range 4.2-5.95 kg) were used. All experimental measures were approved by the Animal Care Committee.

 Irradiation. Two irradiation protocols were used. The first consisted of bilateral, uniform total-body, 60 Co gamma irradiation (dose rate of 0.125 Gy min -1 ) at doses ranging from 2 to 8 Gy (mid-line). The second protocol consisted of unilateral, nonuniform irradiation, PA at 6.5 Gy (mid-line).

 Medical management. All animals received subject-based supportive care. Detailed supportive care is provided in the manuscript.

 Basal level and circadian variations of FL in NHP. Twenty-four animals (21 male, three female, age range 2.5-11 y) were tested for the presence of FL in plasma samples by ELISA. Results showed mean plasma levels of 132 ± 36 pg ml -1 (n = 72) with no detectable influence of age or sex or circadian rhythm (data not shown).

 TBI: FL measurements during the first week after irradiation. A first experiment was carried out using seven, n=7 animals, two at 2 Gy, two at 4 Gy, one at 6 Gy, one at 7 Gy and one at 8 Gy.

 Unilateral irradiation, depth dose. The effect of non-uniform irradiation on plasma FL levels was studied using unilateral irradiation to the back (PA) of two animals, at 6.5Gy (mid-line). Biological dosimetry measurements indicated a mean total-body dose of 6.3 Gy. Physical dosimetry measurements showed a gradient in dose (PA) from 7.3 Gy dorsal to 2.9 Gy frontal, with a mid-line dose of 6.5 Gy.

Results.

Mortality. The single NHP exposed to 6 Gy and 8 Gy were euthanized at days 12 and 11, respectively. All NHP exposed to the 2 Gy and 4 Gy doses survived. FL response. The increase in FL concentration is therefore specific to radiation-induced BM damage and persists until the BM recovers, with a relationship to the radiation dose.

Conclusions.

Monitoring plasma FL concentration can be used as an indicator of radiationinduced marrow aplasia, and this may be of use in accidental irradiation situations. , et al. (2002). Au cell therapy was examined in cynomolgus macaques following bilateral, 60 Co gamma TBI [START_REF] Bertho | Reinjection of ex vivo-expanded primate bone marrow mononuclear cells strongly reduces radiation-induced aplasia[END_REF].

Bertho

 Study objective. Assess the therapeutic efficacy of ex vivo-expanded H cells in the treatment of radiation-induced pancytopenia.

 Animals. Young male, Macaca fascicularis, mean bw 5.3 ± 0.6 kg, n=12, were BM donors, n=5 received TBI and used for reinjection cohorts.

 Ex vivo cell expansion. Two ex vivo expansion protocols for BM mononuclear cells (MNC) were studied. The first consisted of a 7-day culture in the presence of stem cell factor (SCF), FL, thrombopoietin (TPO), interleukin (IL) -3, and IL-6, which induced preferentially the expansion of immature H cells. The second utilized the same cytokine combination supplemented with granulocyte colonystimulating factor (G-CSF) with an increased duration of culture up to 14 days and induced mainly the production of mature hematopoietic cells. The presence of MSC and cells from the lymphoid and the megakaryocytic lineages were detected in 7-day expanded BMMNC.

The ability of ex vivo-expanded cells to sustain H recovery after radiation-induced aplasia was assessed in NHP irradiated at a LD of 8 Gy and received the product of either 7-day (24 h after irradiation) or 14-day (8 days after irradiation) expanded BMMNC.

 Irradiation and post irradiation treatments. Irradiations were performed with a 60 Co gamma source, n = 3, delivering a mean body dose of 8 Gy at a mean dose rate of 0.241 ± 0.001 Gy min -1 , and a nuclear reactor-derived mixed gamma/neutron (90:10) radiations, n=2, to 8 Gy at a dose rate of 6.7 Gy min -1 (Silene reactor, Valduc, Fr).

Supportive care: All animals were administered subject-based supportive care. Details are provided in the manuscript.

Results. The 7 day, ex vivo-expanded BMMNC shortened the period and the severity of pancytopenia and improved hematopoietic recovery, while the 14 day ex vivo-expanded BMMNC mainly produced a transfusion-like effect over the subsequent 8 days, followed by hematopoietic recovery.

Conclusion.

Results suggested that the ex vivo 7 day expanded BMMNC may be highly efficient in the treatment of radiation-induced aplasia.

Chapel et al. (2003).

Mesenchymal stromal cells (MSC) or expanded hematopoietic cells were used to study radiation-induced MOI after unilateral, AP, mixed gamma/neutron TBI (Chapel et al., 2003).

 Study objective. Assess the potential of a combined infusion of Au, ex vivo expanded hematopoietic cells with MSCs for the treatment of MOI syndrome following TBI in a NHP model.

 Methods: Animals. Young, adult male macaques (Macaca fascicularis), mean weight 5.2 kg ± 1.5 (range 3.5-7.9 kg). Hematopoietic cells and MSCs were expanded from BM aspirates. MSCs were transduced with the gene encoding for the green fluorescent protein (e-GFP), in order to track them following infusion. Twelve animals were studied.

Nine animals received unilateral, nonuniform frontal TBI, at 8 Gy from a mixed neutron/gamma source. Three animals were sham-irradiated. The animals were treated with expanded hematopoietic stem cells (HSC) and MSCs, expanded HSC alone, or MSCs alone. Unmanipulated BM cell transplants were used as controls.

 Irradiation and post irradiation treatments. Unilateral, frontal, TBI to a mean body dose of 8 Gy, was delivered to the median plane of the body from experimental nuclear reactorderived mixed gamma/neutron (90:10) or mixed gamma/neutron (50:50) radiations at a mean dose rate of 6.7 Gy min -1 (Silene reactor, Valduc, Fr) [START_REF] Bertho | Reinjection of ex vivo-expanded primate bone marrow mononuclear cells strongly reduces radiation-induced aplasia[END_REF]. The unilateral AP dose differentials were entrance 9.0 Gy, midline, 7.9 Gy and exit dose 4.5

Gy (1:1), 5.2 Gy (9:1) 

Results

Drouet et al. (2004).

Cytokines were administered to NHP after unilateral, AP TBI, 60 Co gamma radiation exposure (Drouet et al., 2004).

 Study objective. Assess the H response of cynomolgus macaques to four growth factors (4F). The 4F combination was comprised of SCF, FL, megakaryocyte growth and development factor, and IL-3. It was considered that a single, iv injection of cytokines, early after exposure would reduce putative side effects, including HSC impairment.

 Animals, medical management. Adult male, cynomolgus macaques (7 ± 2 kg, n = 8), received subject-based supportive care to include antibiotics, transfusions and fluids.

 Radiation: Unilateral, A/P exposure protocol. The 60 Co gamma source delivered 5 Gy at a dose rate of 0.20 Gy min -1 (measured in air at the anterior iliac crest level). NHP, n=8, were randomly assigned to either control group (n = 4) or 4F-treated group (n = 4).

 Results. Control irradiated cohort. The 5 Gy (n=4), unilateral AP exposure, constituted a high, sublethal dose. There were no obvious signs of GI injury such as diarrhea. Necropsies carried out on historic 5 Gy-irradiated animals revealed no meaningful abnormalities. Animals experienced neutropenia (ANC count < 0.5 x 10 9 L -1 ) for a 9 ± 2.5 d, duration (range 5-12 d).

The recovery time to baseline values was 68 ± 30 d. The control group had a prolonged phase of thrombocytopenic (platelet count < 20 x 10 9 L -1 ) duration for 13.2 ± 10.5 d (range 5-31d) and 23.5 ± 20 d to reach platelet count < 50 x 10 9 L -1 . The average time to baseline platelet recovery of 85 ± 20d.

Cytokine-treated cohorts. The 4F combination was administered iv 2 h after irradiation (n=4). Only 1 in 4 NHP displayed a transient period of neutropenia (ANC < 0.5 x 10 9 L -1 ).

Treated NHP experienced no thrombocytopenia. The circulating platelets increased and peaked twice, at day 8 and day 22, in all 4F treated NHP. The area under the curve analysis of the platelet count from 0-90 d showed significantly improved reconstitution in the 4F treated cohort relative to controls.

Unilateral exposure, nonuniform dose differential effect in BM sites. The peripheral blood cell recovery is derived from the survival and regeneration of H progenitors. The authors noted that consequent to the early single 4F treatment, BM clonogenic levels were detectable at d 1 in the humerus and in posterior iliac crest at d 3-4, post treatment, whereas clonogenic values in controls were depressed in the humerus. These effects result from the gradient of absorbed dose; that is an attenuation of 50%, between entrance (thorax) and exit (back) of the gamma radiation. The dose differential revealed a "gradient of clonogenic activity" in BM sites of control animals at d1 post exposure and d3-4 in favor of the posterior iliac crest marrow.

Whereas the 4F treated animals showed equivalent clonogenic activity without a gradient effect at any time of assay.

Long-term survival, hematologic recovery. The recovery of clonogenic hematopoietic progenitors increased in humeral and posterior iliac crest BM of controls but progenitor cell counts did not reach a steady-state value until 15 mo post exposure. The 4F treated animals recovered more efficiently. There was no apparent exhaustion of the site-specific clonogenic cells observed after 15 mo post exposure in control or 4F treated cohorts. Notably, 4F treated animals exhibited an augmentation of committed progenitors: colony forming units (CFU)granulocyte macrophage (GM)s, burst forming unit-erythroid (BFU-E)s, and CFUmegakaryocyte (MK)s.

Herodin et al. (2007).

A cytokine combination was administered to cynomolgus macaques following unilateral AP TBI, 60 Co gamma radiation [START_REF] Herodin | Antiapoptotic cytokines in combination with pegfilgrastim soon after irradiation mitigates myelosuppression in nonhuman primates exposed to high irradiation dose[END_REF].

 Study objective. Preservation of HSC and progenitor cells from early radiation-induced apoptosis is the rationale for emergency antiapoptotic cytokine therapy (EACK) after radiation accidents. Assess the ability of a single, early administration, of a combination of 4 cytokines, [SCF,FL,] within 2 h of exposure, in combination or not with peg-G-CSF, to promote multilineage hematopoietic recovery in irradiated cynomolgus macaques.

 Animals, radiation exposure protocol, medical management. An NHP model, established to better mimic the reality of a nuclear scenario, used 7 Gy unilateral, AP, TBI with medical management. Cynomolgus macaques, n = 20, male, weighing ~ 5.6 kg, were used in the study. Animals were exposed to 60 Co gamma radiation and 7 Gy (n=20), via unilateral, nonuniform TBI with AP exposure geometry at a dose rate of 0.20 Gy min -1 .

The NHP herein, received subject-based supportive care to include antibiotics, transfusions and fluids.

 Dosimetry, unilateral depth dose. In 7 Gy irradiated NHP, entrance (sternum), midline (anterior iliac crest), and exit (back) doses measured at skin level in air were, respectively, 7.51 ± 0.1 Gy, 7.05 ± 0.09 Gy, and 4.51 ± 0.19 Gy. Thus, exit dose is 60% of entrance dose in this unilateral, frontal exposure and humeral BM is overexposed compared with posterior iliac crest BM. The 7 Gy, unilateral exposure was noted as being otherwise lethal (> 50%) without supportive care (herein). Results: Cytokine-treated cohorts. The combination of 4 cytokines, SFT3, was administered, intravenously, as a single injection, 2 h post exposure to 7 Gy, n=6. Peg-G-CSF alone was administered, n=2. The SFT3 plus peg-G-CSF, n=4, combination, reduced the duration and nadir of thrombocytopenia, as well as transfusion requirements relative to the control cohort, n=8, but did not enhance neutrophil recovery. However, the administration of pegylated G-CSF reduced the nadir and duration of neutropenia and recovery to baseline values.

