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Abstract

Filgrastim (Neupogen®, granulocyte-colony stimulating factor) is among the few countermeasures
recommended for management of patients in the event of lethal total-body irradiation. Despite the
plethora of studies using filgrastim as a radiation countermeasure, relatively little is known about
the optimal dose schedule of filgrastim to mitigate radiation lethality. We evaluated the efficacy of
filgrastim in improving 30-day survival of CD2F1 mice irradiated with a lethal dose (LD7g/30) in
the AFRRI cobalt-60 facility. We tested different schedules of 1, 3, 5,10 or 16 once-daily
injections of filgrastim initiated one day after irradiation. Time optimization studies with filgrastim
treatment were also performed, beginning 6-48 h postirradiation. Maximum survival was observed
with 3 daily doses of 0.17 mg/kg filgrastim. Survival efficacy of the 3-day treatment was
compared against the conventional 16-day filgrastim treatment after irradiation in four mouse
strains with varying radiation sensitivities: C3H/HeN, C57BL/6, B6C3F1 and CD2F1. Blood
indices, bone marrow histopathology and colony forming unit assays were also evaluated.
Filgrastim significantly increased 30-day survival (£ < 0.001) with a 3-day treatment compared to
16-day treatment. Filgrastim did not prevent cytopenia nadirs, but facilitated faster recovery of
white blood cells, neutrophils, red blood cells, platelets, lymphocytes and hematocrits in all four
strains. Accelerated hematopoietic recovery was also reflected in faster bone marrow
reconstitution and significant increase in hematopoietic progenitors (£ < 0.001) in all four mouse
strains. These data indicate that prompt and abbreviated filgrastim treatment has potential benefit
for triage in the event of a radiological incident for treating acute hematopoietic syndrome.

Introduction

Hematopoietic acute radiation syndrome (H-ARS) is characterized by dose- and time-
dependent loss in circulating neutrophils and platelets resulting in severe myelo- and
immunosuppression with subsequent hemorrhage and sepsis. Filgrastim [granulocyte-colony
stimulating factor (G-CSF); Neupogen®] enhances recovery of neutrophils and reduces the
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duration of neutropenia in patients undergoing myelo-suppressive chemo or radiotherapy
(1). The American Society of Clinical Oncology (ASCO) recommends the prompt
administration of growth factors such as filgrastim in the event of accidental or intentional
lethal total-body irradiation (TBI, 3-10 Gy in humans) resulting in bone marrow failure (2).
Neupogen® has recently been approved by the U.S. Food and Drug Administration (FDA)
for the treatment of neutropenia associated with acute radiation syndrome (ARS) after a
radiological nuclear accident (3). It is the first FDA-approved radiation countermeasure
under the criteria of the FDA “animal rule” and is currently being procured by the CDC’s
Strategic National Stockpile for use in a radiological emergency. The scheduling of
filgrastim administration is highly critical for favorable hematological recovery and cost-
effective strategies. Despite conflicting interpretations arising from variability in dosing,
time of administration in relationship to exposure and treatment schedules, the general
consensus is that filgrastim treatment be initiated as soon as possible after TBI (within 24 h)
and that treatment continue until the absolute neutrophil count (ANC) normalizes (4). In
previous studies, researchers have evaluated the efficacy of 10-125 pg/kg filgrastim
administered once a day for 10-16 days in mice (5), 14 days in canines (6) or up to 17-21
days in primates (7) after lethal irradiation, resulting in moderate increases in survival.
Therefore, we posited that altering filgrastim administration (dose and dosing schedule)
would improve survival of lethally irradiated mice and facilitate hematopoietic recovery.

Genetic variations in mice contribute to considerable disparity in the extent and response to
radiation injury (8- 10). These studies underscore the intrinsic variability in response of the
general population to ionizing radiation. Therefore, testing of radiation countermeasures
requires more than one mouse strain to ensure their effectiveness in all populations
irrespective of genetic variations (10, 11). To address the inherent variations in radiation
sensitivities arising from genetic differences, we investigated the efficacy of filgrastim in
mitigating lethality after irradiation in four mouse strains: C3H/HeN, C57BL/6, B6C3F1 and
CD2F1. To our knowledge, this is the first reported study on the efficacy of filgrastim in four
mouse strains with different radiation sensitivities. We determined that a 16 daily dosing
(day 1-16 postirradiation) schedule did not demonstrate survival efficacy in all strains,
however, an abbreviated schedule of 3 daily doses of filgrastim (day 1-3 postirradiation) had
substantial survival advantage and facilitated faster regeneration of the irradiated
hematopoietic progenitor cells, irrespective of the mouse strain.

Materials And Methods

Filgrastim

Animals

The test article, filgrastim (Neupogen) (Amgen Inc., Thousand Oaks, CA) and control,
dextrose 5% in water (Baxter, Deerfield, IL), were purchased from the Uniformed Services
University of the Health Sciences pharmacy (Bethesda, MD) and stored at 2-8°C upon
receipt. Drug or vehicle was injected subcutaneously (s.c.) at the nape of the neck after TBI.

Male CD2F1, C3H/HeN and B6C3F1 mice (Harlant® Laboratories Inc., Dublin, VA), 8-9
weeks old, were maintained at the Armed Forces Radiobiology Research Institute (AFRRI,
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Bethesda, MD) vivarium. C57BL/6 mice (8-9 weeks old) were purchased from Jackson
Laboratory (Bar Harbor, ME). These animals underwent microbiological, serological and
histopathological testing by the veterinary staff and were determined to be disease- and
pathogen-free during the quarantine period. Prior to initiation of experimental procedures,
animals were acclimatized for a two-week period. Healthy animals were housed 4 per box in
conventional sterile polycarbonate boxes with filter covers (Microisolator; Lab Products
Inc., Seaford, DE) and autoclaved hardwood chip bedding. Mice had access to Harlan
Teklad Rodent diet 8604 (Purina Mills, St. Louis, MO) and acidified water (pH 2.5-3.0) ad
libitum. The animal rooms were maintained at 21 + 2°C and 50 = 10% relative humidity
with 10-15 cycles of fresh air hourly and a 12:12 h light:dark cycle. All animal procedures
were reviewed and approved by the AFRRI Institutional Animal Care and Use Committee
(IACUC) using the principles outlined in the National Research Council’s Guide for the
Care and Use of Laboratory Animals.

