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ORIGINAL ARTICLE

Efficacy of delayed administration of sargramostim up to 120hours post
exposure in a nonhuman primate total body radiation model

Yifei Zhonga, Mylene Pouliota, Anne-Marie Downeya, Colleen Mockbeeb, Debasish Roychowdhuryb,
Wieslaw Wierzbickia, and Simon Authiera

aCitoxlab, Laval, Canada; bPartner Therapeutics, Inc, Boston, MA, USA

ABSTRACT
Background: High dose ionizing radiation exposure is associated with myelo-depression leading
to pancytopenia and the expected clinical manifestations of acute radiation syndrome (ARS).
Herein, we evaluated the efficacy of sargramostim (LeukineVR , yeast-derived rhu GM-CSF), with regi-
mens delivered at 48, 72, 96, or 120h after radiation exposure.
Methods: A randomized and blinded nonhuman primate (NHP) study was conducted to assess
the effects of sargramostim treatment on ARS. NHPs were exposed to total body radiation (LD83/60

or lethal dose 83% by Day 60) and were randomized to groups receiving daily subcutaneous dos-
ing of sargramostim starting from either 48, 72, 96, or 120h post-irradiation. Additionally, separate
groups receiving sargramostim treatment at 48 h post-irradiation also received prophylactic treat-
ment with azithromycin. Sargramostim treatment of each animal continued until the preliminary
absolute neutrophil count (ANC) returned to �1000/lL post-nadir for three consecutive days or
the preliminary ANC exceeded 10,000/lL, which amounted to be an average of 15.95days for all
treatment groups. Prophylactic administration of enrofloxacin was included in the supportive care
given to all animals in all groups. All animals were monitored for 60days post-irradiation for mor-
tality, hematological parameters, and sepsis.
Results: Delayed sargramostim treatment at 48 h post-irradiation significantly reduced mortality
(p¼ .0032) and improved hematological parameters including neutrophil but also lymphocyte and
platelet counts. Additional delays in sargramostim administration at 72, 96, and 120h post-irradi-
ation were also similarly effective at enhancing the recovery of lymphocyte, neutrophil, and plate-
let counts compared to control. Sargramostim treatment also improved the survival of the animals
when administered at up to 96h post-irradiation. While sargramostim treatment at 48 h signifi-
cantly reduced mortality associated with sepsis (p� .01), the additional prophylactic treatment
with azithromycin did not have clinically significant effects.
Conclusion: In a NHP ARS model, sargramostim administered starting at 48h post-radiation was
effective to improve survival, while beneficial hematological effects were observed with sargramos-
tim initiated up to 120h post exposure.
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Introduction

While accidental exposure to high radiation doses is infre-
quent, the potential to elicit large-scale adverse events makes
the strategic preparedness planning for the medical manage-
ment of radiation exposure a critical concern for health pro-
fessionals and governmental agencies (DiCarlo et al. 2011).
Individuals exposed to total body irradiation (TBI) or sig-
nificant partial-body irradiation at exposures greater than
1Gy may develop acute radiation syndrome (ARS) with sig-
nificant hematopoietic consequences (Weinstock et al. 2008;
Dorr and Meineke 2011). Radiation induced pancytopenia
are resultant of the relative high radiosensitivity of the com-
mitted hematopoietic progenitors in the maturation pool
(Inoue et al. 1995; Goans et al. 1997; Dainiak 2002;
Waselenko et al. 2004). Myelosuppression after radiation
exposure can lead to hemorrhages, an immunocompromized

state, and subsequent infections. As such, the reconstitution
or protection of the hematopoietic cells is a priority during
patient management (Gianni et al. 1989; Laterveer et al.
1996; Singh and Seed 2017). One of the primary and recom-
mended approaches for the treatment of ARS is the prompt
administration of leukocyte growth factors (LGFs) (Smith
et al. 2006), which shorten the duration of neutropenia after
irradiation and thus reduce the risks for opportunistic infec-
tions with the goal of potentially improving survival.
However, until recently, there were limited data to inform
use of LGFs following a nuclear incident and no U.S. Food
and Drug Administration (FDA) approved LGF medical
countermeasures (MCM) (Singh et al. 2015). Nonhuman
primate (NHP) models have been validated for use in evalu-
ation of potential treatments of hematopoietic-ARS (H-ARS)
in accordance with the U.S. FDA ‘Animal Rule’ guidance
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(US FDA 2019). NHP mortality rate at day 60 was estab-
lished as the primary endpoint of interest, since this is
clearly related to the desired benefit in humans, while short-
ening time to absolute neutrophil count (ANC) recovery is a
useful supportive endpoint.