Results

Results: Long-term survival. hematologic recovery. The long-term radiation effects and SFT3-treatment effects were observed through 600 d post exposure. It was of interest that the neutrophil and platelet recovery was maintained at ~ 65% through one year while the ANC returned to within baseline by the second year but platelet recovery was held at ~70% of baseline. The ANC and platelet response in both the SFT3-treated cohorts and the control cohort were similar. This is a significant database because comparable studies in rhesus macaques are not available.

Summary. The study focused on assessing administration of selected cytokine combinations as potential MCM to mitigate against the myelosuppression associated with high-dose, sublethal, H-ARS. The results showed a clear benefit of short-term hematopoietic recovery.

As a corollary, management of the nonhematopoietic toxicity observed at this dose range is an important question, because radiation damage could evolve toward MOI and then failure syndrome (Fliedner et al., 2005). Indeed, the hematopoietic syndrome is only one component of global radiation sickness, which is to be treated as a whole (Herodin and Drouet, 2005).

Drouet, et al. (2008).

Antiapoptotic cytokine therapy in cynomolgus macaques was studied following unilateral, AP, TBI, 60 Co gamma radiation (Drouet et al., 2008).

 Study objective. Assess the treatment efficacy of an antiapoptotic cytokine therapy focused on the preservation and then stimulation of residual HSPC following irradiation [START_REF] Borge | Thrombopoietin, but not erythropoietin promotes viability and inhibits apoptosis of multipotent murine hematopoietic progenitor cells in vitro[END_REF]. The benefit of adding erythropoietin to the cytokine therapy combination was also evaluated.

 Animals. Adult, male cynomolgus macaques (5.2 ± 0.7 kg, n=5) were housed at the Centre de Recherches du Service de Santé des Armées in accordance with the European guidelines on animal care. The historic, previously irradiated cohort (n=8) was used as controls [START_REF] Herodin | Antiapoptotic cytokines in combination with pegfilgrastim soon after irradiation mitigates myelosuppression in nonhuman primates exposed to high irradiation dose[END_REF].

 Supportive care. The animals were transfused with fresh, irradiated whole blood and an antibiotic regimen was provided as needed. Durations of neutropenia, thrombocytopenia, lymphopenia and anemia were defined as the times when ANC, platelet count, lymphocyte count and hemoglobin were lower than 0.5, 50, 1 x 10 9 L -1 and 10 g dL -1 , respectively.

 Radiation exposure. Anesthetized NHP, n = 5, were placed in a restraining chair and were exposed to unilateral, frontal TBI with 60 Co gamma radiation at a total midline tissue dose (MLD) (measured in air at the anterior iliac crest level) of 7 Gy (dose rate of 20 cGy min -1 ). The 60 Co source, dose rate, unilateral exposure protocol and the subjectbased medical management approach were equivalent to that of Herodin et al., and Drouet et al., noted above.  Cytokine treatment. Recombinant human (rh) SCF, FL) cytokine therapy Tpo, interleukin-3 (IL-3), glycosylated Epo and pegfilgrastim (PegG) were used. After irradiation, the NHP (n = 5 total) were injected iv 2 h post exposure, with SEG (n = 3) or SFT3 + Epo (n = 2). PegG [subcutaneously (sc)] and glycosylated Epo (sc in SEG, in SFT3 + Epo) were administered at 2 h and 8 d, to provide a prolonged effect based on the biological half-life of pegylated and glycosylated cytokines. The NHP cohorts, SFT3, PegG-CSF and controls are from previous contemporary studies.

Results.

In comparison with 7 Gy irradiated historic untreated controls, SEG-treated animals displayed a non-significant reduction in the period of neutropenia (10.7 ± 3.8 d vs. 15.1 ± 1.6 d for ANC < 0.5 × 10 9 L -1 and 13.3 ± 4.1 d vs. 17.9 ± 2 d for ANC < 1 x 10 9 L -1 ) and thrombocytopenia (only for platelet counts < 20 × 10 9 L -1 with 9 ± 8.6 d vs. 19.3 ± 25.1 d in controls). There was no benefit from SEG treatment regarding the time when platelet counts < 50 x 10 9 L -1 . Although animal cohorts were small, no difference in the former parameters was observed between historical PegG and SEG groups [START_REF] Herodin | Antiapoptotic cytokines in combination with pegfilgrastim soon after irradiation mitigates myelosuppression in nonhuman primates exposed to high irradiation dose[END_REF]. No reduction in blood transfusion needs was observed. EPO did not improve erythropoietic recovery. The efficacy of SFT3 ± EPO on platelet recovery emphasized the benefit of TPO inclusion in cytokine combination [START_REF] Kahn | In vitro and in vivo biology of an engineered novel factor for expansion and development of platelet producing cells[END_REF]Neelis et al., 1997a;Neelis et al., 1997b;Neelis et al., 1997c;[START_REF] Wagemaker | The efficacy of recombinant TPO in murine and nonhuman primate models for myelosuppression and stem cell transplantation[END_REF].  Animals. Adult, male rhesus macaques, n=10 total, weighing 8.5 ± 0.8 kg were housed at the IRBA accredited facility in individual cages in holding rooms. Animal experiment was approved by the local ethics committee.

Conclusion

 Supportive care. Animals were administered subject-based supportive care. All monkeys were transfused with fresh whole blood irradiated with a 20-Gy dose (137Cs source) when the platelet count was less than 20_109/L or the hematocrit less than 20% in presence of clinical symptoms (petechia, epistaxis). Ampicillin (50 mg/kg/day) and gentamycin (1.5 mg/kg/day) were provided during neutropenia (ANC o0.5_109/L).

 Radiation exposure. Anesthetized monkeys, n=10, placed in a restraining chair were exposed to a total-body (TBI) unilateral, front irradiation with a 60 Co gamma source to a total midline tissue dose (MLTD) of 8 Gy (measured in air at the anterior iliac crest level) with a dose rate ≥0.10 Gy/min. The NHP control cohort, n=4, were injected with corresponding amounts of ASCs following nucleofection using a mock-EGFP plasmidic vector Injection.

Results. Of the control, n=4, cohort, one monkey died from BM aplasia on D19 (1/4) in spite of supportive care and another one from extra-hematological toxicity (cachexia and lung disease) on D196. Animals exhibited a period of profound pancytopenia. Duration of neutropenia (ANC less than 0.5 x 10 9 /L), thrombocytopenia (platelets less than 20 x 10 9 /L), lymphopenia and anemia in animals surviving the hematopoietic syndrome were 17.7 ± 2.6 days, 10 ± 2.2 days, 29.7 ± 3 days and 50.7 ± 31 days, respectively. On D42 post exposure, the frequency of total CFU-GMs and total CFU-MKs partially recovered, whereas CFU-GEMMs and BFU-Es were normalized.

All Shh-ASC treated monkeys fully recovered. Thrombocytopenia (4.75 ±1.8 days versus 10 ± 2.2 days, platelet count 0.20 x 10 9 /L), neutropenia (14.2 ± 1 days versus 17.7 ± 2.6 days, ANC count 0.5 x10 9 /L)

Conclusion.

The study suggests that Shh may represent a new factor to counteract radiationinduced-myelosuppression.

Radiation-induced myelosuppression, PBI/BM-sparing, 60 Co gamma radiation, cytokineand cell-based mitigation.

A PBI/BM-sparing exposure protocol.

Bertho and colleagues developed an exposure protocol utilizing 60 Co gamma, PBI with shielded, single arm, BM sparing, ~ 5% BM, that is subsequently irradiated to a lower but significant dose. The PBI/BM-sparing protocols better realized the exposure scenario in a nuclear terrorist event. The PBI/BM-sparing protocol realizes the potential for heterogenous BMsparing exposure within the acute, high-dose, fallout environment and thus the opportunity to avoid the lethal H-ARS.

Bertho et al. (2005).

Autologous (Au) cell therapy was evaluated in a PBI-BM sparing, cynomolgus macaque model exposed to 60 Co gamma radiation (Bertho et al., 2005b).

 Study objective. Assess the efficacy of Au cell therapy in a model of heterogeneous, , high-dose PBI with BM-sparing [START_REF] Bertho | Reinjection of ex vivo-expanded primate bone marrow mononuclear cells strongly reduces radiation-induced aplasia[END_REF].

 Animals. Young, adult male macaques (Macaca fascicularis), mean weight 3.86 kg (range 3.2 -4.5 kg).

 Irradiation and post irradiation treatments. NHP (n = 9) were bilaterally irradiated, AP/PA, with 60 Co gamma-source and treated with supportive care as described (Drouet et al., 2004). The 8 Gy total dose was given in two parts: 1) TBI with a lead shield covering the right arm up to the shoulder and 2) TBI after removal of the lead shield. The time for each part of the irradiation, AP then PA exposure was calculated to obtain a mean body dose of either 8 Gy (referred thereafter to as 8 Gy / 3.4Gy dose) or 10 Gy (referred thereafter to as 10 Gy / 4.4 Gy dose), with a mean radiation dose to the right arm of 3.4 Gy or 4.4 Gy, respectively. Physical dosimetry was performed to confirm the radiation dose received. Six animals were irradiated with 8 Gy / 3.4 Gy. All animals received subject-based supportive care detailed in the manuscript (Bertho et al., 2005b).

 Experimental Design. In vivo study. A total of nine animals (n = 9) were assigned to three treatment groups. In the first treatment group, BM sampling was performed 2 h before irradiation in three animals (two with the 8/3.4-Gy protocol and one with the 10/4.4 Gy protocol). In the second treatment group, BM sampling was done 2 h post exposure in five animals (three with the 8/3.4 Gy protocol and two with the 10/4.4-Gy protocol). The third group consisted of one 8/3.4 Gy-irradiated and untreated animal that received only supportive care.

Ex vivo expansion cultures were made with the same initial number of BMMNC cells for all animals, i.e. 53 x 10 7 BMMNC kg -1 of bw. All cells produced in these cultures were reinjected on day 7 post irradiation.

 Dosimetry and assessment of heterogeneity of irradiation. Physical dosimetry showed that the expected doses of 8 Gy or 10 Gy with bilateral, AP/PA exposure, were obtained in the middle body plane with a dose heterogeneity of about 5%, including the left arm.

Shielding of the right arm with lead during irradiation gave a dose heterogeneity limited to this body part, which represents about 4.5% of BM in this NHP species [START_REF] Taketa | Active bone marrow distribution in the monkey[END_REF]. However, a large range of doses to the right arm was observed. The variations in radiation dose appeared to be limited to the upper part of the humerus, as suggested by the dosimetry to the elbow and the wrist. As a result, the right arm received a mean dose of 3.4 ± 1.4 Gy for animals that received 8 Gy in the middle body plane (the 8 Gy/3.4 Gy protocol), and 4.4 ± 2.3 Gy for animals received 10 Gy in the middle body plane (the 10 Gy/4.4 Gy protocol).

Results. The use of ex vivo expanded BMMNC harvested after irradiation did not provide a therapeutic efficacy compared to the hematopoietic response in the 8 Gy/3.4 Gy irradiated animals. The duration and severity of leukopenia and thrombopenia were apparently increased in 10/4.4 Gy irradiated animals compared to 8/3.4 Gy irradiated animals.

Conclusions.

Both histological and biochemical examinations suggested the development of multi-organ, radiation-induced pathology. Hemorrhages were noted in all organs examined and the implication of at least liver and kidney dysfunction in addition to the H-ARS. Acute and delayed kidney injury has been reported in a PBI/BM-sparing model (Cohen et al., 2017). The development of complex radiation-induced pathology represented a major limitation in the survival of irradiated animals and suggested that endothelial cells play a central role in the development of the ARS. This study provided an in vivo model of heterogeneous irradiation representative of an accidental irradiation situation that may help to better understand the pathophysiology of the ARS and to assess the efficacy of new therapeutic approaches such as Au cell therapy and combination with MCM such as G-CSF [START_REF] Bertho | Reinjection of ex vivo-expanded primate bone marrow mononuclear cells strongly reduces radiation-induced aplasia[END_REF]Bertho et al., 2005a;[START_REF] Thierry | Cell therapy for the treatment of accidental radiation overexposure[END_REF].