Unanesthetized mice were irradiated bilaterally at AFRRI’s cobalt-60 (Co-60) gamma
irradiation facility. During irradiation, the animals were placed in well-ventilated Plexiglas®
chambers made specifically for mouse irradiation. The midline dose to the animals was
delivered at a dose rate of 0.6 Gy/min. An alanine/electron spin resonance (ESR) dosimetry
system (American Society for Testing and Materials, Standard E 1607) was used to measure
dose rates (to water) in the cores of acrylic mouse phantoms. Phantoms were 3 inches long
and 1 inch in diameter and were located in all empty compartments of the exposure rack.
ESR signals were measured with a calibration curve based on standard calibration
dosimeters provided by the National Institute of Standards and Technology (NIST,
Gaithersburg, MD). The accuracy of the calibration curve was verified by intercomparison
with the National Physical Laboratory (London, UK). The corrections applied to the
measured dose rates in phantoms were for decay of the Co-60 source and for a small
difference in mass energy-absorption coefficients for water and soft tissue at the Co-60
energy. The radiation field was uniform within £2% (12).

Selection of the Optimum Filgrastim Schedule in CD2F1 Mice

Male CD2F1 mice (12-14 weeks) were used in the preliminary dose and schedule
optimization studies.

Optimization of schedule—Groups of 24 CD2F1 mice each were exposed to 9.25 Gy
TBI (LD7g30 for CD2F1 mice) and treated as follows:
One dose, 0.17-0.68 mg/kg G-CSF, 1 day postirradiation.
Three doses, 0.17 or 0.34 mg/kg G-CSF, 1-3 days postirradiation.
Five doses, 0.17 or 0.34 mg/kg G-CSF, 1-5 days postirradiation.
Ten doses, 0.12 mg/kg, 0.17 or 0.34 mg/kg G-CSF, 1-10 days postirradiation.
Sixteen doses, 0.12 mg/kg or 0.34 mg/kg G-CSF, 1-16 days postirradiation.
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Dose optimization studies—Based on data from the above studies, we selected the 3-
dose schedule to optimize drug dose. The conventional drug dose of 0.125 mg/kg is
equivalent to 2.5 pg/mouse. Using a dose escalation strategy, we increased the dose to 5, 10,
15 and 20 pg/mouse, which translated to 0.17, 0.34, 0.51 and 0.68 mg/kg in the CD2F1
mice. Groups of 24 mice each were irradiated with LD7q/30 and injected with 0.17, 0.34,
0.51 or 0.68 mg/kg filgrastim on days 1, 2 and 3 after TBI, and survival monitored for 30
days. A separate cohort of irradiated mice injected s.c. with 5% dextrose on days 1, 2 and 3
after TBI served as vehicle control.

Time optimization studies—We selected three doses of 0.17 or 0.34 mg/kg filgrastim
administered s.c. after TBI as our optimum schedule to test for maximum efficacy in
relationship to time of administration after irradiation. We selected earlier time points of 6
and 12 h postirradiation, and delayed time points of 48 and 72 h postirradiation, to define the
window of mitigation efficacy for filgrastim. Batches of 24 CD2F1 mice/group were
irradiated with LD7q/39 and injected with 0.17 or 0.34 mg/kg filgrastim starting at 6, 12, 24,
48 or 72 h after TBI, and survival monitored for 30 days. Vehicle controls were time-
matched for each drug schedule.

Irradiated animals were observed 3—4 times daily (no more than 8 h between each
observation), seven days per week for 30 days to monitor survival. Pain and distress were
monitored using several criteria including unresponsiveness, abnormal posture, unkempt
appearance, immobility and lack of coordination. A combination of symptoms was used to
judge whether an animal had reached a moribund state informing euthanasia: inability of the
mouse to right itself, limb paralysis, abdominal breathing or constant twitching, trembling or
tremor that lasted for more than 10 s. Animals were euthanized according to American
Veterinary Medical Association (AVMA) guidelines.

Establishing Radiation Sensitivities of the Different Strains and Validation of the
Abbreviated Filgrastim Schedule

Probit curves for C3H/HeN, C57BL/6, B6C3F1 and CD2F1 mice were generated by
irradiating naive mice with different doses of radiation resulting in lethality ranging from
LDs to LDgs (Table 1). LD7q/30 was determined from analysis of the probit curves for all
four strains. Three-day regimen of filgrastim (0.17 mg/kg, s.c.) was compared to the
conventional schedule of 16 daily dose of filgrastim (0.125 mg/kg, s.c.); 5% dextrose was
used as vehicle control for both regimens.

Studies on Hematological Recovery after Filgrastim Treatment in Irradiated Mice

Although all survival studies were conducted with LD-q,3 for each strain, the hematological
experiments used a high-sublethal dose that induced severe bone marrow myelosuppression
without associated mortality; 6.5 Gy for C3H/HeN and C57BL/6 mice and 7 Gy for the
B6C3F1 and CD2F1 mice. A sufficient number of mice survived at later postirradiation
times (days 14-28), allowing for statistical evaluation.
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Hematology

Mice (n = 6 per group) were administered either vehicle (5% dextrose) or 0.17 mg/kg
filgrastim at days 1, 2, and 3 after TBI at nonlethal doses (6.5 Gy for C3H/HeN and
C57BL/6 strains, and 7 Gy for B6C3F1 and CD2F1 strains). A group of age-matched, sham-
irradiated mice for each strain were also treated with either vehicle or drug as controls.