There are now three ARS MCMs that have been
approved by the U.S. FDA – the recombinant human gran-
ulocyte colony-stimulating factor (rhu G-CSF) filgrastim
(NeupogenVR ) (Amgen Inc. 2018) and pegfilgrastim
(NeulastaVR ) (Amgen Inc. 2019) were both approved in
2015, and the most recently approved granulocyte macro-
phage colony stimulating factor (GM-CSF) sargramostim
(LeukineVR ) (Sanofi-Aventis 2018). The studies supporting
these approvals have varied in the use of supportive care
and timing of administration following irradiation. Only
studies of sargramostim have included both male and
female animals. Both filgrastim and pegfilgrastim have
demonstrated efficacy in the NHP ARS model, showing
improved survival rates compared to controls when admin-
istered 24 h after radiation with full supportive care includ-
ing blood transfusions and individualized antibiotics
(Farese et al. 2012, 2013; Hankey et al. 2015). MacVittie
et al. also showed that delayed administration of filgrastim
at up to 120 h had beneficial effects on shortening the dur-
ation of neutropenia and improving ANC nadirs in NHPs
(MacVittie et al. 2015). However, subsequent studies
showed that delayed administration of filgrastim and peg-
filgrastim at 48 h post-irradiation did not significantly
improve survival even with the same levels of supportive
care (Farese et al. 2014; Gluzman-Poltorak et al. 2014).
Since the availability of immediate supportive care is likely
to be varied (especially in the administration of LGFs) in
the aftermath of a catastrophic nuclear event, this lack of
efficacy in delayed treatments raises concerns regarding the
practical utility of the compounds.

Sargramostim, yeast derived rhu GM-CSF, is a potent
cytokine that stimulates myeloid cell growth and maturation
as well as immunologic reconstitution (Waller 2007).
Sargramostim has been previously approved for treatment
associated with neutropenia during cancer therapy to
shorten the time to neutrophil and myeloid recovery (Mehta
et al. 2015) and has been shown to accelerate leukocyte
recovery in combination chemo/radiation therapies (Farese
et al. 1993). More recently, sargramostim has been shown to
significantly reduce the mortality rate in NHP models of
ARS at a delayed administration time of 48 h post-irradi-
ation exposure (Clayton et al. 2016). As well, incidences of
secondary bacterial infections are also reduced with sargra-
mostim treatment. This improvement was accompanied by
neutrophil and lymphocyte recovery as well as enhanced
platelet and reticulocyte counts following radiation exposure
(Farese et al. 1993; Clayton et al. 2016). Herein, we report
the evaluation of delayed sargramostim treatment at up to
120 h after irradiation to fully investigate its robustness as
an ARS MCM.

Furthermore, the addition of a broad-spectrum antibiotic
supplement along with medical treatment and countermeas-
ures has been considered to be beneficial in reducing the

incidence of infections and improving survival rates in the
medical management of ARS. Irradiation studies using mur-
ine models have shown that the addition of broad-spectrum
antibiotics can increase both the mean and total survival
times in this species (Booth et al. 2012; Plett et al. 2012).
Other studies in NHPs have also shown that the prophylac-
tic use of antibiotics, combined with intensive medical man-
agement including whole blood transfusions to restore
neutrophil recovery, worked to improve survival in the ani-
mals after exposure to lethal doses of radiation (Farese et al.
2013, 2014). However, the exact contribution of the use of
prophylactic antibiotics to the reduction in mortality has not
been empirically studied.

In this study, we evaluated the effects of sargramostim
treatment, in a NHP model of ARS in a blinded and
randomized good laboratory practice (GLP)-compliant
study. We also evaluated the effect of azithromycin, a
broad-spectrum antibiotic, when given with sargramostim.
We presented results describing the effects of sargramostim
treatment compared to vehicle treatment on survival, hema-
tology, and microbiological analyses. We also characterized
bacterial species that were identified and analyzed their anti-
microbial resistance to help establish treatment strategies for
future studies.

Materials and methods

Ethics statement

All experimental procedures were performed in compliance
with the Good Laboratory Practice (GLP; 21, Code of
Federal Regulations Part 58) and in accordance with
Institutional Animal Care and Use Committee (IACUC) of
Citoxlab North America, and the Canadian Council on
Animal Care (CCAC) guidelines for use of experimental ani-
mals. All protocols included humane euthanasia criteria and
were reviewed and approved by the IACUC. All animals
were monitored continuously (i.e. technical staff and veteri-
narians were available on-site 24 h a day) for development
of any untoward clinical signs.

Test and control items

Sargramostim (rhu GM-CSF, LeukineVR ) (manufactured by
Sanofi-Aventis, Boston, MA at time of study) was stored
from 2 to 8 �C. The vehicle control was sterile water for
injection, USP (SWFI) (Baxter Healthcare Corporation,
Deerfield, IL) purchased commercially and stored at room
temperature. Sargramostim (250mg/vial) was reconstituted
fresh on each dosing occasion in SWFI to obtain a nominal
concentration of 250mg/mL. The solution was gently swirled
at room temperature until complete dissolution of the test
item and was placed on wet ice pending use.

Azithromycin (ZithromaxVR ) (manufactured by Sandoz)
was stored at room temperature. The azithromycin solution
was prepared by mixing a sufficient volume of reverse
osmosis water with the required amount of azithromycin as
specified by the manufacturer in order to achieve a
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concentration of 40mg/mL. The azithromycin solution was
stored at room temperature without the use of preservatives
and used within 7 days.

Animals

The animal room environment was maintained at a tem-
perature of 21 ± 3 �C with a relative humidity of 50 ± 20%, a
light dark cycle of 12 h light/12 h dark, and 10–15 air
changes per hour. Temperature and relative humidity were
monitored continuously.

A total of 308 (154 males/154 females) rhesus monkey
(Macaca mulatta) NHPs, aged 2.7–5.8 years and weighing
3.1–7.0 kg and 2.9–6.6 kg for males and females, respectively,
were included in the study. NHPs were fed a standard certi-
fied commercial chow (ENVIGO Teklad Certified Hi-Fiber
Primate Diet #7195C in form of cookies) twice daily. Treats
or fruits/vegetables were provided as part of the animal
enrichment program. Water (which had been exposed to
ultraviolet light and purified by reverse osmosis) was pro-
vided to the animals ad libitum. This study was conducted
outside of the breeding season for Rhesus monkeys.