Bertho et al. (2005).

The efficacy of autologous cell therapy, G-CSF to improve hematopoietic recovery was investigated in a PBI-BM sparing model following 60 Co gamma radiation (Bertho et al., 2005a).

 Study objective. Two therapeutic approaches were tested to improve hematopoietic recovery from reinjected cells. These were, a) Au cell therapy and b) G-CSF [(lenograstim) Chugai Pharmaceutical Co., Ltd. Toyko, Japan] injections. This combination was compared with G-CSF injections alone in NHP exposed to PBI/BM-sparing. NHP received a whole-body dose of 8.7 Gy with the right arm shielded to receive 4.7 Gy.

 Animals. Young adult male macaques (Macaca fascicularis), n=6, mean bw 3.1 ± 0.3 kg, were housed in individual stainless-steel cages with a room temperature of 23°C and 12 h/12 h night/day rhythm.

 Irradiation and post-irradiation treatments. NHP were 60 Co gamma irradiated and treated with supportive care as in the previous study. The physical dosimetry demonstrated that animals received a radiation dose of 8.7 Gy homogeneously distributed among the body with the exception of the right arm which has been partly shielded to receive a mean radiation dose of 4.8 Gy (8.7 / 4.8 Gy). The radiation doses were chosen to approximate the that used in a previous study (Bertho et al., 2005b).

 Supportive Care. Supportive care was described in detail in original publications.

 Treatment groups. Two treatment groups (n = 6 total) were defined. In the first group; three animals received G-CSF injections (5 µg kg -1 twice daily, lenograstim, Granocyte 13, supplied by Chugai Pharma France, La Défense, France) starting 6 h after irradiation and until WBC count were greater than 1 x 10 9 L -1 . In the second group, three animals received G-CSF injections combined with Au cells expanded after irradiation.

 Radiation heterogeneity. The physical dosimetry demonstrated that animals received a whole-body radiation dose of 8.72 ± 0.96 Gy, and that the shielding led to a limited radiation dose of 4.77 ± 1.52 Gy (n= 6) to the right arm.

Results. Biological effect. Evaluation of BM-derived cells and H progenitors as compared with control samples made before irradiation showed that a 2 log to 4 log decrease was observed during the first 4 days after irradiation depending on the cell population tested. This decrease was time-and dose-dependent for all cell-types tested. The most pronounced decreases were observed for CFU-GM and BFU-E progenitors, whereas number of total BM cells and CFUfibroblast (F) showed only a 1.5 to 2 log depletion.

Combination of cell therapy and G-CSF treatment. NHP treated with G-CSF alone were compared with animals treated with G-CSF and Au expanded BM MNCs reinjected on day 7. It should be noted that all the cells produced in ex vivo expansion cultures were reinjected to the animals. Thus, these results indicated that the reinjection of expanded Au BM MNCs combined with G-CSF treatment did not accelerate BM and WBC recovery as compared with G-CSF treatment alone.

Radiation-induced damage to other organs and outcome. Despite this rapid and sustained H recovery, two of the six (2/6) animals developed a GI disease from day 12, with abdominal pain, reduced intestinal transit and hemorrhagic feces, and severe reduction in food intake and drinking. Overall, these data were consistent with the appearance of the acute GI-ARS and radiation-induced MOI similar to that noted in a PBI/BM-sparing model (MacVittie et al., 2012a;Farese et al., 2019).

TBI bilateral, sublethal, low-dose exposure, LINAC-derived, 10 MV, 6 MV x ray.

Three additional studies used bilateral, uniform TBI of cynomolgus macaques. Two studies assessed the responses of cynomolgus NHP irradiated with low, sublethal doses of LINACderived x radiation. One study evaluated the administration of IL-6 in combination with other GF's, IL-3, G-, GM-CSF, leukemia inhibitory factor (LIF), and recombinant human (rh) growth hormone (GH) [START_REF] Zeidler | In vivo effects of interleukin-6 on thrombopoiesis in healthy and irradiated primates[END_REF]. This allowed comparison to several studies that used combinations of IL-6 with the same cytokines in the rhesus macaque. The rhesus macaque studies used relatively higher, more myelosuppressive, sublethal, bilateral TBI, with equivalent results [START_REF] Stahl | Effects of human interleukin-6 on megakaryocyte development and thrombocytopoiesis in primates[END_REF][START_REF] Herodin | Recombinant glycosylated human interleukin-6 accelerates peripheral blood platelet count recovery in radiation-induced bone marrow depression in baboons[END_REF]MacVittie et al., 1994). The other study assessed the efficacy of rhGH to mitigate myelosuppression after low-dose TBI and showed a marginal H response (Chen et al., 2010). The third study used a cohort of 20 y old, ovariectomized macaques. The age or relatively small size of the NHP may have adversely affected the NHP that succumbed to expected sublethal doses of bilateral TBI (DeBo et al., 2015).

Zeidler et al. (1992).

The efficacy of IL-6 in normal and irradiated (bilateral, AP/PA TBI, 10 MV x radiation) cynomolgus macaques was investigated [START_REF] Zeidler | In vivo effects of interleukin-6 on thrombopoiesis in healthy and irradiated primates[END_REF].

 Study objective. Assess the in vivo effects of rhIL-6 on hematopoiesis in eight (n = 8) healthy and nine (n = 9) irradiated, mixed female/male cynomolgus macaques to mitigate against thrombocytopenia post TBI.

 Normal cohorts. Of the eight healthy animals, n=3 received rhIL-6 alone (10 µg kg -1 d, sc, n=1, received rhIL-6 in combination with rhIL-3 (10 µg kg -1 d, sc), n=1 received rhIL-6 in combination with recombinant cynomolgus rcGM-CSF; 10 µg kg -1 d, sc), n=2, received rhIL-6 in combination with rhG-CSF (10 µg kg -1 d, sc), and n=1, received rhIL-6 in combination with rhLIF (10 µg kg -1 d, sc).

 Radiation exposure. Bilateral TBI to 3.8 Gy was administered to nine (n = 9) NHP using LINAC-derived 10 MV x radiation (Siemens Mevatron 74) by two antero-posterior opposed fields. No dose rate was provided.

Results

. Non-irradiated cohort. All NHP were treated for at least 2 wk with rhIL-6 or the abovementioned combinations. rhIL-6 alone significantly increased the peripheral blood platelet counts (2-to 3.5-fold). The platelets reached a plateau between days 10 and 15 of treatment.

No synergistic effects on platelet numbers were observed when rhIL-6 was combined with rhIL-3, recombinant cynomolgus (rc)GM-CSF, recombinant human (rh)G-CSF, or rhLIF. In addition to rhIL-6, only rhLIF increased the platelet numbers when administered alone.

Results. Cytokine-treated irradiated cohorts. NHP were treated with rhIL-6 (n=4 with 10 µg kg -1 d; and n=2 with 100 µg kg -1 d) from day -1 or +1 to day 28 post irradiation. In cytokine-treated animals, rhIL-6 at the same dose effective in healthy animals (10 µg kg -1 d) was not capable of protecting the animals from severe thrombocytopenia. However, when pegylated rhIL-6 was used (n=1) at a dosage of 100 µg kg -1 d post irradiation, the mean of the nadirs was 71,000 µL -1 as compared with 39,000 µL -1 in control animals and the time of thrombocytopenia was shorter (3 vs 5 days). In all animals (healthy and irradiated), rhIL-6 did not increase the number of BM megakaryocytes but induced a right shift of DNA ploidy in megakaryocytes.

Conclusion.

These data suggested that IL-6 generated "thrombopoietin"-like activity, but not "megakaryocyte-CSF"-like activity [START_REF] Stahl | Effects of human interleukin-6 on megakaryocyte development and thrombocytopoiesis in primates[END_REF][START_REF] Geissler | In vivo synergism of recombinant human interleukin-3 and recombinant human interleukin-6 on thrombopoiesis in primates[END_REF][START_REF] Herodin | Recombinant glycosylated human interleukin-6 accelerates peripheral blood platelet count recovery in radiation-induced bone marrow depression in baboons[END_REF]MacVittie et al., 1994;Farese et al., 1995). The cynomolgus macaque was selected as the model based on the similarities between the simian and human hematopoiesis [START_REF] Welte | Recombinant human granuloctye colony-stimulating factor. Effects on hematopoiesis in normal and cyclophosphamide-treated primates[END_REF].  Radiation. Animals received a single, bilateral TBI exposure at doses of 0 Gy (n = 3), 2 Gy (n = 6) or 5 Gy (n = 6) to the mid-plane using two opposed lateral fields of 6 MV x rays at a dose rate of 60 cGy min -1 from a Varian 2100C linear accelerator (Varian Medical Systems, Inc., Palo Alto, CA, USA). Scheduled necropsies were performed at 5 days, 8 wk and 24 wk post exposure. Blood and lymphoid tissues were evaluated for morphologic, cellular, and molecular responses.

Chen et al. (2010). The ability of human GH to diminish myelosuppression

 Medical management. On the day of irradiation, animals were given parenteral prophylactic antibiotic treatment consisting of enrofloxacin (5 mg kg -1 ) and ceftazidime (30 mg kg -1 ), and was continued until the WBC returned to within normal range (6.1-12.5 × 10 3 cells µL -1 or until clinical illness (if present) was resolved. Supportive care was provided when clinically necessary and included, parenteral fluids and supplemental nutrition.

Results. Clinical observations. Nausea or vomiting was recorded immediately after irradiation in 1 of 6 and 2 of 6, NHP exposed to 2 Gy and 5 Gy, respectively. Weight loss (5-15% of baseline) was seen in 2/6, 2 Gy, and 6/6 NHP given 5 Gy TBI. Early euthanasia occurred in 2/6 in the 2 Gy group (at 20 d post-irradiation) and 3/6 in the 5 Gy dose group (at 15, 16 and 17 d postirradiation) due to severe clinical illness. Hemorrhage was seen in most irradiated animals (skin/subcutis, gingiva, lung, epicardium, skeletal muscle). Data herein for cynomolgus macaques has been submitted by several colleagues (Herodin F. and Drouet M.; Thrall K. et al.; Authier S.; and Eisele-Doyle M). The respective datasets are described below. A cumulative comparison will be made relative to respective published studies, DRRs and cellular kinetics that characterized the H-ARS for rhesus macaques exposed to bilateral or rotational TBI with 2 Mev x radiation, 60 Co gamma radiation and LINAC-derived photons or x rays (Dalrymple et al., 1965;[START_REF] Macvittie | The acute gastrointestinal subsyndrome of the acute radiation syndrome: a rhesus macaque model[END_REF]MacVittie et al., 2015b;[START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF][START_REF] Yu | Subject-based versus population-based care after radiation exposure[END_REF][START_REF] Beach | Total body irradiation models in NHPs -consideration of animal sex and provision of supportive care to advance model development[END_REF][START_REF] Thrall | The impact of supportive care on survival in large animal models of total body irradiation[END_REF] Drouet M and Herodin F (data herein); cynomolgus and rhesus macaques, 8.0 Gy, 7 Gy, 6.5 Gy, unilateral, AP, TBI 60 Co gamma radiation, plus medical management.

Conclusions

 Study objectives. Herodin and Drouet and colleagues focused on developing a NHP model for assessing the treatment efficacy of MCM in a nuclear exposure environment.

The unilateral, nonuniform, TBI protocol was developed to assess efficacy of early-acting cytokine combinations and for comparison to bilateral, uniform, TBI. All animals were administered subject-based medical management.