Blood was collected at days 4, 7, 10, 14, 21 and 28 postirradiation (day 4 is the first day
after the final filgrastim administration). Blood (0.6-1.0 ml) was obtained by cardiac
puncture using a syringe with a 23g needle from mice deeply anesthetized with isoflurane
(Hospira Inc., Lake Forest, IL). Samples were immediately transferred into
ethylenediaminetetra-acetic acid (EDTA; Sigma-Aldrich® LLC, St. Louis, MO) tubes, and
mixed gently on a rotary shaker until analysis. The tubes were analyzed for total red and
white blood cell counts, absolute neutrophil counts, monocytes, lymphocytes, reticulocytes,
hemoglobin, hematocrit and platelets using ADVIA® 2120 (Siemens Medical Solutions
Diagnostics, Dublin, Ireland), and data generated using Microsoft® software version 5.9
(Microsoft Corp., Redmond, WA).

Sternum Marrow Histopathology

After blood collection, animals were euthanized, the sterna collected at days 4, 7, 10 and 14
after TBI. Sterna were fixed in a 20:1 volume of fixative (10% buffered formalin) to tissue
for at least 24 h and up to 7 days. Fixed sterna were decalcified for 3 h in 12-18% sodium
EDTA (pH 7.4-7.5) and specimens dehydrated using graded ethanol concentrations and
embedded in paraffin. Longitudinal 5 um sections were stained with regular hematoxylin
and eosin (13). A board-certified veterinary pathologist conducted blinded histopathological
evaluation of these samples. Bone marrow was evaluated /77 situ within sternebrae and
graded (grade 1: <10%; grade 2: 11-30%; grade 3: 31-60%; grade 4: 61-89%; grade 5:
>90%) for total cellularity, myeloid-to-erythroid (M:E) ratios, stromal changes and
megakaryocyte numbers averaged per 10 high power fields (HPF) at 400x magnification
using a BX41 microscope (Olympus, Minneapolis, MN). Images were captured with an
Olympus DP70 camera and imported into Adobe Photoshop version CS4 (Adobe Systems
Inc., San Jose, CA) for analysis.

Hematopoietic Progenitor Clonogenic Assay

After sternum collection from the euthanized animals, bone marrow was harvested from
femurs. Clonogenicity of mouse bone marrow cells was quantified in standard semisolid
cultures in triplicate using 1 ml of MethoCult™ GF+ system for mouse cells
(STEMCELL™ Technologies Inc., Vancouver, Canada) according to the manufacturer’s
instructions. Briefly, mouse bone marrow cells from pooled samples were washed twice with
IMDM and seeded at 1-5 x 10* cells/dish in 35-cm cell culture dishes (BD Biosciences, San
Jose, CA). Granulocyte-macrophage colony forming units (CFU-GM), granulocyte-
erythrocyte-monocyte-macrophage CFU (CFU-GEMM) and erythroid burst-forming units
(BFU-E) were identified and quantified following the manufacturer’s instructions. Colonies
were counted 14 days after plating using a Nikon® TS100F microscope (Nikon Instruments
Inc., Melville, NY). Fifty or more cells were considered one colony.
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Statistical Analysis

Results

All survival data were compared using Fisher’s exact test (one-tailed) and the generalized
Savage (Mantel-Cox) procedure (BMDP Statistical Software Inc., Los Angeles, CA).
Statistical software, GraphPad Prism version 6.01 (LaJolla, CA) was used to generate
Kaplan-Meyer graphs. Probit analyses were done using PASW® Statistics 18 regression
analyses (SPSS® Inc., Chicago, IL) and the LDsq3q for each strain determined from the
mortality data. Means and standard errors were reported for blood cells, CFU assay and cell
count data. Analysis of variance (ANOVA) was used to determine if there was a significant
difference among the groups. For a given day, if there was a significant difference among the
groups, a pairwise comparison was done using the Tukey-Kramer method. Significance was
set at 5% for each test.

A Case for Shorter Filgrastim Schedules (3 Doses after TBI)

Patchen et al. (14) reported that a filgrastim dose of 2.5 pg/mouse (equivalent to 0.12 mg/kg)
injected 1-16 days postirradiation improved 30-day survival in C57BL/6 mice. However, in
the CD2F1 mice irradiated with LD7q/30 and treated with the same drug dose and schedule,
we did not observe any improvement in 30 days, with merely 9% survival in the drug-treated
group compared to 33% survival in the 5% dextrose-treated group (data not shown). Because
filgrastim has been approved by the FDA for treatment of febrile neutropenia consequent to
myeloablative chemotherapy (15) and as a countermeasure to mitigate lethality in the event
of accidental exposure to radiation, we conducted a series of exploratory and systematic
experiments to determine the optimum filgrastim schedule in increasing survival in CD2F1
mice.

All mice received 9.25 Gy TBI and filgrastim administration was initiated 24 h
postirradiation. Although the projected radiation dose is LD7g,39, We observed some
variation in survival of the vehicle-treated groups in these experiments. Survival for the
vehicle groups at 30 days postirradiation ranged from 40% to 13% (Fig. 1A and B,
respectively). However, it should be noted that these differences between vehicle-treated
groups from different studies were not statistically different (£>0.05).