Radiation exposure

To minimize stress due to handling procedures, animals
were acclimated to the radiotherapy restraining apparatus by
pre-exposure training periods. Animals were transferred to
the treatment facility in a transport vehicle with controlled
temperature. Prior to transportation to the radiation facility,
animals were acclimated on at least three occasions to the
restraining apparatus and at least one occasion to transpor-
tation. Positive reinforcement was used to facilitate acclima-
tion, and animals were not sedated during transport or
irradiation. Animals were fasted overnight prior to whole-
body irradiation, and fed after irradiation at the irradiation
facility (i.e. a banana was given after irradiation to each ani-
mal) and upon returning to the housing unit to
reduce stress.

NHPs were irradiated using a Cobalt-60 gamma source
(TheratronVR 1000; Best Theratronics; Ottawa, Ontario,
Canada). Prior to irradiation (Day 1), the radiation condi-
tions were calibrated using an acrylic phantom placed in the
same experimental conditions as those to be used. Animals
were irradiated in a random order (i.e. not in ascending
group number) and in staggered cohorts over 18 days, with
individual radiations taking place between the hours of 10
am and 4 pm.

During radiation, animals were placed in a chair in a
symmetrical vertical position. Positioning was confirmed
with linear laser markers. In order to produce homogenous
dose distribution, treatment was divided in two fractions
(i.e. antero-posterior followed by postero-anterior). Two
dosimeters (Landauer, Inc. Model nanoDot) were placed on
each animal during whole body irradiation to quantify the
dose. The skin was shaved and one dosimeter was placed on
the midplane approximately at the level of the xiphoid pro-
cess and a second dosimeter was placed at the

corresponding level in the dorsal area (below the interscapu-
lar area) on the day of irradiation. Dosimeters were placed
under a gel bolus build-up of approximately 5mm (super-
flab) in thickness and secured with bandaging and surgical
glue. The dosimetry results (i.e. the average of frontal and
dorsal) obtained from the Farmer electrode chamber were
within þ0.01% to þ2.33% of the targeted radiation dose.
NHPs were exposed to 713 cGy at 0.5Gy min�1. The expos-
ure time for each animal was calculated individually based
on body dimensions as per facility standard operat-
ing procedures.

The irradiation dose level was selected based on available
historical data (Farese et al. 2012) and Citoxlab North
America studies to analyze the benefits of MCM administra-
tion on animals receiving a lethal dose of radiation. The
irradiation dose level was also used during a previous study
where an LD83/60 was obtained (unpublished data).

Supportive care

Prophylactic supportive care for all animals included sucral-
fate (1 g/day (0.5 g BID, PO) daily from days 5 to 30 (inclu-
sive)), enrofloxacin during predicted periods of neutropenia
(10 ± 0.5mg/kg, subcutaneous, SID from Day 5 to Day 27
(inclusive)), ondansetron (1mg/kg IM 30–90min prior to
irradiation and 30–45min following irradiation to suppress
emesis), and buprenorphine (approximately 0.01mg/kg/dose
BID, subcutaneous from Day 3 to 30).

Symptomatic supportive care based on individual animal
evaluation consisted of analgesics (buprenorphine and/or
bupivacaine), parenteral fluids (Ringer’s lactate with or with-
out 5% dextrose and/or PedialyteVR /GastrolyteVR ), anti-emetics
(ondansetron), nutritional support (e.g. crushed cookies,
fruit, juice, etc.), and cutaneous care (hydrotherapy, iodine,
and/or sterile water flush). Symptomatic supportive care was
provided to all NHPs as indicated by cage-side and clinical
observations per the approved IACUC protocol.

Experimental design

The study was designed with reference to the following test
methods and/or guidelines: U.S. FDA Guidance for
Industry October 2015: Product Development Under the
Animal Rule Guidance for Industry; and ICH S6 (R1):
Preclinical Safety Evaluation of Biotechnology-Derived
Pharmaceuticals.

Animal assignment
Male and female animals were separately assigned to dose
groups by a randomized stratification system based on body
weights and the animal providers, as applicable. A total of
308 NHPs (154 males/154 females) were randomized to the
vehicle and sargramostim delayed treatment groups: 44
NHPs (22M/22 F) per group were assigned to the reference
item/vehicle (Group 1), 48 h (Group 2), 72 h (Group 3), 96 h
(Group 4), and 120 h (Group 5) treatment groups. An add-
itional 44 NHPs (22M/22 F) per group were assigned to the
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reference item/vehicleþ azithromycin (Group 6) and sargra-
mostim 48 hþ azithromycin (Group 7) groups.

Blinding
All study personnel were blinded to treatment assignment,
with exception of the staff responsible for randomization,
preparation of the test item, and dosing. The unblinded per-
sonnel were not involved in clinical evaluation or euthanasia
decisions. The pathologist was blinded at the time of nec-
ropsy and initial macro- and microscopic evaluation.