 Materials, methods and radiation exposure protocols were as previously published (Drouet et al., 2004;[START_REF] Herodin | Antiapoptotic cytokines in combination with pegfilgrastim soon after irradiation mitigates myelosuppression in nonhuman primates exposed to high irradiation dose[END_REF].

 Animals. Adult male cynomolgus monkeys (Macaca fascicularis) and rhesus (Macaca mulatta) with a bw range 7.2 ± 0.8 kg and 9.4 ± 0.9 kg, respectively.

 Medical management. Subject-based supportive care was administered to all NHP as described in previous studies (Drouet et al., 2004;[START_REF] Herodin | Antiapoptotic cytokines in combination with pegfilgrastim soon after irradiation mitigates myelosuppression in nonhuman primates exposed to high irradiation dose[END_REF]. Animals were transfused with fresh whole blood irradiated with a 20 Gy dose ( 60 Co gamma irradiation) when the platelet count was less than 20 x10 9 L -1 or the hematocrit less than 20%. An antimicrobial regimen (ampicillin 50 mg kg -1 d and gentamycin 1.5 mg kg -1 d) was provided during the neutropenia period (ANC < 0.5 x10 9 L -1 ) and cefalexin (1 mg kg -1 d for 3 d) during prolonged febrile periods above 39°C.  Irradiation. Anesthetized NHP, cynomolgus or rhesus (n = 5 ea), were exposed to a global, unilateral, front irradiation, AP, with a 60 Co gamma source at a total MTD of 8 Gy ≥ 0.10 Gy min -1 .

Results. Mortality. Cynomolgus. Exposure to 8 Gy resulted in one of the five (1/5), 20% euthanized at d20 post exposure due to the H-ARS. A second NHP was euthanized at d84 due to prolonged thrombocytopenia and transfusion (three) dependence. There was no mortality due to the acute H-ARS after 7 Gy exposure. However, two of the 8 control animals (2/8), did not recover platelet counts to within normal baseline values and were euthanized at 73 d and 91 d for ethical reasons and transfusion dependence [START_REF] Herodin | Antiapoptotic cytokines in combination with pegfilgrastim soon after irradiation mitigates myelosuppression in nonhuman primates exposed to high irradiation dose[END_REF]. Rhesus. Two of the five (2/5) rhesus macaques (40%) exposed to 8 Gy succumbed to the acute H-ARS at d 13 and d 16 post 8 Gy (Table 3). A published study showed one of four (1/4, 25%) rhesus macaques succumb to the H-ARS at d19 (Drouet et al., 2014).

Hematopoietic Recovery. Neutrophil-related parameters. Cynomolgus cohort. The 8 Gy exposure reduced the ANC to < 500 µL -1 within ~ 5 d post exposure. The ANC continued to decrease within the next 3 d to ~100 µL -1 . The mean ANC nadir was 12 µL -1 . The respective mean durations for neutropenia, ANC < 500 µL -1 and < 100 µL -1 were 16.3 d and 10.0 d. The recovery time to ANC ≥ 1,000 µL -1 was 24.3 d post exposure (Table 4, Fig. 1a). Rhesus cohort.

ANC-related parameters for the rhesus cohort were similar to those for the cynomolgus cohort.

The time to an ANC <500 µL -1 was ~ 5 d and it continued to decrease to ~100 µL -1 within the next 3 d to a mean nadir of 15 µL -1 . The respective mean durations for neutropenia, ANC < 500 µL -1 and < 100 µL -1 were 18.0 d and 12.7 d. The recovery time to ANC ≥ 1,000 µL -1 was 22.7 d post exposure (Table 4, Fig. 1c).

Platelet-related parameters. Cynomolgus cohort. The 8 Gy exposure reduced the platelet count to 20,000 µL -1 within ~13 d post exposure. The nadir was reached within 12-15 d at 4,000 µL -1 . The duration of thrombocytopenia with a platelet count of 20,000 µL -1 was 13.0 d; the recovery time to 20,000 µL -1 was 25.8 d (Table 5, Fig. 1b). Rhesus cohort. Platelet-related parameters were similar in the rhesus and the cynomolgus cohorts. The 8 Gy exposure reduced the platelet count to 20,000 µL -1 within ~11 d post exposure. The nadir was reached within 12-15 d at 2,200 µL -1 . The duration of thrombocytopenia, (platelet count ≤ 20,000 µL -1 ) was 10.0 d; the recovery time to a platelet count ≥ 20,000 µL -1 was 21.3 d (Table 5, Fig. 1d).

Herodin F, and Drouet M (data herein). Cynomolgus macaques were exposed to unilateral, AP, TBI, at 7.0 Gy, 60 Co gamma radiation.

 Irradiation. Anesthetized, male, cynomolgus macaques (n = 5) were exposed to unilateral, AP, TBI with 60 Co radiation to a total MTD of 7 Gy with a dose rate of 0.20 Gy min -1 .

Results. Mortality. One ( 1) animal (1/5, 20%) succumbed to the H-ARS; euthanized at d25 post exposure.

Hematopoietic recovery. Neutrophil-related parameters. The 7 Gy exposure reduced the ANC to < 500 µL -1 within ~ 8 d post exposure. The ANC continued to decrease within the next 5 d to ~100 µL -1 . The mean ANC nadir was 19 µL -1 . The respective mean durations for neutropenia, ANC < 500 µL -1 and < 100 µL -1 were 12.5 d and 5.0 d. The recovery time to ANC ≥ 1,000 µL -1 was 22.5 d post exposure (Table 4, Fig. 2a).

Platelet-related parameters. The 7 Gy exposure reduced platelet counts to < 20,000 µL -1 within ~12.8 d post exposure. The nadir was reached within 14-16 d at ~6,000 µL -1 . The duration of thrombocytopenia (platelet count < 20,000 µL -1 ) was 9.8 d; the recovery time to platelet counts ≥ 20,000 µL -1 was 22.0 d (Table 5, Fig. 2b).

Herodin F, Drouet M (data herein).

Rhesus macaques were exposed to unilateral, AP, TBI, at 6.5 Gy, 60 Co gamma radiation.

 Irradiation. Anesthetized, male rhesus macaques, n=5, were exposed to unilateral, AP, TBI with 60 Co gamma radiation to a total MTD of 6.5 Gy at a dose rate of 0.20 Gy min -1 .

Results.

 Mortality. The 6.5 Gy exposure plus administration of supportive care was nonlethal for the rhesus cohort.

Hematopoietic Recovery. Neutrophil-related parameters. The 6.5 Gy exposure reduced the ANC-related parameters for both the rhesus and cynomolgus cohorts at 7 Gy in a similar manner (Herodin, Drouet herein). The time to an ANC < 500 µL -1 was ~ 5 d and it continued to decrease to ~100 µL -1 within the next 3 d to a mean nadir of 13 µL -1 . The respective mean durations for neutropenia, ANC < 500 µL -1 and < 100 µL -1 were 13.6 d and 6.8 d. The recovery time to ANC ≥ 1,000 µL -1 was 21.2 d post exposure (Table 4, Fig. 3a). Platelet-related parameters. Platelet recovery in both the rhesus and cynomolgus cohorts noted above were similar. The 6.5 Gy exposure reduced the platelet count to 20,000 µL -1 within ~10 d post exposure. The nadir (9,600 µL -1 ) occurred within 15 d. The duration of thrombocytopenia (platelet count < 20,000 µL -1 ) was at 10.0 d; the recovery time to platelet levels ≥ 20,000 µL -1 was 17.3 d (Table 5, Fig 3b).

Thrall K (data herein). Cynomolgus macaques were exposed to bilateral, TBI, at 7.55 Gy, rhesus macaques at 7.25 and 7.75 Gy, 6 MV LINAC-derived photons. A rhesus macaque DRR study using equivalent experimental conditions has been previously published [START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF].

 Study objective. The study was focused was to characterize the hematopoietic damage due to total body irradiation (TBI) in the cynomolgus relative to the rhesus macaque.

 Materials and Methods. This study was conducted in six male, naïve cynomolgus macaques of Cambodian origin (5.7 to 8.6 kg bw). Of the total of 48 male, naïve rhesus macaques (4.2 to 8.7 kg bw) of Chinese origin, two comparable cohorts, n = 8 each, were chosen for comparative data analysis to the cynomolgus macaques. The rhesus cohorts used for comparison were exposed to 7.25 and 7.75 Gy; the cynomolgus cohort was exposed to 7.55 Gy.

 Irradiation. The restrained animal was exposed to bilateral TBI in the anterior-posterior and posterior-anterior directions using a Varian 600 C/D linear accelerator (Palo Alto, CA) operated at 6 MV photon energy (average energy approximately 2 MV) at a dose rate of 0.80 Gy min -1 to achieve the desired midline tissue dose. Prior to irradiation, midline calibration was accomplished using a solid-water phantom approximating the lateral measurements of the animals.

 Medical management. The supportive care included analgesics, fluids, nutrition, antidiarrheals, antibiotics and blood transfusions.

Results.

 Mortality. The 7.55 Gy exposure for the cynomolgus cohort resulted in 50% (3/6) mortality relative to the two rhesus macaque cohorts that received 7.25 and 7.75 Gy that bracketed the dose to the cynomolgus cohort. The rhesus cohorts had respective mortality of 37.5% and 75.0% (Table 3). The 50% mortality following 7.55 Gy exposure to the cynomolgus cohort was similar to the LD50/60 of the 7.43 Gy dose derived from the probit output of the published study with rhesus macaques [START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF]. In fact, the 7.55 Gy dose was approximate to the range observed in other published LD50/60 values (7.43 to 7.54 Gy), using LINAC-derived photons and medical management [START_REF] Macvittie | The acute gastrointestinal subsyndrome of the acute radiation syndrome: a rhesus macaque model[END_REF][START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF][START_REF] Yu | Subject-based versus population-based care after radiation exposure[END_REF][START_REF] Thrall | The impact of supportive care on survival in large animal models of total body irradiation[END_REF].

 Hematologic recovery. The cellular kinetics of recovery for the ANC and platelets post TBI were similar for the cynomolgus and rhesus cohorts (Fig. 4a,b; Table 4,5).

Hematopoietic Recovery. Neutrophil-related parameters. The 7.55 Gy exposure of cynomolgus NHP resulted in the ANC nadir within 14.5 d at 17 µL -1 . The respective mean durations for neutropenia, ANC < 500 µL -1 and < 100 µL -1 were 18.0 d and 12.8 d. The recovery time to ANC ≥ 1,000 µL -1 was 25.8 d post exposure (Table 4, Fig. 4a). The relative ANC nadirs for rhesus exposed to 7.25 and 7.75 Gy doses 30 µL -1 and 19 µL -1 , both occurring within approximately 14 d. The respective mean durations for neutropenia were ANC < 500 µL -1 13.8 d and 17.0 d and < 100 µL -1 6.6 d and 9.5 d. The recovery times to ANC ≥ 1,000 µL -1 were 21.4 d and 24.5 days, respectively. Platelet-related parameters. The 7.55 Gy exposure of the cynomolgus cohort reduced platelet counts to < 20,000 µL -1 within 10.5 d post exposure. The platelet nadir of ~1,300 µL -1 was reached within 13.5 d at. The recovery time to platelet counts ≥ 20,000 µL -1 was 25.2 d. (Table 5,Fig 4b). The rhesus macaque cohorts exposed to 7.25 Gy and 7.75 Gy platelet counts were decreased to < 20,000 µL -1 within 11.0 d post exposure. The respective nadirs were reached within 14.0 d at 3,300 µL -1 and 1,400 µL -1 . The respective recovery time to platelet counts ≥ 20,000 µL -1 was 17.5 d and 23.5 d.