CD2F1 mice injected with a single dose of filgrastim did not demonstrate improved survival
for doses of 0.17 to 0.51 mg/kg; however, a single dose of 0.68 mg/kg filgrastim
significantly increased survival (66%) compared to the vehicle-treated group (40%, P=
0.015) (Fig. 1A). CD2F1 mice treated with 3 doses of 0.17 or 0.34 mg/kg filgrastim showed
significantly improved 30-day survival compared to the vehicle control (P < 0.05-0.002).
The lower dose of 0.17 mg/kg filgrastim, with 66% survival (compared to 13% survival in
the vehicle group) showed superior efficacy to the 0.34 mg/kg dose (45%), although the
difference was not significant (Fig. 1B). Similarly, for 0.17 or 0.34 mg/kg of filgrastim
administered to CD2F1 mice for 1-5 days postirradiation (Fig. 1C), the lower dose of 0.17
mg/kg afforded a modest increase in survival of 56% [25% survival in the vehicle-treated
group (P=0.054)], while increasing the dose to 0.34 mg/kg filgrastim resulted in 19%
survival (not significant). However, in CD2F1 mice treated with either 0.12 mg/kg or 0.34
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mg/kg filgrastim for 1-10 days, neither filgrastim schedule improved survival compared to
the vehicle-treated group (Fig. 1D). In fact, filgrastim-treated mice began to die earlier than
vehicle-treated mice, although mortality was not significantly higher than in vehicle-treated
controls (P=0.36).

Of note, a single dose of 0.68 mg/kg filgrastim, 3 doses of 0.17 or 0.34 mg/kg filgrastim and
5 doses of 0.17 mg/kg filgrastim all demonstrated significant and similar improvement in
30-day survival. Although comparable survival was observed with the 3- and 5-dose
regimen, we opted for the 3-dose schedule since this would result in less handling stress to
the mice and would be more practical for translation into higher mammal models.

Optimization of Filgrastim Dose and Time in Relationship to Exposure

Based on these preliminary studies, we decided to proceed with three daily dosing as the
preferred schedule. In an attempt to optimize the best drug dose, we administered three daily
doses of 0.17, 0.34, 0.51 or 0.68 mg/kg (equivalent to 5, 10, 15 or 20 pg/mouse) filgrastim to
irradiated mice on days 1, 2 and 3 after TBI. Thirty-day survival was not drug dose
dependent; the lower doses of 0.17 and 0.34 mg/kg filgrastim significantly enhanced
survival by 77% and 63%, respectively, compared to 33% survival in the vehicle-treated
group, while survival in the 0.51 and 0.68 mg/kg filgrastim-treatment groups was not
significant compared to vehicle (30-day survival = 54% and 33%, A= 0.43). An inverse
relationship between survival and increasing filgrastim dose was observed consistently in
two separate experiments (Fig. 2A); as filgrastim dose increased, survival decreased.

Using the 3-dose schedule, we investigated the effect on survival when drug administration
was advanced or delayed in relationship to time of exposure. As with the initial studies,
survival in the vehicle-treated groups ranged from 13-21%. For filgrastim administration
initiated 6, 12, 24, 48 or 72 h after TBI, we observed an increase of 44%, 50%, 33%, 13%
and 0% survival over vehicle (Fig. 2B). For each time schedule, 0.17 mg/kg filgrastim
afforded higher survival benefit than 0.34 mg/kg, and was significantly higher when dosing
was initiated at 6 and 12 h postirradiation (P < 0.05). Delaying drug administration beyond
24 h did not provide any survival benefit, a finding that supports rapid deployment of the
drug under mass exposure scenarios.

Validation of Survival Efficacy with 3 Doses of Filgrastim in Four Strains of Mice with
Different Radiosensitivities

Prior to comparing the abbreviated filgrastim schedule with the conventional published
schedule in mouse strains of varying radiation sensitivities, a probit curve was established
for each of the selected strains. C3H/HeN, C57BL/6, B6C3F1 and CD2F1 mice were
procured at the same time, and 16 mice/radiation dose/strain were irradiated with doses
ranging from 6-10 Gy (Table 1), and 30-day survival monitored. From two experiments, the
log dose of survival for each strain was plotted as a function of radiation dose, and the
LDsq/30 (dose of radiation resulting in 50% mortality 30 days after TBI) determined (Fig. 3).
In order of increasing radiation resistance, the LDgq/30 was C3H/HeN = 7.6 Gy (95% CI =
7.38-7.76 Gy), C57BL/6 = 7.75 Gy (95% CI = 7.48-7.95 Gy), B6C3F1 = 8.3 Gy (95% CI =
7.96-8.35 Gy) and CD2F1 = 8.8 Gy (95% CI = 8.37-8.92 Gy), respectively.
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Based on these plots, the subsequent survival studies for countermeasure efficacy used the
projected LD7q/3q of 8.0 Gy for C3H/HeN, 8.2 Gy for C57BL/6, 8.5 Gy for B6C3F1 and
9.25 Gy for CD2F1 mice. The abbreviated 3-dose filgrastim treatment, beginning 24 h
postirradiation, demonstrated significant survival benefit compared to the schedule-matched
vehicle control (P< 0.001-0.0001) and the 16-dose filgrastim schedule (P < 0.001) in all
mouse strains.

Irradiation of C3H/HeN mice with 7.8 Gy resulted in 4% survival in both vehicle-treated
groups; no mice survived the 16-day filgrastim schedule, but the 3-day schedule resulted in
25% survival (log-rank test, < 0.009) (Fig. 4A).

C57BL/6 mice irradiated with 8 Gy exhibited the most favorable survival outcome for both
schedules; 16 doses of filgrastim resulted in 38% survival (6% survival in vehicle group; P<
0.001), but the 3-dose schedule resulted in 83% survival compared to 0% in the 3-dose
vehicle-treated group (P < 0.0001) (Fig. 4B). The 3-dose schedule also significantly
increased survival compared to the 16-day schedule (83% vs. 38%, £< 0.001).