Treatment and route of administration
The sargramostim (7 mg/kg/day) and reference item/vehicle
were administered daily by subcutaneous injection between
the scapulas. The first injection was performed 48, 72, 96, or
120 h ± 1 h post-end of irradiation and subsequent injections
were administered at approximately the same time as the
first treatment injection (± 3 h). For groups with treatments
starting later than 48 h after irradiation (Groups 3, 4, and
5), the control was administered on days before the start of
sargramostim to have the same level of handling procedures
in all groups. Treatment of each animal continued until the
preliminary ANC returned to �1000/lL post-nadir for three
consecutive days or the preliminary ANC exceeded 10,000/
lL. In the event that the ANC could not be obtained for a
given day due to clotted sample (or any other reason), dos-
ing was stopped when three consecutive results of prelimin-
ary ANC were �1000/lL. Interim analysis was not
performed during this study to assess efficacy and/or futility.

Azithromycin was administered PO from Day 8 to Day
21 (inclusive) to Groups 6 and 7.

Survival
NHPs were evaluated at least twice daily during all phases
of the study. At 60 days post-radiation exposure, surviving
animals were humanely terminated and necropsies were
completed. Animals in unrelievable pain or distress before
Day 60 were humanely euthanized. Animals were euthanized
if one of the following criteria was observed: respiratory dis-
tress, complete anorexia for 3 days with deteriorating condi-
tions, loss of weight >20% of baseline for more than 3 days,
hemorrhage in excess of 20% estimated blood volume,
severe dehydration with hypothermia or hyperthermia,
recumbent in the cage with decreased or absent responsive-
ness to touch, or in severe pain which could not be signifi-
cantly alleviated with analgesia.

Hematology
Blood samples (300–500 mL) were obtained from a periph-
eral vein (avoiding the femoral vein between Days 6 and 24)
in tubes containing K3-EDTA. Hematology evaluations
(including neutrophil, platelet, WBC, RBC, and reticulocyte
counts) were performed on all surviving animals twice prior
to irradiation, and on Days 1–30 (inclusive), 35, 40, 45, 50,
55, and 60 after irradiation and prior to unscheduled

euthanasia, when possible. Animals were manually
restrained but not anesthetized for blood collection.

Blood culture
Blood samples (300–500 mL) were obtained from a periph-
eral vein (avoiding the femoral vein between Days 6 and 24)
in tubes containing K3-EDTA. Hemocultures were per-
formed on all animals when febrile neutropenia was identi-
fied (ANC <0.5� 109/L, rectal temperature� at 103 �F/
39.4 �C) and at euthanasia; however, animals were not
sampled more than 2 times/week (excluding at euthanasia).

Bacteriology
The following tissues were collected at necropsy from all
animals (including unscheduled terminations or moribund
animals) for microbiological analysis: liver (medial lobe),
lungs (right caudal lobe and left cranial lobe separately),
spleen (part of remaining tissues), kidney (right), heart
(apex), and brain (left hemisphere). Organ samples were
placed on a sterile plate for manipulations. A selected area
at the surface of the tissue sample was burned to eliminate
possible surface contaminant. The burning of the area was
performed by using a spatula soaked in 70% ethanol and
heated by the gas burner flame until the spatula is red. A
sterile culture swab was inserted in the tissue sample
through the burned surface and inserted into a sterile tube
for isolation and identification of aerobic and anaerobic bac-
teria and antibiogram. Culture swabs were stored refriger-
ated (2–8 �C) or kept on wet ice pending processing.

All microbiological analyses on blood and tissues col-
lected were performed by IDEXX Laboratories (IDEXX
Laboratories; Markham Ontario, Canada).

Clinical observations, body weight, and body temperature
Cage-side clinical signs were recorded on all animals at least
twice daily throughout the study. A detailed clinical examin-
ation was performed on each animal prior to animal assign-
ment, the day prior to irradiation, every 6 days thereafter,
and prior to necropsy. Body weights were recorded for all
animals prior to animal assignment, the day prior irradi-
ation, every 3 days thereafter, and prior to necropsy. Body
temperature (auricular) was taken on all animals the day
prior to irradiation and every 3 days after irradiation until
the end of the study, or when clinically justified and author-
ized by the clinical veterinarian.

Statistical design

The primary objective of the study was to evaluate the effi-
cacy of sargramostim treatment initiated at 48, 72, 96, or
120 h post-irradiation versus the vehicle control in NHPs, as
assessed by survival rate 60 days after TBI at an LD83/60

dose; additional endpoints of this study included hematology
parameters and incidence of infection. The survival rate at
Day 60 was defined as the proportion of animals that sur-
vived to Day 60 scheduled euthanasia. Secondary objectives
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were to evaluate the efficacy of the azithromycin and sargra-
mostim combination on overall survival, hematology param-
eters, and incidence of infection.

Using 44 rhesus animals per group, the trial was expected
to provide 80% power at a 2-sided alpha level of 5% to dem-
onstrate a decreased mortality rate at Day 60 of 40% in the
Leukine arm and 70% in the reference item/vehicle 48 h arm
using a Log-Rank test and was expected to provide 80%
power at a 1-sided alpha level of 2.5% to demonstrate a
decreased mortality rate at Day 60 of 50% in the Leukine
arm and 80% in the reference item/vehicle 48 h arm using a
Fisher Exact test. The number of animals used in the study
was approved by IACUC.