Summary. The cynomolgus and rhesus cellular values for bilateral, TBI-induced mortality, myelosuppression and recovery are similar in all characteristic effects to data reported herein and the published literature.

Authier S. Cynomolgus macaques were exposed to bi-lateral, TBI, at 4.0 Gy, 60 Co gamma radiation (data herein).

 Study objective. Establish the hematopoietic response of young male and female cynomolgus macaques to bi-lateral, total-body 60 Co gamma radiation.

 Materials and Methods. A total of 16, young, mixed male and female cynomolgus macaques, (age range 2.3 to 2.5 years) weighing between 2.4 and 4.3 kg for the males and between 2.2 and 2.9 kg for females, were used.

 Irradiation. NHPs were irradiated using a 60 Co gamma-source, in a single uniform dose of 4.0 Gy delivered at 0.13 Gy min -1 in two sequential fractions (i.e. anteroposterior followed by posteroanterior).

 Medical management. Supportive care was not administered. The animals were only administered analgesia which consisted of preemptive buprenorphine (0.01-0.03 mg/kg, TID, SC, Buprenex; Reckitt Benckiser Pharmaceuticals Inc, UK)

Results. Mortality. The study resulted in LD75/30 [12/16, mixed male/female cynomolgus macaques], all NHP were euthanized within the time frame of the H-ARS. The survival times (d) were: Female: d15,17,19,19,20,21,22;Male: d18,19,19,20,22  Study objective. Establish the hematopoietic response of young male and female cynomolgus macaques to bi-lateral, total-body LINAC-derived x radiation.

 Animals. 2 males and 2 females; approximately 2 -2.5 kg bw;  Radiation source, schedule. LINAC 6 MV x-ray beam irradiation. Animals were fasted overnight and sedated with 10 mg kg -1 (± 0.5 mg kg -1 ) Ketamine (IM) for movement to the LINAC facility. Anesthetized NHP (isoflurane (1-3%, inhalation, face mask) were placed into a sling for exposure. The LINAC instrument was set to a dose rate adjusted to 100 MU min -1 . Animals received bi-lateral, half the target radiation dose from both the right and left lateral surfaces. Diodes were placed on either side of the animal and measured for dose determination. Four NHP (2 male, 2 female) were exposed to a target dose of 3.50 Gy. The dosimetry indicated the average dose delivered was ~3.40 Gy.

 Medical management. Antibiotics, initiated on d 5, (Baytril: IM, 5 mg kg -1 ) BID for 5 d then IM once per day for 5 days; PO, 5 mg kg -1 d after completion of IM antibiotics. 

Discussion

The comparative effect of acute radiation exposure between cynomolgus and rhesus macaques for the H-ARS is available via analysis of the established and validated DRR and extensive database for rhesus macaques to that database available and summarized herein using established exposure protocols for radiations of similar quality for cynomolgus macaques. The marked differences for the cynomolgus datasets are the, (a) predominant, published use of unilateral, nonuniform, AP TBI, relative to bilateral, uniform, AP/PA, TBI exposure for cynomolgus and rhesus macaques, respectively, (b) the use of a PBI/BM-sparing protocol for the H-ARS in cynomolgus macaques that differed with respect to the radiation dose delivered to the "spared" BM in the macaque model, and (c) use of unilateral, steady state, low dose rate, reactor-derived mixed gamma/neutron exposure. Additionally, there were several modest datasets for cynomolgus macaques that did use comparable, uniform TBI with LINAC-derived 10 MV and 6 MV x radiation at nonlethal doses, relative to that used with rhesus macaques.

Additionally, herein, several previously unpublished studies from co-authors provided datasets that verified the H-ARS correspondence between adult male cynomolgus and rhesus macaques (Herodin, F. and Drouet, M.; Thrall K) but suggested young, male and female cynomolgus macaques were more radiation sensitive to the H-ARS than adult male cynomolgus or rhesus macaques (Authier, S.; Doyle-Eisele, M.).

High dose, potentially lethal, bilateral, uniform TBI exposure and medical management.

The established DRR, associated slopes and probit output for the H-ARS in the male rhesus macaque allowed estimated values for the full range of LDs, using bilateral, TBI with 250 kVp x radiation, 2 MV x radiation, 60 Co gamma radiation, mixed neutron/gamma radiation and 6 MV LINAC-derived photons in the absence or presence of subject-based medical management (Dalrymple et al., 1965;[START_REF] Macvittie | The acute gastrointestinal subsyndrome of the acute radiation syndrome: a rhesus macaque model[END_REF]MacVittie et al., 2015b;[START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF][START_REF] Yu | Subject-based versus population-based care after radiation exposure[END_REF][START_REF] Thrall | The impact of supportive care on survival in large animal models of total body irradiation[END_REF]. Additionally, a recent analysis of research site-specific datasets noted as "historical" and "range-finding" provided DRRs using 60 Co gamma radiation plus medical management. The datasets showed that adult, male rhesus macaque, (a) were more sensitive to the lethal H-ARS than the datasets published above and that, (b) female rhesus macaques were markedly more sensitive than the male counterparts [START_REF] Beach | Total body irradiation models in NHPs -consideration of animal sex and provision of supportive care to advance model development[END_REF]. Four of the studies noted previously, posted equivalent DRRs and slopes that estimated LD50/60 values that ranged from 7.43 to 7.54 Gy for male rhesus administered full supportive care [START_REF] Macvittie | The acute gastrointestinal subsyndrome of the acute radiation syndrome: a rhesus macaque model[END_REF][START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF][START_REF] Yu | Subject-based versus population-based care after radiation exposure[END_REF][START_REF] Thrall | The impact of supportive care on survival in large animal models of total body irradiation[END_REF] . The more recent database by Beach et al., indicated that the LD50/60 values were decreased to 6.3 Gy and 6.7 Gy for the referenced "historical" and "range-finding" studies in rhesus receiving full supportive care, respectively. The LD50 values for female macaques administered supportive care decreased further to 5.9 Gy and 5.5 Gy, respectively. Furthermore, these recent datasets for male rhesus approximated the earliest published datasets and LD50/30 values that defined the H-ARS consequent to 60 Co gamma radiation and 2 Mev x radiation published by Dalrymple et al.,and Eltringham et al.,of 6.71 and 6.44 Gy; performed in the absence of medical management (Fig. 7a,b.) (Dalrymple et al., 1965;Eltringham, 1967;MacVittie et al., 2015b). The slope for the respective DRRs was shifted to the left and estimated that animals exposed to 5 Gy 60 Co gamma radiation and administered medical management would result in 10 -30% mortality. The Dalrymple et al., and Eltringham et al., studies estimated that ~ 5 Gy in animals not administered medical management would result in only ~ 5% mortality. These data sets display a marked difference in radiation sensitivity for young adult male and female rhesus macaques. Ossetrova et al., in a study using rhesus macaques that focused on biodosimetry, confirmed the LD50/60 value with four of eight, 4/8, mortality at 6.5 Gy, for 60 Co gamma radiation without supportive care. Additional administration of supportive care reduced the 6.5 Gy exposure to nonlethal (Ossetrova et al., 2016). Thrall et al., recently validated their previous study and supported the overall higher values for LD50/60 of male rhesus, as well as the benefit of supportive care with a dose modification factor of 1.21 between the LD50 values for limited and full supportive care [START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF][START_REF] Thrall | The impact of supportive care on survival in large animal models of total body irradiation[END_REF].

Unilateral, nonuniform TBI exposure and medical management.

Influence of exposure aspect. The dose-dependent, potentially lethal H-ARS is influenced herein by three critical variables, (a) the exposure aspect, AP vs PA and thus, (b) distribution of active BM sites, ventral vs dorsal and (c) post exposure mitigation via medical management.

These are important considerations within each species but critical in order to estimate the equivalent dose response between the species. It is important herein given the fact that the predominant, published studies using the cynomolgus macaque at doses relevant to the potentially lethal H-ARS, used a unilateral, AP, nonuniform, total-body exposure protocol. The exposure geometry, given the differential depth-dose pattern and respective dose to heterogeneously distributed BM volume is relevant to dose-dependent mortality and cellular kinetics [START_REF] Bond | A mortality determinant in nonuniform exposure of the mammal[END_REF][START_REF] Bond | Severity of organ injury as a predictor of acute mortality for disparate patterns of absorbed dose distribution[END_REF]. The exposures did not use an actual bilateral, left side/right side exposure, which would have marginalized the variable of BM distribution within the AP vs PA aspects.

The predominant AP or PA exposure limits the dose delivered to the respective posterior/dorsal or anterior/ventral aspect of the animal [START_REF] Bertho | Level of Flt3ligand in plasma: a possible new bio-indicator for radiation-induced aplasia[END_REF][START_REF] Herodin | Antiapoptotic cytokines in combination with pegfilgrastim soon after irradiation mitigates myelosuppression in nonhuman primates exposed to high irradiation dose[END_REF][START_REF] Jackson | Hematological Effects of Non-Homogenous Ionizing Radiation Exposure in a Non-Human Primate Model[END_REF]. A dosimetric analysis of two studies that used unilateral, midline tissue dose (MLTD)s of 7 Gy and 6.5 Gy 60 Co gamma radiation to irradiate cynomolgus macaques established the nonuniform dose distribution. The study indicated that the respective exit doses were approximately 57% and 46% of the MLTD, whereas the entrance doses were approximately 107% and 112% of the respective MLTD. A recent study performed using 6 MV LINAC-derived photons to deliver at 4 Gy MLTD for bilateral, AP/PA and unilateral/AP exposure, underscored the dose volume differential for the H-ARS [START_REF] Jackson | Hematological Effects of Non-Homogenous Ionizing Radiation Exposure in a Non-Human Primate Model[END_REF]. Additionally, all studies were administered subject-based medical management to mitigate against the H-ARS mortality. The consideration of these critical variables was essential in the data-based comparison of mortality and recovery of cellular kinetics relative to the acute radiation-induced H-ARS in the adult, male cynomolgus vs rhesus macaques noted herein.

Medical management. The studies reported herein, using cynomolgus and concurrent, paired rhesus macaques for unilateral, nonuniform TBI, or bilateral TBI also used subject-based medical management comparable to that used with the bilateral TBI or PBI/BM-sparing models for rhesus macaques, noted above. Unfortunately, a mortality DRR for unilateral or bilateral total-body exposure of either species, cynomolgus or rhesus macaques, with or without the benefit of medical management, has not been performed. The current database published and documented herein, for unilateral, TBI of cynomolgus or rhesus were conducted with benefit of medical management.

Mortality. The total-body, unilateral, nonuniform exposure mitigates the established dose-and radiation quality-dependent mortality and morbidity defined for total-body, bilateral, uniform exposure geometry due to variable sparing of bone marrow on the distal exposure aspect as described above. The database for unilateral, nonuniform TBI is marginal for both cynomolgus and rhesus species. However, the available database shared herein, allowed comparative analysis of mortality and cellular kinetics for low-lethal H-ARS relative to the dependence on dose and exposure aspect.

The established and validated DRR for male rhesus macaques, exposed to bilateral, uniform TBI and administered medical management, resulted an LD50/60 that ranged from 6.7 Gy to 7.54 Gy with a cellular hematologic response and morbidity characteristic of the H-ARS [START_REF] Macvittie | The acute gastrointestinal subsyndrome of the acute radiation syndrome: a rhesus macaque model[END_REF]MacVittie et al., 2012a;[START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF][START_REF] Yu | Subject-based versus population-based care after radiation exposure[END_REF][START_REF] Beach | Total body irradiation models in NHPs -consideration of animal sex and provision of supportive care to advance model development[END_REF]. The established slopes for the mortality DRR in rhesus macaques provided the database for estimated comparative mortality relative to that noted within the cynomolgus exposure protocols (Fig 7a,b). Herein, a study with cynomolgus macaques was compared to a published, contemporary study in rhesus macaques that defined the DRR and LD50/60 plus administration of medical management for bilateral, TBI with LINAC-derived photons [START_REF] Jackson | A comparison of acute radiation syndrome (ARS) effects in the rhesus macaque and the cynomolgus macaque[END_REF][START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF]. Equivalent mortality, survival time of decedents, ANC and platelet kinetics were observed in cynomolgus NHP exposed to 7.55 Gy and rhesus NHP exposed to 7.25 or 7.75 Gy, doses that bracketed the LD50/60 dose of 7.43 Gy (Figs. 4a,b).