In the B6C3F1 mouse strain, 67% of the group survived (13% in control, < 0.0001) after
3-day filgrastim treatment, while 4% survived after 16-day treatment compared to 20% in
the vehicle-treated group (Fig. 4C).

There was a 67% survival in the 3-dose filgrastim-treated CD2F1 mice compared to 13% in
the control (log-rank test, < 0.0001) at day 30 postirradiation (Fig. 4D). However, only
21% of the animals survived after 16-day treatment in the control group compared to 4% in
the 16-dose filgrastim-treated group.

Accelerated Recovery from Radiation-Induced Pancytopenia with 3 Doses of Filgrastim

Indications of acute hematopoietic syndrome, including reductions in peripheral blood
counts, are seen after exposure to sublethal doses of 3-8 Gy (16). Hematological indices
were evaluated in all four mouse strains (C3H/HeN, C57BL/6, B6C3F1 and CD2F1) after
irradiation to a sublethal radiation dose and 3 daily injections of 5% dextrose or 0.17 mg/kg
filgrastim on days 1, 2 and 3 postirradiation, resulting in hematopoietic syndrome but not
mortality.

In all strains of mice, radiation induced severe depletion of circulating numbers of mature
hematopoietic cells (Table 2, Supplementary Fig. S1; http://dx.doi.org/10.1667/
RR14555.1.S1). Nadirs for white blood cells, neutrophils and lymphocytes were observed
on day 4 postirradiation, and platelet nadir was observed on day 10 postirradiation, while red
blood cell and hematocrit nadirs were observed on day 14 postirradiation (Table 2,
Supplementary Fig. S1). There was no significant difference between vehicle- and
filgrastim-treated groups at days 4, 7 and 10 in white blood cells, neutrophils, lymphocytes,
red blood cells, hematocrit and platelet levels (Supplementary Fig. S1).

Consistent with the myelopoietic effect reported earlier (29), filgrastim-treated mice
demonstrated faster hematopoietic recovery for all blood indices beginning at day 14
postirradiation, compared to irradiated vehicle (P < 0.05) (Table 2). Only PLT counts in
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filgrastim-treated groups were significantly higher than the vehicle-treated group at day 21
in all strains except the B6C3F1 mice (Table 2).

Filgrastim Increases Recovery of Bone Marrow Injury in the Irradiated Mouse Strains

In the nonirradiated vehicle-treated group, histological evaluation of the bone marrow
revealed cellularity > 90% (grade 5) and normal morphology in all mouse strains (Fig. 5A —
D). The megakaryocytic numbers/HPF were variable among all the strains, with the highest
numbers/HPF occurring in the CD2F1 strain. The B6C3F1 strain demonstrated the least
number/HPF of megakaryocytes. The M:E was 1:1 in all controls.

In the irradiated vehicle-treated group, the bone marrow cellularity in all strains ranged
between 11-30% (grade 2), indicative of severe bone marrow suppression (Fig. S2; http://
dx.doi.org/10.1667/RR14555.1.S1). Expsoure to radiation ablated the hematopoietic tissue,
resulting in profound hypocellularity (5% in irradiated mice compared to >90% in controls)
(Fig. 5E — H), a reduction of megakaryocytes (1/HPF from 35-42/HPF in controls),
disruption of the M:E ratio to 10:1, and a striking increase in adipocytes, cell debris,
sinusoidal blood congestion and reactive osteoblasts in sternum stroma. When bone marrow
cellularity (myeloid, erythroid and megakaryocytic cells) decreased, the numbers of
adipocytes filling the marrow cavity and osteoblasts lining the marrow cavity and trabeculae
increased. Treatment with filgrastim after irradiation stimulated recovery of the ablated bone
marrow tissue by day 14 after TBI in all strains (Fig. 51 — L). Filgrastim treatment restored
marrow cellularity to grade 4 (61-89%), increased the megakaryocytes to 25-30/HPF and
restored the appearance of the stroma to near normal, although the M:E ratio remained in the
3:1 to 5:1 range, favoring myelopoiesis.

Filgrastim Accelerates Colony Formation after Irradiation

In addition to depleting the circulating end cells, exposure to radiation also decreased the
number and viability of the hematopoietic progenitor cells (HPCs) as evaluated by CFU
assay. In the nonirradiated group, plating 1,000 cells resulted in 200-250 colonies per plate.
Expsoure to radiation decreased the bone marrow progenitor cells in all strains from day 4—
28 after TBI (P < 0.001). Filgrastim treatment did not prevent insult to the HPCs, with
prominent reduction in CFU counts between days 4-10 postirradiation; since the number of
colonies scored were 0— 15/plate, these data are not shown. However, at day 14 after TBI,
filgrastim treatment showed evidence of accelerated recovery of HPCs among all four strains
(Fig. 6), but did not achieve nonirradiated control levels even at day 28 (60% of control
values, not shown). Total CFU was significantly (P < 0.01) increased in all four mouse
strains by day 14 after TBI and filgrastim treatment compared to vehicle-treated mice (Fig.
6). Filgrastim-treated mice showed significant increase (P < 0.002) in BFU-E and CFU-
GEMM compared to their vehicle controls. In the case of CFU-GM, specific to the
myelogenous lineage, significant increase was observed in C57BL/6, C3H/HeN and
B6C3F1 mice (P=0.027 for C57BL/6, P< 0.0001 for C3H/HeN and B6C3F1 mice), and
CD2F1 mice (P< 0.001). Significant enhancement (£ < 0.0001) was seen in CFU-E only in
the B6C3F1 mice both at days 4 and 14 postirradiation. These data demonstrate that in
addition to the myelogenous effect, filgrastim also enhances multilineage hematopoietic
recovery.
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Discussion