Plots of time to event (Kaplan-Meier) were presented
(e.g. survival and for time to event data such as time to
ANC recovery). Plots of the treatment means across time
were presented for continuous numerical parameters when
including all animals. For each dataset with more than two
groups to compare, a one-way analysis of variance
(ANOVA) was performed and the residuals were tested for
normality using a Shapiro–Wilk test. When significant dif-
ferences among the group means were indicated by the
ANOVA overall F-test (p� .05), a Dunnett test was used to
perform the group mean comparisons between the reference
item/vehicle 48 h group and each test item treated group.

When the Shapiro–Wilk test on the residuals of the
second ANOVA was significant or when heterogeneous
group variances (p� .05) were revealed by the Levene test,
then the ANOVA results were discarded and the groups
were compared using a non-parametric Kruskal–Wallis test.
When the Kruskal–Wallis test was significant (p� .05), a
Dunn test was used to perform the pairwise group compari-
sons between the reference item/vehicle 48 h group and each
test item treated group.

For datasets with only two groups to compare (including
the reference item/vehicle 48 h Group 1), a Shapiro–Wilk
test and a Levene test were performed as described above
but a two-sample t-test replaced the one-way ANOVA F-
test, and a Wilcoxon rank-sum test replaced the
Kruskal–Wallis test, while Dunnett and Dunn tests were not
performed. Analyses were performed using version 9.2 of
the SAS (1) system running on Windows 7.

Results

Sargramostim administration at 48 h post-irradiation
significantly increased survival in NHPs

The logistic regression model for comparing the mortality
frequencies at Day 60 showed an overall statistically signifi-
cant dose effect (t-test, p¼ .0032), indicating that a sargra-
mostim regimen starting at 48 h post-irradiation significantly
reduced mortality (Figure 1(A,B)). The mortality rate
observed on day 60 was 86% in Group 1 (reference item/
vehicle 48 h) and 68% for Group 2 (sargramostim 48 h),
showing a reduction of 18% (Figure 1(A)). This result cor-
roborates the outcomes observed in previous studies
(Clayton et al. 2016).

Additionally, the mortality rate at Day 60 was 93% for
Group 6 (reference item/vehicle 48 hþ azithromycin) and
75% for Group 7 (sargramostim 48 hþ azithromycin), a
reduction of 18% (Figure 1(B)). Although the animals dosed
with sargramostim at 48 h with the addition of azithromycin
(Group 7, 75%) had higher survival compared to animals
dosed with only sargramostim (Group 2, 68%), this differ-
ence between groups (7%) did not reach statistical signifi-
cance. The addition of azithromycin therefore had no
statistically significant effect and there was no interaction
between sargramostim and azithromycin. The most common
cause of death in all moribund animals across groups was
sepsis as determined by bacteriological analysis of organ and
hemocultures (Figure 1(C)). The prophylactic administration
of azithromycin added to enrofloxacin, which was provided
prophylactically to all animals, had no significant effect on
the incidences of sepsis across all groups under the condi-
tions that prevailed in this study. This indicates that there
may be preexisting resistance to the administered antibio-
therapies in the commensal bacteria population of the NHPs
in this study.

48h post-irradiation sargramostim treatment
improved hematological parameters compared
to controls

A summary of the hematological parameters related to neu-
trophil and platelet data can be found in Table 1. Following
irradiation, the neutrophil count in the animals decreased
rapidly reaching an ANC <500/lL by a mean of
5.5–6.5 days, and ANC < 100/lL by a mean of 8.7–10.1 days
after radiation exposure (Figure 2(A)). The recovery was ini-
tiated earlier in sargramostim-treated groups with or with-
out azithromycin compared to controls (Groups 2 and 7,
compared to Groups 1 and 6). Return to values similar or
higher than baseline was achieved on Days 19 or 20 for all
sargramostim-treated groups (Groups 2 and 7) and later on
Day 22 for both reference item/vehicle 48 h groups (Groups
1 and 6, p� .0001).

Further analysis of neutrophil-related parameters revealed
that, as expected, given the mechanism of action of the drug
(Farese et al. 1993; Mehta et al. 2015; Clayton et al. 2016),
the mean duration of neutropenia (ANC < 500/lL) was sig-
nificantly shorter in sargramostim-treated animals (Group 2,
10.1 ± 1.8 days, p� .001) compared to reference item/vehicle
48 h (Group 1, 13.3 ± 1.3 days) without azithromycin treat-
ment. Mean duration of severe neutropenia (ANC < 100/
lL) was also slightly shorter with sargramostim at 48 h
(Group 2, 4.6 ± 2.9 days) compared to reference item/vehicle
48 h (Group 1, 6.0 ± 2.3 days), although this result did not
reach statistical significance. Overall, there was no statistic-
ally significant effect of the addition of azithromycin on
neutropenia (ANC < 500/lL) and severe neutropenia (ANC
< 100/lL) duration.

Platelet count started to decrease for all groups on Days
5–7 (Figure 2(B)). The mean duration of platelet count ˂
20,000/lL ranged from 4.1 to 6.3 days and was similar in all
groups. The platelet nadir was slightly higher in Group 2
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(sargramostim 48 h) compared to Group 1 (reference item/
vehicle 48 h), and the recovery onset was noted earlier over-
all in sargramostim treated groups (Groups 2 and 7, p� .05
and p� .001, respectively). There was no clinically signifi-
cant effect of azithromycin administration on platelet count.
Platelet nadir and mean duration of severe thrombocyto-
penia were similar in both sargramostim treated groups with
or without azithromycin (Groups 2 and 7).