The three doses of potentially lethal, unilateral TBI used for MCM efficacy studies with cynomolgus macaques were 6.5, 7.0 and 8.0 Gy (Drouet et al., 2004;[START_REF] Herodin | Antiapoptotic cytokines in combination with pegfilgrastim soon after irradiation mitigates myelosuppression in nonhuman primates exposed to high irradiation dose[END_REF]Drouet et al., 2008) (Herodin F., Drouet, M. herein). The DRR for male rhesus macaque estimated mortality for bilateral, uniform TBI at the equivalent 6.5, 7.0 and 8.0 Gy exposures at 15%, 30% and 70%, respectively (Figs. 7a,b). The studies that used cynomolgus macaques for MCM mitigation against the H-ARS observed respective mortality at 0% (0/2), 20% (1/5) and 20% (1/5) for the adult male cynomolgus NHP exposed to 6.5, 7.0 and 8.0 Gy, respectively. The contemporary study showed that male, rhesus macaque had 25% (1/4) and 40% (2/5) mortality after 8.0 Gy (Table 3). Low NHP numbers prevented appropriate statistical analysis. However, as expected, the unilateral, AP, TBI with administration of medical management resulted in lower mortality than estimated from bilateral, uniform exposure at comparable doses (Figs. 6a,b; Table 3).

Hematopoietic response. The effect of unilateral TBI in the 6.5 Gy to 8.0 Gy dose range on the hematologic response for neutrophil and platelet loss and recovery for cynomolgus macaques was not significantly different from that noted for bilateral, TBI of adult male rhesus macaques noted herein and the literature (Tables 4,5) [START_REF] Kahn | In vitro and in vivo biology of an engineered novel factor for expansion and development of platelet producing cells[END_REF]Drouet et al., 2004;[START_REF] Herodin | Antiapoptotic cytokines in combination with pegfilgrastim soon after irradiation mitigates myelosuppression in nonhuman primates exposed to high irradiation dose[END_REF]Drouet et al., 2008;[START_REF] Macvittie | The acute gastrointestinal subsyndrome of the acute radiation syndrome: a rhesus macaque model[END_REF]Farese et al., 2013;[START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF][START_REF] Yu | Subject-based versus population-based care after radiation exposure[END_REF][START_REF] Thrall | The impact of supportive care on survival in large animal models of total body irradiation[END_REF] (Herodin, Drouet, herein). An examination of numerous studies published using bilateral, TBI of young, adult male rhesus macaques in the range of 7.0 Gy to 7.5 Gy demonstrated the consistent and substantial database of characteristic values that define the hematologic cellular kinetics of the low to mid-lethal H-ARS (Tables 4,5; Figs. 7a,b).

The severity of the dose-and time-dependent H-ARS were based on the degree of neutropenia and thrombocytopenia during which time the risk of sepsis and hemorrhage may have required subject-based clinical management. The rhesus and cynomolgus data sets presented are clearly defined by cellular nadirs, time to the occurrence and duration of neutropenia and thrombocytopenia, followed by time to recovery to baseline values.

The available datasets for unilateral, nonuniform TBI and bilateral, uniform TBI indicated that biologically equivalent doses of radiation in the 6.5 Gy to 8.0 Gy resulted in the expected H-ARS mortality and hematopoietic cellular kinetics relative to control of several variables 2a,b;3a. b). These are; (a) use of the young adult, male species, (b) equivalent radiation quality and dose rate, (c) use of low to mid-lethal exposure at thoracic, MLT, (d) administration of subject-based, full medical management and (e) accurate radiation physics and dosimetry.

Given the current published and unpublished database for the cynomolgus and rhesus macaques, it is reasonable to expect the species dependent DRRs for adult males to be equivalent given the balance of critical variables. The extensive published database for the rhesus macaque provides a valid link for comparison of acute radiation effects and normal hematopoietic cell biology in the cynomolgus.

H-ARS, low dose, expected sublethal, bilateral and unilateral TBI exposure, a disparate response.

Mortality. The estimated sublethal to low-lethal doses of bilateral or unilateral TBI, delivered to cynomolgus or rhesus macaques in contemporary studies ranged from 2 Gy to 5 Gy [START_REF] Zeidler | In vivo effects of interleukin-6 on thrombopoiesis in healthy and irradiated primates[END_REF][START_REF] Bertho | Level of Flt3ligand in plasma: a possible new bio-indicator for radiation-induced aplasia[END_REF]Drouet et al., 2004;Chen et al., 2010;DeBo et al., 2015;Jackson et al., 2019) (Authier et al. herein;Doyle-Eisele, M. et al. herein). Medical management dictated by site-specific protocols was administered in all studies with a single exception (Authier et al. herein). There was a marked difference noted between several studies, published and unpublished, relative to sex-and age-or bw-dependent mortality for cynomolgus and rhesus macaques [START_REF] Beach | Total body irradiation models in NHPs -consideration of animal sex and provision of supportive care to advance model development[END_REF] Cynomolgus macaques. The published studies, with one exception, indicated that the 2.0 Gy -5.0 Gy dose range was sublethal for male, approximately 5.0 plus kg bw, cynomolgus macaques exposed to bilateral or unilateral, TBI, administered medical management [START_REF] Zeidler | In vivo effects of interleukin-6 on thrombopoiesis in healthy and irradiated primates[END_REF][START_REF] Bertho | Level of Flt3ligand in plasma: a possible new bio-indicator for radiation-induced aplasia[END_REF]Drouet et al., 2004;Chen et al., 2010). A single study noted significant mortality in a cohort of ovariectomized, female macaques of an estimated median age of 20 y to 6 MV photon, bilateral TBI at 2 Gy, 33.3% (2/6) and 5 Gy, 50% (3/6) (DeBo et al., 2015). Euthanasia was required within 15 -20 d post exposure.

Two unpublished studies documented significant mortality in young cynomolgus, female only, and female and male cohorts exposed to 3.5 Gy and 4.0 Gy, respectively. The first study exposed a total n=4, n=2 each male and female macaque (2.0 -2.5 kg bw) to 3.5 Gy bilateral, uniform, LINAC-derived x radiation with medical management. The two female NHP succumbed to the H-ARS (d 21, 22) while two male NHP survived the H-ARS through 30 d post exposure (Figs. 6a,b) (Doyle-Eisele, M. herein). The second study (n = 16) exposed an equal number of male (2.4 -4.3 kg bw) and female (2.2 -2.9 kg bw) cynomolgus macaques to bilateral, uniform TBI with 4 Gy, 60 Co gamma radiation without subsequent medical management. Significant mortality was observed within each cohort; 5/8 (62.5%) males and 7/8 (87.5%) females, all within the time frame (d 18 -22) of the H-ARS (Figs. 5 a, b.) (Authier, et al. herein).

Rhesus macaques. The published database for the lethal DRR for young adult, male rhesus macaques from four independent studies, for bilateral, uniform, TBI with 6 MV LINACderived photon radiation plus medical management defined a slope for dose-dependent mortality that indicated doses ≤ 5.0 Gy were sublethal (Figs. 4a, b;7 a, b;8 a, b) (Farese et al., 2012;[START_REF] Thrall | An interlaboratory validation of the radiation dose response relationship (DRR) for the H-ARS in the rhesus macaque[END_REF][START_REF] Yu | Subject-based versus population-based care after radiation exposure[END_REF][START_REF] Thrall | The impact of supportive care on survival in large animal models of total body irradiation[END_REF]. These studies all used comparable, subject-based medical management.

Summary, unilateral and bilateral TBI, critical variables. The database for male cynomolgus macaques with an average bw of 5.0 kg and exposed to unilateral or bilateral TBI plus medical management indicated that exposure ≤ 5.0 Gy is sublethal. This corresponded with the previously published data base for rhesus macaques. A recent publication indicated that male and female rhesus macaques are more sensitive than the previous described data sets.

The confounding variables of sex, bw and age suggested that bilateral, uniform TBI within the 3.5 -4.0 Gy dose range is potentially lethal for young (2.2 -4.0 kg bw) male and female cynomolgus macaques.

Rhesus macaque and cynomolgus datasets, comparison for the H-ARS; PBI with BMsparing and medical management.

The challenge in developing animal models or selected exposure protocols lies in the effort to control major variables to the extent that key objectives and multiple questions can be asked relative to linking the dose-and time-dependent MOI of the ARS and DEARE. The current model that was developed to mimic the ill-defined exposure environment after a terrorist radiation event was focused on an approach using high threshold doses of PBI with marginal BM sparing that allowed survival of the animal through the acute H-ARS and dose-dependent mortality for the GI-ARS and the lung, kidney and heart characteristic of the DEARE. A single model in the rhesus macaque was developed to the extent of defining DRRs for the ARS and DEARE sequelae while two other similar exposure protocols focused on the H-and GI-ARS in the cynomolgus and rhesus macaques, respectively (Bertho et al., 2005a;Bertho et al., 2005b;MacVittie et al., 2012a;Farese et al., 2019;[START_REF] Accardi | Characterization of a partial-body irradiation model with oral cavity shielding in nonhuman primates[END_REF].

Mortality, H-ARS, cynomolgus vs rhesus macaque, PBI/BM-sparing exposure. The PBI/BM-sparing protocol with cynomolgus macaques used uniform partial-body doses of 8.0 Gy, 8.7 Gy and 10.0 Gy with a single arm (~ 5% active BM) exposed to 3.4 Gy, 4.3 Gy and 4.5 Gy, respectively [START_REF] Bertho | Reinjection of ex vivo-expanded primate bone marrow mononuclear cells strongly reduces radiation-induced aplasia[END_REF]Bertho et al., 2005a;Bertho et al., 2005b). The respective dose-dependent H-ARS-induced lethality was 0%, 20% and 66%. The noted degree of lethality was a consequence of the relatively severe exposure to the arm (3.4 Gy to 4.5 Gy), given the 75-100%, uniform, LD (8.0 Gy to 10.0 Gy) delivered to ~ 95% of the body. The survival was a consequence of a predicted critical fraction of surviving HSPC dictated by the partial-body protocol heterogenous exposure [START_REF] Bond | A mortality determinant in nonuniform exposure of the mammal[END_REF][START_REF] Bond | Severity of organ injury as a predictor of acute mortality for disparate patterns of absorbed dose distribution[END_REF]. An estimated Do of the NHP hematopoietic "stem" and progenitor cells was ~ 0.75 Gy; the dose to the single arm suggested a potential 3-log decrease in HSPC [START_REF] Van Bekkum | Radiation sensitivity of the hemopoietic stem cell[END_REF].

The current PBI/BM5 tibiae-sparing model with an established DRR for the H-ARS, "spared" the entire tibiae during 6 MV LINAC-derived photon exposure. Thus, equating each exposure protocol to target ~ 5% active BM [START_REF] Taketa | Active bone marrow distribution in the monkey[END_REF]. Post exposure dosimetry indicated that the "spared" tibiae received an approximate 0.50 Gy dose; inducing a significantly different effect on the hematopoietic cells from that in the PBI/BM protocol with a single arm exposed to a range of 3.4 Gy to 4.5 Gy. The PBI/BM5-tibiae protocol was modified to reduce the amount of BM spared to ~ 2.5%, to assess the threshold for BM recovery and the lethality due to the H-ARS (Farese et al., 2019). Knowledge of these parameters allowed a comparison of the exposure protocols relative to mortality and cellular kinetics due to the H-ARS in the cynomolgus vs the rhesus macaque.