The past decade witnessed a dramatic upsurge in research focused on identifying novel
radiation mitigators or therapeutics in the event of nuclear/radiological threats. The wide
range of pharmacological approaches demonstrate varying degrees of efficacy, including
anti-apoptotic cytokines, immunomodulators, growth factors that stimulate hematopoiesis,
modulators of signal transduction pathways, thrombopoietin receptor agonist, antibiotics and
key effectors of survival pathways (17-23). Granulocyte colony stimulating factor is one of
the earliest and most frequently evaluated radiation mitigators and the first to obtain FDA
licensure for the treatment of ARS. The efficacy of filgrastim (a human G-CSF produced by
recombinant DNA technology) in improving survival and hematopoietic recovery in multiple
species (dogs, primates, minipigs, mouse) is well documented (24-27). However,
optimization studies with filgrastim are limited to a handful of publications from murine
models after chemotherapy (1, 28), or focus only on neutrophil recovery after irradiation
(27). Scheduling of filgrastim is important for improving hematologic recovery after
exposure, as well as developing the most economic strategy for the implementation of
filgrastim treatment in @ mass casualty event. The current practice of initiating filgrastim
treatment 20 h after TBI and continuing daily until neutrophil counts stabilize has serious
implications for stress arising from repeated injections (20 or more in primates) and cost-
effective strategies.

Our studies led to these conclusions: 1. Frequent and long dosing schedules are not
beneficial in the CD2F1 model; 2. Abbreviated filgrastim schedule (3 doses instead of 10 or
16) demonstrated significant survival benefit even when the first dose was delayed to 24 h
postirradiation; 3. Survival was not drug dose-dependent for the 3-dose schedule; 4.
Filgrastim administered earlier and less frequently (3 vs. 16 doses) improved survival
significantly in four strains of mice with different radiosensitivities; and 5. Filgrastim
mitigated radiation-induced hematotoxicity and accelerated cell repopulation in blood and
bone marrow, while stimulating proliferation of hematopoietic stem and progenitor cells in
different strains of mice.

Previous reports of G-CSF dosing schedules have been conflicting. Patchen et al. (14)
reported a dose reduction factor of 1.06 for 16 injections of G-CSF (2.5 pg/mouse/day/s.c.).
Plett et al. (29) showed increased 30-day survival in mice treated with 125 pg/kg filgrastim,
s.c., for 1-16 days after TBI in C57BL/6 mice (62% survival compared to 35% survival in
the vehicle-treated group). Conversely, Tanikawa et al. (28) reported that a twice daily dose
of 1 ug/mouse administered intraperitoneally on days 0-13 after TBI did not increase
survival of irradiated BDF1 mice; death in this group was attributed to bleeding resulting
from multiple injections while in a thrombocytopenic state. Our 16 daily doses of filgrastim
also did not improve survival, but hemorrhagic occurrences at the s.c. site were minimal, and
we do not attribute mortality to bleeding. Rather, the different mouse strains used in these
studies account for varying survival (discussed in detail later).

In earlier published studies, single administration of G-CSF or murine GM-CSF did not
provide a survival benefit when administered to lethally irradiated mice (30, 31), unless
administered within 2 h of irradiation (32). However, in the current studies, we observed a
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dose-dependent increase in survival with a single dose, 3 doses or 5 doses, even when
filgrastim was administered 24 h after TBI. Although significant survival was observed with
1, 3 and 5 doses of filgrastim, maximal efficacy was observed with 3 doses; this dosing
regimen is uniquely different from other published studies that demonstrate daily dosing of
G-CSF from 1-16 days after TBI improved survival (14). The conventional 16-day schedule
is designed to dose past the neutrophil nadir. Yet, our data demonstrate that G-CSF is a
potent mitigator even if administered for just 1-3 days after TBI; prolonging the dosing
schedule appears to negate the survival benefit in three of the four strains studied and
significantly reduced survival in C57BL/6 mice. One potential reason for lack of efficacy
with the 16-dose regimen can be due to the handling stress during days 8-14 postirradiation,
which coincides with the peak morbid period and overt radiation sickness in mice. In
preliminary studies in primates, our group reported accelerated neutrophil and platelet
recovery with 3 doses of filgrastim in irradiated primates.2 The recommended treatment of
radiological victims is the prompt and continuous administration of growth factors like
filgrastim, with therapy being halted when the absolute neutrophil count reaches a level of
greater than 1.0 x 109 cells/I, after recovery from the nadir (33), which necessitates injecting
15-24 doses of filgrastim to the irradiated population. Our data have significant implications
for medical preparedness, both for improving hematological outcome postirradiation as well
as developing a cost-effective strategy for implementing filgrastim therapy.

Furthermore, our study strongly suggests that the window for optimal efficacy of filgrastim
in mice is within 24 h after TBI; survival reduced dramatically when the first filgrastim dose
was delayed up to 48 or 72 h postirradiation. Optimal survival was observed when filgrastim
treatment was initiated at 6 or 12 h postirradiation; this is in keeping with the ASCO
recommendation of prompt administration of hematopoietic growth factors after lethal TBI
(2). The current studies highlight the fact that advancing filgrastim therapy to times earlier
than 24 h postirradiation does not reduce drug efficacy. However, delay of filgrastim
treatment up to 48 or 72 h after TBI resulted in diminished survival. Schuening et al. (34)
initiated G-CSF 7 days after TBI in canines and did not observe efficacy. More alighed with
the current study, Farese et a/. (35) highlighted the necessity of initiating filgrastim within 24
h after TBI, and reported that filgrastim, administered 48 h postirradiation, did not improve
survival in primates. The authors opined that the deficiency could be associated with
mechanisms of action of filgrastim on cellular components, specifically stimulation,
proliferation and differentiation of hematopoietic progenitor cells (HPC), enhanced mitotic
activity of immature neutrophils, a reduced transit time into circulation from marrow and
amplification of marrow-derived neutrophil compartment. Our study, demonstrating a lack
of survival benefit due to delayed filgrastim administration, is consistent with these
observations. Given the possibility that the pool of filgrastim-target cells is exhausted 24 h
postirradiation, filgrastim administered closer to time of exposure may provide optimal
benefit by abrogating cytotoxic/cytostatic effects of radiation, decreasing cell-cycle arrest
times and accelerating marrow regeneration.