As well, leukocyte counts decreased similarly in all groups
(Figure 2(C)). Decreases started on Day 2 and values
reached nadir on Day 15 for both reference item/vehicle
48 h groups (Groups 1 and 6) and one or two days earlier
on Days 13 or 14 for sargramostim-treated groups (Groups
2 and 7). Afterward, recovery was initiated earlier in all sar-
gramostim-treated groups. Recovery to values similar or
higher than baseline was achieved on Day 20 or 21 for all
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Figure 2. Changes in hematology in NHPs after exposure to radiation and treatment with sargramostim and/or azithromycin. (A) Mean (±SEM) absolute neutrophil
(ANC) counts in NHPs after irradiation. ANC nadir was significantly lower in Group 7 compared to Group 2 (p�.05). (B) Platelet count in NHPs after irradiation.
Shown are the treatment means (±SEM) of platelet count � 109 cells/L. The log-rank test for comparing the recovery curves indicated a significant earlier recovery
for the sargramostim group at 48 h compared to the reference item/vehicle 48 h (p� .05). (C) White blood cell count in NHPs after irradiation. Shown are the treat-
ment means (±SEM) of white blood cell count � 109 cells/L. (D) Erythrocytes absolute count in NHPs after irradiation. Shown are the treatment means (±SEM) of
Erythrocytes absolute count � 109 cells/L. (E) Reticulocyte absolute count in NHPs after irradiation. Shown are the treatment means (±SEM) of reticulocyte absolute
count � 109 cells/L. All analysis were performed using peripheral blood collected from NHPs with sargramostim and/or azithromycin administration (n¼ 44 per
group; 22 males and 22 females). PI: prior to irradiation.
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sargramostim-treted groups and later on Day 23 for both
reference item/vehicle 48 h groups.

Decreases in erythrocytes were noted starting on Day 6
or 7 in all groups (Figure 2(D)). Given the long biological
half-life of red blood cells (Shrestha et al. 2016), this loss is
likely associated with hemorrhages as an effect from irradi-
ation. Mean erythrocyte counts were lower from approxi-
mately Days 8 to 26 and the nadir was observed slightly
earlier in Group 2 (sargramostim at 48 h) compared to
Group 1 (reference item/vehicle 48 h). No consistent differ-
ences in erythrocyte count were noted with the addition of
azithromycin. Mean reticulocyte counts began to decline the
day after irradiation reaching similar nadir on Days 7–9 in
all groups (Figure 2(E)). This was followed by a compensa-
tory increase up to approximately Day 12. The magnitude of
the increase was greater in all sargramostim-treated groups
(Groups 2 and 7), reaching statistical significance (p� .05)
on days 3, 6, 10–12, 17–25, and 30 (two-way ANOVA). A
second moderate decline in reticulocyte count was observed
in all groups afterward up to approximately Day 16.
Afterward a marked increase (approximately 5 folds from
baseline levels) was noted reaching mean reticulocyte counts

above 400� 109/L (baseline values were between approxi-
mately 66 and 81� 109/L) in all sargramostim-treated
groups (Groups 2 and 7) and much lower (between 115 and
290� 109/L) in reference item/vehicle 48 h groups (Groups 1
and 6) by Day 24. Again, no consistent differences in reticu-
locyte count were noted with the addition of azithromycin.

Delayed sargramostim treatment up to 120 h after
irradiation was still efficacious against radiation-
induced leukopenia and neutropenia

To investigate the efficacy of delayed sargramostim adminis-
tration, sargramostim was administered at 48, 72, 96, and
120 h post-irradiation in NHPs and hematology was moni-
tored throughout the 60 day study period. Dosing was con-
tinued until the preliminary ANC returned to �1000/lL
post-nadir for three consecutive days or the preliminary
ANC exceeded 10,000/lL. Mean overall treatment times
were found to be quite similar between the groups, with
16.34 ± 0.53 days for Group 1, 15.89 ± 0.47 days for Group 2,
16.02 ± 0.48 days for Group 3, 16.41 ± 0.51 days for Group 4,

Figure 2. Continued.
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Figure 3. Changes in white blood cell (WBC) count, neutrophil count, and survival after exposure to radiation and delayed treatment of 48 h, 72 h, 96 h, and 120 h
with sargramostim. (A) Lymphocyte absolute count in NHPs after irradiation. Shown are the treatment means (±SEM) of lymphocyte count � 109 cells/L. (B) Mean
(±SEM) ANC in NHPs after irradiation. (n¼ 44 per group; 22 males and 22 females). (C) Platelet count in NHPs after irradiation. Shown are the treatment means
(±SEM) of platelet count � 109 cells/L (n¼ 44 per group; 22 males and 22 females). (D) Survival curve comparisons of Groups 1 (reference item/vehicle 48 h), 2 (sar-
gramostim 48 h), 3 (sargramostim 72 h), 4 (sargramostim 96 h), and 5 (sargramostim 120 h).
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15.68 ± 0.44 days for Group 5, 15.77 ± 0.52 days for Group 6,
and 15.52 ± 0.45 days for Group 7. Lymphocyte counts
declined rapidly immediately post-radiation followed by a
sustained but less severe decrease, reaching lowest mean lev-
els on Day 14 for all sargramostim-treated groups (Groups
2–5) and on Day 15 for the reference item/vehicle 48 h
group (Group 1) (Figure 3(A)). Lymphocyte recovery was
initiated earlier in all sargramostim-treated groups (Groups
2–5) compared to the reference item/vehicle 48 h group
(Group 1), and there were no difference between the delayed
sargramostim treatment groups in terms of overall changes
in lymphocyte count.