The dose-dependent lethality for the H-ARS for the rhesus PBI/BM5-tibiae model derived from the DRR was estimated to be 0%, 3% and 25% for 8.0 Gy, 8.7 Gy and 10 Gy observed with the tibiae exposed to 0.50 Gy. Whereas, the dose-dependent mortality using the PBI/BM-arm protocol for 8.0 Gy/3.4 Gy, 8.7 Gy/4.3 Gy and 10 Gy/4.5 Gy was 0%, 20% and 66%, respectively (Bertho et al., 2005a;Bertho et al., 2005b;MacVittie et al., 2012a;MacVittie et al., 2015a;Farese et al., 2019). Reduction of the spared BM from ~ 5.0% to ~ 2.5% in the PBI/BM2.5-tibiae exposure resulted in an increase in mortality to ~ 58% at an equivalent uniform body dose at 10 Gy/0.50 Gy. The reduction in BM spared to 2.5% in the rhesus relative to the cynomolgus 10 Gy/4.5 Gy exposure better approximated the respective mortality at 58% and 66%.

Summary, PBI/BM-sparing, cynomolgus vs rhesus macaques, critical variables. The PBI/BM-sparing models noted herein are approximate relative to assessing the acute H-ARS by using a dose-dependent exposure protocol that allowed definition of the H-ARS at threshold doses for the GI-ARS and DEARE (Bertho et al., 2005a;Bertho et al., 2005b;MacVittie et al., 2012a;MacVittie et al., 2015a;Farese et al., 2019). Analysis of the exposure protocols relative to the uniform dose to ~ 95% total-body and the dose delivered to the "spared" BM showed equivalence in the resultant, potentially lethal H-ARS. The critical variables are the dose and fraction of active BM spared in the young adult male rhesus or cynomolgus macaques.

Conclusion: MCM development, cynomolgus and rhesus macaque animal models.

Critical variables and gaps in knowledge.

The radiation-effects community is focused on FDA approval of MCMs using the animal rule. The NHP, predominately young adult, male rhesus macaque is the primary, validated, large animal model that links essential aspects of its response to potentially lethal irradiation to that of the established, albeit anecdotal, human database (Doerr et al., 2014;[START_REF] Graessle | Comparing the hematopoietic syndrome time course in the NHP animal model to radiation accident cases from the database SEARCH[END_REF]. A comparison of the H-ARS in response to the variable exposure protocols is possible given the extensive database and published DRRs for the bilateral, uniform TBI and PBI/BMsparing exposure protocols established for the rhesus macaque. There are basic assumptions that prevail, (a) the Bond and Robinson proposal that a critical fraction of BM stem and progenitor cells are equally distributed throughout the BM space, (b) the spared BM, independent of location, maintains an equivalent ability to regenerate the hematopoietic system, (c) there is a dose-and time-dependent threshold associated with the survival fraction to replenish the system and maintain survival, and (d) subject-based medical management, administered within the clinically manageable period of time post exposure, will increase survival and survival time of decedents [START_REF] Bond | A mortality determinant in nonuniform exposure of the mammal[END_REF][START_REF] Taketa | Active bone marrow distribution in the monkey[END_REF]Monroy et al., 1988;[START_REF] Bond | Severity of organ injury as a predictor of acute mortality for disparate patterns of absorbed dose distribution[END_REF]Bertho et al., 2005a;Bertho et al., 2005b;MacVittie et al., 2012a;MacVittie et al., 2015a;[START_REF] Yu | Subject-based versus population-based care after radiation exposure[END_REF]Farese et al., 2019;[START_REF] Accardi | Characterization of a partial-body irradiation model with oral cavity shielding in nonhuman primates[END_REF][START_REF] Thrall | The impact of supportive care on survival in large animal models of total body irradiation[END_REF].

Given the primary database and unpublished studies provided herein and the above assumptions; the young adult, male cynomolgus macaque, would provide an equivalent DRR as the young adult, male rhesus macaque, for the H-ARS in response to exposed bilateral, TBI or PBI/BM-sparing protocols with administration of comparable medical management.

Sex, bw and age. Young adult males were the predominant sex and standard age or bw used in the primary cynomolgus studies for all exposure protocols. This is a comparable sex, age and bw used by rhesus macaques in MCM efficacy studies. Published and unpublished datasets have indicated that both young and adult (median 20 y) aged female cynomolgus were more sensitive to radiation exposure at doses less than the established LD50 in young adult male rhesus (DeBo et al., 2015) (Authier, S. et al. herein; Doyle-Eisele, M. herein). There was marked mortality noted at 3.5 Gy in female vs male cohorts with antibiotics and fluids and in both female and male cohorts at 4.0 Gy, without medical management, due bilateral, uniform TBI with respective 6 MV LINAC x ray or 60 Co gamma radiation. The respective bw of the cynomolgus were in the range of 2.0 -2.5 kg and 2.2 -4.3 kg at 2.3 -2.5 y of age. The noted mortality is in marked contrast to that recorded in the primary studies for young adult male cynomolgus with an average 5.0 kg bw. This variable of age or bw and sex remains a knowledge gap in both species. Another methodological bias should be noted regarding differences in bw which is repeated blood sampling-derived anemia observed in small versus large NHP.

Gaps in knowledge.

There exist significant gaps in knowledge relative to the cynomolgus as a companion model to assess MCM efficacy against the ARS and delayed effects of acute radiation exposure. Several of these gaps persist for the rhesus macaque. However, a more efficient study design may be edited for the cynomolgus macaque due to the extensive and validated database for rhesus macaques. In this case, the cost and effort can be marginalized and requirements of the FDA AR and the principles of the 3Rsreplacement, reduction and refinement in the use of research animals may both be realized.

These gaps are noted for the cynomolgus species: a) A mortality DRR based on bilateral, uniform TBI, for the H-and GI-ARS, for young adult male and female NHP plus medical management. The database for young, adult male cynomolgus macaques, published and unpublished, suggested that given the variables noted relative to the extensive database for the equivalent rhesus macaque, the cynomolgus would respond in an equivalent manner relative to the H-ARS.

SECONDARY and TERTIARY STUDIES. Normal, nonirradiated cynomolgus macaques; in vivo cytokine biology, associated methodology for bone marrow, stem cell transplant, auBMT, CD34+ cells, mobilization.

The comparative analysis of the cynomolgus and rhesus macaques relative to their equivalent database in the development of MCMs is supported by a similar cellular response of the early cytokine based MCMs in normal, nonirradiated NHP. The cytokine activity assessed in cynomolgus macaques included IL-1, IL-3, IL-6, G-CSF, GM-CSF, Epo and LIF in single and combination protocols. The publications assessed cytokine dose, biological effects relative to a specific organ system and cellular kinetics. The cytokines noted herein were also evaluated in nonirradiated and irradiated, myelosuppressed rhesus macaques and formed the database for the initial use of normal NHP, rhesus and cynomolgus macaques to assess in vivo cytokine biology to support their preclinical and clinical development as mitigators against cytotoxic clinical treatments and stem cell transplant. The review included fifteen studies that showed an equivalent, respective database with the predominant model, the rhesus macaque (Table 2).

The extensive published database that assessed the in vivo characteristics of numerous cytokines and other MCM supports the credible conclusion that relative to young adult, male macaques, cynomolgus or rhesus, the database for normal hematopoiesis and radiationinduced myelosuppression, within the H-ARS is comparable. Early studies in cytokine biology analyzed the respective roles of early and late acting cytokines and their respective roles in effective hematopoiesis. The evidence-based support included comparative cytokine-based CD34+ cell mobilization, Au transplant and cellular engraftment kinetics. The hematopoietic cellular database provided an evidence-based and humoral database in normal and irradiated radiation-induced H-ARS. The cynomolgus macaque may well be a comparable model to assess MCM efficacy against the acute and delayed effects of acute radiation exposure. There are evident gaps in knowledge that must be filled to ensure compliance with valid animal model development. The effort and time to solve the gaps can be edited given the established database in the rhesus macaque.
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Shown are the peripheral blood a.) neutrophil (ANC) and b.) platelet kinetics (x10 3 µL -1 ) as a function of time post exposure. 5. Radiation-induced duration and severity of thrombocytopenia in cynomolgus and rhesus macaque. Animals were exposed to either unilateral (8 Gy, 7 Gy, 6.5 Gy) or bilateral (7.25,Gy,7.55 Gy,7.75 Gy) radiation. Platelet counts were obtained from an electronic cell counter.

Thrombocytopenia was defined as a platelet count < 20,000 µL -1 . Recovery was defined as the observation of a platelet count ≥ 20,000 µL -1 for 3 consecutive days post-nadir that was independent of a whole blood transfusion. The mean (and range) values are displayed. The first day of platelet recovery to a cell count ≥ 20,000 µL -1 was only calculated for those NHP that survived radiation exposure.

Radiation

(n = Survivor/Total) 

.

  Mortality was gamma/neutron ratio, 9/1 or 1/1 dependent. Radiation effects. NHP exposed to unilateral, frontal, TBI: a) 8.0 Gy, 1/1, n=6, experienced greater GI damage with diarrhea and noted small and large bowl necrosis. Mortality. Five of six (5/6) succumbed to the ARS with survival time ranged from days 11 to 23, b) all NHP at 8.0 Gy, 9/1, n=3, had mild GI-ARS signs and were euthanized at day 82 for tissue examination; no mortality observed. Conclusions. Transplanted, expanded MSCs homed in numerous tissues following a severe MOI in NHP. Localization of the transduced MSCs correlated to the severity and geometry of irradiation. Mortality to mixed gamma/neutron, nonuniform, frontal, AP TBI was dose-, time-and radiation-quality dependent. The greater fraction of neutron exposure increased mortality and extent of GI-ARS.

:

  Control irradiated cohort. The control cohort, n=8, exposed to 7 Gy experienced a 15.1 d duration of neutropenia (ANC < 0.5 x 10 9 L -1 ) with a range of 13-17 d. The associated duration of thrombocytopenia (platelet count < 20 x 10 9 /L) was 19.3 d within a considerable range of 5 -80 d. The animals required full supportive care and three whole blood transfusions (lab dependent units) with a range of 1 -7. The platelet recovery was slow and required 70 d to reach 50% of baseline in 6 of 8 animals. Mortality: All NHP survived the H-ARS. However, two of the 8 control animals, (2/8) did not recover platelet values and were euthanized at 73 d and 91 d for ethical reasons.

.

  Thrombopoietic factors are indispensable in this context and TPO mimetics should be evaluated in highly irradiated scenarios. Drouet, et al. (2014). Introduced expression of Sonic hedgehog morphogene (Shh) to effect recovery of hematopoietic stem and progenitor cells and their environment from radiationinduced myelosuppression following unilateral, AP, TBI, 60 Co gamma radiation (Drouet et al., 2014).  Study objective. Assess the treatment efficacy of gene therapy induced expression of Sonic hedgehog morphogene (Shh) to effect recovery of hematopoietic stem and progenitor cells and their environment from radiation-induced myelosuppression.

  following bilateral TBI, 6 MV LINAC in cynomolgus NHP was investigated (Chen et al., 2010).  Study objective. Assess the efficacy of rhGH to mitigate against radiation-induced myelosuppression in cynomolgus macaques.  Animals and radiation exposure. Cynomolgus macaques (Macaca fascicularis), males, n = 19.  Radiation exposure. NHP were exposed to 2 Gy, bilateral TBI with LINAC-derived 6 MV x radiation (2100EX LINAC), delivered to a midline sagittal target at 0.69 Gy min -1 . Monitoring cytokine response. Peripheral blood cell counts were assayed daily for the first 5 days, then 3 times weekly for the remainder of the first month, every other wk in the second month, and once a month thereafter.Results.The authors used time-trend analysis of the data to demonstrate that rhGH administration increased total WBC and monocytes and trended a faster, although nonsignificant, recovery of neutrophils relative to controls.Conclusion. The administration of rhGH promoted hematopoietic engraftment and immunerecovery post the exposure of low dose, sublethal TBI.DeBo et al. (2015).The effects of bilateral TBI, 6 MV LINAC in ovariectomized cynomolgus NHP were investigated(DeBo et al., 2015). Study objective. Evaluate responses to ionizing radiation in ovariectomized (surgically post-menopausal) female cynomolgus macaques. Materials and methods. Fifteen (n = 15), well-characterized ovariectomized adult cynomolgus macaques (median bw 3.03 kg), 'late-middle aged' females (median age of 20 y (15-24 y) were used.