2Satyamitra MM, Kumar V, Biswas S, Cary L, Dickson L, Ghosh SP, et al., Abbreviated dosing with filgrastim improves survival
following total body irradiation. Presented at 61st Annual Meeting of the Radiation Research Society; 2015; Orlando, FL.
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Radiation can cause a general injury/recovery response, however, the kinetics of the
response, as well as the degree of injury that informs viability of the individual, is highly
varied. This variability is due to inherent genotypic diversity, and one model or strain is
insufficient to reflect the probable response of different populations to injury.

To this end, we extended our 3-dose filgrastim schedule to other mouse strains with different
radiation sensitivities. We demonstrated that an abbreviated 3-dose filgrastim schedule had
significant survival benefit over the conventional 14-16 days of filgrastim therapy in four
strains of lethally irradiated mice: C3H/HeN, C57BL/6, B6C3F1 and CD2F1. Genetic
differences influence the response of different mouse strains to ionizing radiation (36-38).
Grahn and Hamilton described the impact of genetic variations to acute lethal response of
four mouse strains exposed to TBI (39). Roderick et al. described survival of 27 inbred mice
exposed to daily low-dose X rays (10). Some of these strains were resistant to radiation-
induced death while others were highly susceptible. These differences were attributed to
inherited genes, which reflect the general human population and influence individual
response to ionizing radiation. C57BL/6J and C3H/HeN were the recommended strains of
choice for testing radiation countermeasures, since they have shown divergence in many
tissue responses after irradiation (11). The B6C3F1 strain was recommended as the most
popular strain used in several toxicological studies (40). All radiation counter-measure
screenings at AFRRI are performed on the CD2F1 strain (12, 22, 41). Drugs that are
effective radiation countermeasures in some strains do not demonstrate the same efficacy in
CD2F1 mice. This was reflected in our preliminary studies, in which irradiated CD2F1 mice
were administered 16 doses of filgrastim, that failed to achieve efficacy, whereas the study
described by Plett et al. demonstrated efficacy of the 16-day filgrastim regimen in C57BL/6
mice (29). However, when we compared the efficacy of 16 vs. 3 daily doses in C3H/HeN,
C57BL/6, B6C3F1 and CD2F1 mice, there was a consistent and significantly higher survival
observed with the 3-day filgrastim dose, whereas the conventional 16-day dosing regimen
failed to improve survival in three of the four strains tested. Furthermore, in C57BL/6 mice,
we observed a 30% improvement in survival with the conventional 16-day schedule, which
is strikingly similar to the published data by Plett et a/. (29). However, the abbreviated
schedule significantly increased survival to 83% in a head-to-head comparison. Interestingly,
the efficacy of filgrastim therapy does not appear to correlate with the inherent radiation
sensitivity of the strains; C3H/HeN mice, the most radiation sensitive (LDsgg/30 = 7.5 Gy)
among the four strains tested here, received the least benefit. However, C57BL/6, closest to
the C3H/HeN strain in terms of radiation sensitivity (LDsq/39 = 7.7 Gy), profited the most
with the abbreviated filgrastim treatment. B6C3F1 and CD2F1, with the highest radiation
resistance, had modest and comparable survival. These data validate the existing filgrastim
efficacy studies, and lend emphasis for the need to optimize medical interventions.

As alluded to in earlier published studies, filgrastim is a potent stimulator of myelopoiesis. It
increases granulocyte counts in normal (42) as well as myelosuppressed animals (14, 24, 43,
44), enhances resistance to infections (45) and stimulates hematopoiesis. The radiation dose
selected results in severe injury to hematopoietic tissue, which is comparable to published
data for LD7qy30 in C57BL/6 mice (29). In addition, the radiation dose does not result in
mortality, allowing for adequate powering between the control and filgrastim-treated groups
for statistical significance and reduction in the number of animals used, as requested by the
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IACUC. Our data are in concordance with established literature. Since there was a 24 h gap
between the insult and filgrastim therapy, nadirs in all blood indices were observed for both
vehicle- and filgrastim-treated groups. Filgrastim accelerated regeneration of granulocytes
and platelets, increased hematopoietic progenitors and recovery of the bone marrow, leading
to repopulation of circulating end cells. Observed increase in platelets, red blood cells and
neutrophils, with concurrent increase in CFU and improvement of bone marrow
histopathology, supports the concept that filgrastim has effects on cell differentiation and
amplified hematopoiesis extending to lineages other than myeloid alone in all four strains of
mice, irrespective of their genetic differences.

In Summary, to the best of our knowledge we have shown for the first time that an
abbreviated 3-day (starting 24 h after TBI) schedule of filgrastim is beneficial over an
extended 10- or 16-day schedule in four strains of mice exposed to lethal-dose radiation. It is
crucial to extend our study to explicate the mechanisms of actions to encompass effects on
extrinsic microenvironmental signals and cellular responses, as well as to extend the regimen
in higher animal models. One valuable outcome of these studies is the provision of a suitable
lower mammal model utilizing the concept of “medical management”, which includes
administration of filgrastim, for identifying successful polypharmaceutical approaches in
treating radiation injury. If investigators at the preliminary drug development stages continue
to use the 16-dose schedule, the emergence of a successful polypharmaceutical approach
may be adversely affected by either a lack of efficacy in some strains or ambiguous results
for other possible countermeasures.