As observed with the leukocyte count, neutrophil recov-
ery was initiated earlier in sargramostim-treated groups
(Groups 2–5) (Figure 3(B)). In Group 2 (sargramostim
48 h), the ANC nadir was also higher compared to Group 1
(reference item/vehicle 48 h), but did not reach statistical
significance. This was not observed in all other sargramos-
tim treatment groups (Groups 3–5). Additionally, the plate-
let nadir was slightly higher in Group 2 (sargramostim 48 h)
compared to Group 1 (reference item/vehicle 48 h) but
slightly lower in Groups 3, 4, and 5 (sargramostim 72, 96,
and 120 h); however, no statistical significances were
detected (Figure 3(C)). Similar to neutrophils, platelet recov-
ery was also initiated earlier in all sargramostim treated
groups. Sargramostim also appeared to improved survival
when administer at up to 96 h post TBI (Figure 3(D)),
although the effects did not reach statistical significance
except for the 48 h treatment as presented previously (Figure
1(A)). Overall, delayed sargramostim treatment up to 120 h
after irradiation was efficacious in improving leukocyte, neu-
trophil, and platelet recovery, with results that are compar-
able to those achieved by the earlier 48 h post-irradiation
sargramostim treatment.

Sargramostim has significant beneficial effects on
reducing the rate of sepsis post-irradiation

The vast majority (93%; 225/242 animals) of moribund ani-
mals presented with at least two positive results for bacteri-
ology in organ and/or blood culture which was required for

diagnosis of sepsis (Figure 4(A)). Treatment with sargramos-
tim reduced the total number of deaths attributed to infec-
tion, reaching statistical significance when comparing pooled
Groups 2 and 7 (sargramostim 48 h with and without azith-
romycin) with pooled Groups 1 and 6 (reference item/
vehicle 48 h with and without azithromycin) (p� .01)
(Figure 4(B)). The number of animals with signs of sepsis
was also significantly lower in the group treated with sargra-
mostim at 48 h and azithromycin (Group 7; 30 animals)
compared to the reference item/vehicle 48 h group with
azithromycin (Group 6; 40 animals). The results were also
similar to the sargramostim group without azithromycin
(Group 2; 29 animals), indicating that administration of
azithromycin had no significant beneficial effects on the rate
of sepsis.

Characterization of bacteriological agents detected in
organ and hemoculture of animals post-irradiation

Microbiological evaluations of organs and hemoculture anal-
yses were performed on both moribund and surviving ani-
mals post mortem. A large majority of the moribund
animals in all groups (from 55% to 91% of total animals in
each group) had positive bacteriology results in the major
organs, of which the liver and lungs (left and right caudal
lobes) appeared to be slightly more susceptible compared to
the brain, heart, spleen, and kidneys (Figure 5(A)). Of the
isolated bacterial strains from organ and hemoculture,
gram-positive species were the most frequently identified
followed by a combination of gram-positive and -negative,
and finally gram-negative only (Figure 5(B)). A list of all
identified bacterial strains and their frequency can be found
in Table 2.

Results from this study suggest that the addition of azith-
romycin to the prophylactic supportive care, which included
enrofloxacin given to all groups, had no significant effect on
mitigating the incidences of sepsis and bacteremia in NHPs
post-irradiation. This may be possibly due to preexisting
resistance of the commensal flora to both enrofloxacin and
azithromycin. To further investigate this phenomenon, we
compiled antibiograms of the top five most common
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Figure 3. Continued.
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bacterial strains identified in organ and hemoculture against
a panel of commonly used broad-spectrum antibiotics
(Figure 6). Based on the antibiogram, frequent resistance
across the isolated bacterial strains was found against azith-
romycin, enrofloxacin, and gentamicin, which corroborated
the inefficacy of enrofloxacin/azithromycin antibiotherapy
observed in our study. Intermediate to low levels of resist-
ance were present against four other antibiotics (amoxicillin/
K clavulanate, cefepime, cefotaxime, ceftriaxone, and imi-
penem-cilastatin). Finally, there appeared to be minimal
resistance among bacterial strains against ceftazidime, a
broad-spectrum beta-lactam antibiotic.

Discussion

The administration of LGFs such as G-CSF and GM-CSF
has now been approved by the U.S. FDA as MCMs after a
radiological and/or nuclear incident (US FDA 2018). While
the administration of G-CSFs such as filgrastim and pegfil-
grastim post-irradiation have been shown to improve sur-
vival and neutrophil recovery in NHP models if given with
full supportive care, delays in treatment (i.e. exceeding 24 h
post-irradiation) appeared to negatively affect the efficacy of
these drugs (Farese et al. 2013; Hankey et al. 2015). We

developed a nonclinical program to evaluate the effects of
delayed sargramostim (rhu GM-CSF) administration in a
NHP model of ARS under the criteria of the U.S. FDA
‘Animal Rule’ (US FDA 2019).