.

  Ovariectomized female macaques, 20 y old at 3.0 kg bw, exposed to moderate doses of radiation experienced increased morbidity, including acute, dose-dependent alterations in systemic and tissue-specific biomarkers. The effects on mortality exceeded expectations based on previous studies in young adult males, warranting further investigation. Data presented herein: Dose-dependent radiation effects; cynomolgus macaque; TBI, unilateral, bilateral; rhesus macaques, unilateral, AP, 60 Co gamma radiation, LINACderived photon or x radiation.



  Irradiation. Anesthetized NHP, cynomolgus or rhesus placed in a restraining chair, were exposed to a global, unilateral, frontal irradiation, AP, with a 60 Co gamma source at a total MTD of 8 Gy (measured in air at the anterior iliac crest level) with a dose rate of 0.20 Gy min -1 . Drouet M. (data herein) cynomolgus and rhesus macaques, 8.0 Gy TBI, unilateral, AP, 60 Co gamma radiation, plus medical management  Objective. The protection of hematopoietic stem and progenitor cells and their environment is required for recovery from radiation-induced (RI) myelosuppression. A new gene therapy strategy based on local and short-term synthesis and expression of Sonic hedgehog morphogene (Shh) at the niche level was exploited.  Study design. Rhesus macaques (n = 5, 9.4 kg) were exposed to 8 Gy gamma radiation and administered a single intra-osseous injection of multipotent mesenchymal stem cells (adipocyte-derived stem cells/ASC transduced with a Shh pIRES2 plasmid). The survival and hematopoietic recovery were investigated. Control animals, n = 5, were injected intra-osseous with mock-ASCs (Drouet et al., 2014). Cynomolgus macaques. A single cohort of cohort of cynomolgus macaques was exposed to 8 Gy and assessed for hematopoietic recovery.

  post exposure. Hematopoietic Recovery. Neutrophil-related parameters. The ANC and platelet recovery kinetics for surviving NHP are shown in Figs. 5a b. Doyle-Eisele, M. (data herein). Cynomolgus macaques were exposed to bi-lateral, TBI, 3.5 Gy, LINAC-derived x radiation.

Fluids

  were administered as needed.  Experimental Design. Males and females, n=2 each; approximately 2-2.5 kg; Irradiated on d 0 with blood collections at baseline and hematology from d 1 through d 29; Clinical Chemistry and ELISA (CRP, FIT-3L) were also obtained post exposure. Results. Mortality. Two female macaques (2/2), were noted as recumbent in their cages and succumbed at d 21, 22 post ~3.40 Gy exposure. The male macaques survived through d30. Hematopoietic Recovery. Neutrophil-, platelet-related parameters. The ANC recovery was incomplete in the two surviving male animals. Their ANC were only ~ 50% of baseline at d 30 post exposure; Platelets recovered to greater than baseline values within 27 d post exposure (Fig. 6 a, b). Clinical parameters. The female macaques bw decreased by ~ 20% at time of euthanasia, d 21 and d 22 post exposure.

  (Authier et al. herein; Doyle-Eisele, M. et al. herein).

  Essential elements of an animal model include a clear definition of, (a) the DRRs for the acute ARS consequent to TBI or PBI exposure and the DEARE consequent to PBI/BM-sparing, (b) quantification of exposure, radiation quality and dose rate, (c) description of exposure cynomolgus and rhesus macaques, given the critical variables of nonuniform, TBI dose distribution and variable secondary doses to the single arm.

  b) A mortality DRR based on the published PBI/BM5 (tibiae BM sparing) for the H-and GI-ARS and DEARE characterized by lung and kidney injury for young adult male and female NHP plus medical management. c) The natural history of ARS and DEARE sequelae consequent to bilateral TBI and PBI/BM5 exposure. d) IF, prompt exposure to a terrorist IND is realistic, THEN, a mortality DRR should be established for prompt, mixed gamma/neutron radiation via unilateral, AP or PA, nonuniform TBI plus medical management to include the consequent ARS and DEARE sequelae.
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Fig. 1 a

 1 Fig. 1 a, b, c, d. Neutrophil and platelet counts in cynomolgus and rhesus macaques

Fig. 2 a

 2 Fig. 2 a, b. Neutrophil and platelet counts in cynomolgus macaques following unilateral, 7.0 Gy total-body irradiation. Animals were exposed to unilateral, anterior/posterior, TBI with 7.0 Gy 60 Co gamma radiation at a dose rate of 20 cGy min -1 . Animals were administered

Fig. 3 a

 3 Fig. 3 a, b. Neutrophil and platelet counts in rhesus macaques following unilateral, 6.5 Gy total-body irradiation. Animals were exposed unilateral, AP, TBI with 6.5 Gy 60 Co gamma radiation at a dose rate of 20 cGy min -1 . Animals were administered medical management as defined above for the published and unpublished cohorts from the Herodin and Drouet team. Shown are the ANC and platelet kinetics (x10 3 µL -1 ) in the peripheral blood of rhesus macaques (a, b) (n = 5 each) as a function of time post exposure.

Fig. 4 a

 4 Fig. 4 a, b. Neutrophil and platelet counts in cynomolgus and rhesus macaques following

Fig. 5 a

 5 Fig. 5 a, b. Neutrophil and platelet counts in cynomolgus macaques following bilateral, 4.0 Gy total-body irradiation. Animals were exposed bilateral, TBI with 4.0 Gy 60 Co gamma radiation at a dose rate of 0.13 Gy min -1 . Animals were administered only analgesics, no other medical management. Shown are the a.) ANC and b.) platelet kinetics (x10 3 µL -1 ) in the peripheral blood of cynomolgus macaques as a function of time post exposure.
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 68 Fig. 6 a, b. Absolute neutrophil counts (ANC) and platelet counts in cynomolgus
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Table 1 .

 1 Characteristics of primary studies for cynomolgus macaques included in the review. All studies for 60 Co gamma radiation, mixed gamma/neutron radiation, LINAC-derived 6 MV and 10 MV x radiation were published in the open literature. The twelve studies (n=124, total nonhuman primates) provided data sets for establishing the morbidity, mortality and cellular response for the acute radiation-induced H-ARS. Data published in abstracts was not included in the review.

	Source/	Sample	Radiation	Exposure	Dose	Dose Rate
	Authors	size	Source	Geometry		
	Herodin, et al. 2007	23	60 Co gamma	Unilateral, AP	5 Gy, 7 Gy	0.20 Gy min -1
	Drouet, et al. 2004	8	60 Co gamma	Unilateral, AP	5 Gy	0.20 Gy min -1
	Drouet, et al. 2008	5	60 Co gamma	Unilateral, AP	7 Gy	0.20 Gy min -1
	Drouet, et al. 2014	4	60 Co gamma	Unilateral, AP	8 Gy	0.10 Gy min -1
	Bertho, et al. 2001	9	60 Co gamma	TBI, unilateral bilateral,	2, 4, 6, 8 Gy; 6.5 Gy	0.125 Gy min -1
	Bertho, et al. 2002	5	60 Co gamma; gamma/neutron (90/10)	TBI, AP	8 Gy	0.125; 6.70 Gy min -1
	Bertho, et al. 2005a	9	60 Co gamma	PBI BM-sparing	8.0/3.4 Gy, 10.0/4.4 Gy	0.23 Gy min -1
	Bertho, et al. 2005b	6	60 Co gamma	PBI BM-sparing	8.7/4.8 Gy,	0.23 Gy min -1
	Chapel, et al. 2003	12	gamma/neutron (9/1), (1/1)	TBI, AP	8 Gy	6.70 Gy min -1
	Zeidler, et al. 1992	9	LINAC 10 MV x ray	TBI AP/PA	3.8 Gy	NA
	Chen, et al. 2010	19	LINAC 6 MV x ray	TBI AP/PA	2.0 Gy	0.70 Gy min -1
	DeBo, et al. 2015	15	LINAC 6 MV x ray	TBI AP/PA	2.0, 5.0 Gy	0.70 Gy min -1
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 4 NeutropeniaTable

Table 5 .

 5 Thrombocytopenia

pour l'Armement; Bertho, J-M: IRSN Electricité de France (EDF; G-CSF was provided by Chugai Pharma, France; Thrall, K: supported by SNBL USA, Ltd.;

The H-ARS and critical variables.

Cynomolgus macaques, the primary database. The primary database used young adult, male, cynomolgus macaques. The radiation exposure protocols used unilateral, nonuniform TBI and a PBI/BM-sparing protocol with uniform TBI to approximately 95% of the body and a specific, lower dose to a single arm. All NHP were administered subject-based medical management.

The dose range of 5 Gy to 8 Gy delivered by unilateral TBI and 8.0 Gy -10.0 Gy delivered via PBI with 3.4 Gy to 4.5 Gy delivered to a single arm (PBI/BM-arm) were focused with the intent of assessing cytokine-and cellular-based therapy against the myelosuppressive and potentially lethal H-ARS. The lack of established DRRs for the unilateral TBI and PBI/BM-arm protocols to induce the lethal H-ARS mitigated our ability to identify a more direct equivalence between the Table 2. Characteristics of secondary studies for cynomolgus macaques included in the review.

All studies are focused on use of normal, non-irradiated cynomolgus macaques to assess cytokine biology and autologous bone marrow transplant were published in the open literature.

Sixteen ( 16) studies (n > 114, total NHP) provided data sets for establishing the in vivo response to cytokines, AuBMT cell kinetics, Flt-3 ligand (FL), CD34+ cell injection for hematopoietic response. Data published in abstracts was not included in the review. ND = n not provided in published data. Unilateral TBI used 60 Co, LINAC 6 MV and gamma/neutron radiation over the exposure range of 5 Gy to 8 Gy. Bilateral exposure TBI only used rhesus macaques from 5 Gy to 8 Gy. Two PBI/BM-sparing exposure protocols were used: one spared a single arm from the primary dose then exposed a single arm to 3.4, 4.8 and 4.5 Gy, the second protocol spared the tibiae from the primary dose; the tibiae received an approximate dose of 0.50 Gy. (7.25 Gy,7.55 Gy,7.75 Gy) radiation. The ANC recovery kinetics was calculated using values obtained from an electronic blood cell counter and a WBC differential performed by trained personnel using light microscopy. The duration of neutropenia (ANC < 500 μL -1 ) was assessed as the number of days that the observed or interpolated ANC was below 500 μL -1 . Any single observed ANC that was ≥ 500 μL -1 and was immediately preceded and followed by an ANC < 500 μL -1 was counted as a day of neutropenia. Recovery was defined as the observation of an ANC ≥ 1,000 cells µL -1 for 3 consecutive days of post-nadir. NHP that did not recover from radiation exposure were excluded from the duration calculations with the exceptions of the day of and the ANC nadir. The mean (and range) values are displayed. 

Source/Authors