Also, given the scarcity of data on filgrastim dosing and dosing schedule in the irradiation
models for larger mammals, there are urgent requirements for detailed drug dose and
schedule optimization studies, as well as a strongly powered pivotal trial to assess drug
efficacy at drug concentration and schedule comparable to that shown in the rodents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Survival of CD2F1 mice after 9.25 Gy TBI and therapy with different schedules of filgrastim
(G-CSF). Panel A: A single dose of filgrastim [0.17-0.68 mg/kg, 1 day after TBI (single
arrow)] compared to 5% dextrose. Panel B: Three daily doses (days 1-3) postirradiation
(indicated by arrows), of 0.17 or 0.34 mg/kg filgrastim compared to 5% dextrose. Panel C:
Five doses (cross-hatch) of either 5% dextrose or filgrastim, 0.17 or 0.34 mg/kg. Panel D:
Ten doses (dashed bar) of either 5% dextrose or filgrastim, 0.12 or 0.17 mg/kg. Kaplan-
Meier survival curves were plotted using GraphPad software; n = 24 mice/group and trend in
survival is compared between vehicle and drug-treated groups.
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FIG. 2.
Optimization of filgrastim (G-CSF) dose to improve survival of lethally irradiated mice.

Panel A. Effect of increasing filgrastim dose administered s.c. on days 1, 2 and 3 after 9.25
Gy TBI on 30-day mouse survival (n = 24/group). Three doses of 0.17 mg/kg filgrastim
showed optimal mitigation, followed by 0.34 mg/kg and 0.51 mg/kg, while survival in the
0.68 mg/kg filgrastim-treated group was similar to the 5% dextrose-treated group (control).
Panel B. Optimization of time of filgrastim administration in relationship to irradiation.
Mice were irradiated and injected with 3 daily doses of either 0.17 or 0.34 mg/kg filgrastim
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beginning at 6 and 12 h, days 1, 2 or 3 after TBI. *£< 0.001 for 30-day survival of 0.17
mg/kg filgrastim-treated group compared to survival of 0.34 mg/kg group.
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FIG. 3.
Comparison of the radiation sensitivities of four mouse strains exposed to different radiation

doses. All mice were irradiated on the same day. There were 16 mice per group per dose per
strain. Probit survival curves were generated for each strain exposed to LDs3q to LDgs/30
TBI. Mortality at 30 days postirradiation is plotted against dose for C3H/HeN mice
(irradiated with 6-8.5 Gy), C57BL/6 mice (7-9 Gy), B6C3F1 mice (7.5-9 Gy) and CD2F1
mice (8.5-10.5 Gy).
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Muitigation of radiation lethality in four different mouse strains with 3 vs. 16 doses of
filgrastim starting 24 h postirradiation. Male mice (12-14 weeks old) of each strain were
exposed to LDvg/39 TBI and treated with either 5% dextrose (3 or 16 doses) or filgrastim
(0.17 mg/kg on days 1, 2 and 3 or 0.12 mg/kg filgrastim at days 1-16 postirradiation). Panel
A: 8 Gy irradiated C3H/HeN mice. Panel B: 8.2 Gy irradiated C57BL/6 mice. Panel C: 8.5
Gy irradiated B6C3F1 mice. Panel D: 9.25 Gy irradiated CD2F1 mice. Log-rank test, P<
0.0001-0.009 (n = 24 mice per group).
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FIG.5.
Photomicrographs show regeneration in representative sections of sternal bone marrow after

filgrastim treatment in C3H/HeN, C57BL/6, B6C3F1 and CD2F1 mice exposed to a
sublethal dose of radiation. Panels A-D: Nonirradiated mice injected with 3 doses of 5%
dextrose. Panels E-H: Irradiated mice 14 days after exposure injected with 3 doses of 5%
dextrose (vehicle) on days 1, 2 and 3 after TBI, showing bone marrow atrophy, infiltration
by adipocytes and rare megakaryocytes. Panels I-L: Mice at 14 days after TBI, s.c. injected
with 0.17 mg/kg filgrastim on days 1, 2 and 3 postirradiation, show increased cellularity and
myeloid cells. All sections were routinely H&E stained (200x magnification).
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FIG. 6.
Filgrastim accelerates hematopoietic progenitor recovery after a nonlethal radiation dose in

all four mouse strains. CD2F1, C57BL/6, C3H/HeN and B6C3F1 mice (n = 6 per group)
were irradiated with a sublethal dose and treated with filgrastim on days 1, 2 and 3 after
TBI. Filgrastim treatment after irradiation enhanced survival of bone marrow hematopoietic
stem and progenitor cells. Clonogenic potential of bone marrow cells was assessed by a
CFU assay on days 4, 7, 10 and 14 postirradiation. Cells from two femurs were pooled,
counted and each sample plated in triplicate to be scored 12 days after plating. Data are
expressed as mean = SEM for day 14 only, since earlier time points did not yield statistically
quantifiable data. Statistical significance was determined between irradiated control and
filgrastim-treated groups as described. *~ < 0.001 compared to irradiated control. When
compared with the vehicle-treated group, filgrastim-treated animals showed significant
increase (P< 0.002) in BFU-E and CFU-GEMM on day 14 in all four mouse strains.
Similarly, for CFU-GM, significant increase was obtained (~ < 0.05-0.00) on day 14 after
TBI in all strains. However, significant CFU-E increase (P < 0.0001) was observed only in
B6C3F1 mice on day 14 postirradiation.
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Summary of Radiation Doses (Gy) Used in Developing Probit Curves for Different Mouse Strains

Groupno. C3H/HeN C57BL/6 B6C3F1 CD2F1
1 6 6 6.5 8.0
2 6.5 6.5 7 8.5
3 7 7 7.5 9.0
4 75 7.5 8 9.5
5 8 8 8.5 10.0
6 8.5 8.5 9 10.5
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