We showed that a delayed sargramostim regimen (i.e.
started at 48 h post-radiation) enhanced survival of the ani-
mals post-irradiation (t-test, p¼ .0032). The magnitude of
the increase in hematological parameters such as reticulocyte
counts was also greater in all sargramostim-treated groups,
which may have increased oxygenation and reduced oxida-
tive cell death in the treated animals (Kuhn et al. 2017),
thus potentially improving overall survival. A second, more
moderate decline in reticulocyte count observed in all
groups up to approximately Day 16 may have resulted from
iron sequestration typically observed with acute inflamma-
tion (Ganz and Nemeth 2009).

Additionally, sargramostim treatment at 48, 72, 96, and
120 h post-irradiation significantly improved neutrophil,
lymphocyte, and platelet recovery in the NHP ARS model.
Animals treated with sargramostim 48 h after irradiation had
earlier recoveries and significantly shorter mean durations of
neutropenia (ANC < 500/lL) compared to untreated con-
trols (10.1 days compared to 13.3 days, p� .001).
Interestingly, G-CSFs such as filgrastim and pegfilgrastim
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Figure 4. Percentage of animals with sepsis following irradiation and treatment with sargramostim and/or azithromycin. (A) Percentage of total animals across all
groups, both moribund and surviving, presenting as septic or non-septic (n¼ 308). Septic is defined as animals presenting with at least two positive bacteriology
results in organ and blood culture. (B) Percentage of total animals within each group, both moribund and surviving, presenting as septic or non-septic (n¼ 44 per
group; 22 males and 22 females). Group 1 (reference item/vehicle 48 h); Group 2 (sargramostim 48 h); Group 6 (reference item/vehicle 48 hþ azithromycin); Group 7
(sargramostim 48 hþ azithromycin). ��p�.01.
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have not been previously shown to effectively increase
survival when treatment is delayed – although the adminis-
tration of filgrastim shortened the duration of neutropenia
and time to recovery of neutrophils in NHPs after TBI, it
did not induce a significant increase in survival compared to
controls when given at 48 h post irradiation (Farese et al.
2014), and pegfilgrastim has only been studied starting at
24 h post irradiation (Hankey et al. 2015). In the event of a
large nuclear or radiation emergency, prompt dispersal of
time-sensitive therapeutics (i.e. treatment within 24 h of inci-
dent) such as G-CSFs may present logistical challenges. As
such, MCMs that are efficacious with delayed administration
may be advantageous in such a scenario.

This disparity in the observed survival efficacy of delayed
treatments of G-CSF and GM-CSF may be due to the differ-
ent downstream effects induced by each LGF. GM-CSF,
such as sargramostim, has the ability to stimulate multiple
cell lineages from progenitors, including megakaryocytes
which are responsible for platelet production, as well as
erythrocytes and a host of immune cells including mono-
cytes and neutrophils (Ushach and Zlotnik 2016). G-CSFs,
however, are considered to be more selective for the

enhancement of neutrophil production and function (Basu
et al. 2002), and have been previously proposed to actually
suppress the maturation and development of megakaryocytes
in murine models (Saito et al. 1996; Metcalf et al. 2005).
The implications of these divergent functions of GM-CSF
and G-CSF can be seen in NHP ARS studies, where all but
one surviving animals who received filgrastim (rhu G-CSF)
required anywhere from 0.5 to 5.5 blood transfusions during
the study (Farese et al. 2013). In a separate study, filgrastim
treatment at 24 h post irradiation without transfusions and
additional support resulted in no significant survival benefits
compared to controls (31–36%, respectively) (Gluzman-
Poltorak et al. 2014). Based on these results, blood transfu-
sions may be important with G-CSF therapies post-irradi-
ation. In contrast, the current study along with similar,
previously unpublished data suggests that the beneficial
effects of sargramostim (rhu GM-CSF) on survival did not
require transfusions, which may also translate well into clin-
ical settings.

As well, the effects of G-CSF on other measures of bone
marrow function and immune reconstitution in NHPs have
not been reported. However, GM-CSF is shown in our study
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to improve multiple parameters, of which lymphocyte
counts appeared to be very well correlated with mortality
following radiation exposure. The effect of GM-CSF on lym-
phocytes was observed in prior studies and was an unex-
pected finding since GM-CSF is thought to affect
predominantly myeloid lineage. However, the replication of
this finding in this study suggests this effect is real and may
contribute to the different outcomes observed. As such, fur-
ther understanding of the relationship between hemato-
logical changes and the risk of infection and mortality may
help to elucidate both the appropriate assessment and man-
agement of patients exposed to lethal doses of radiation.

Decline in neutrophil and lymphocyte counts after radi-
ation can lead to immunosuppression and can result in the
systemic dissemination of bacterial infections, leading to
sepsis which can contribute to mortalities (Brook et al. 1988;
Kumar et al. 2002; Dainiak et al. 2003). Sargramostim treat-
ment at 48 h post-irradiation significantly reduced the inci-
dence of sepsis (Figure 4, p� .01). This effect could result
from the faster ANC recovery and/or the higher leukocyte
count at nadir observed in sargramostim-treated animals
compared to reference item/vehicle 48 h-treated animals.
Additionally, prophylactic treatments with broad-spectrum
antibiotic have been suggested to also reduce the risk of
infection due to immunosuppression after irradiation and
has previous been shown to improve survival in neutropenic
patients undergoing cytotoxic therapy for cancer (Gafter-
Gvili et al. 2005). However, prophylactic administration of

azithromycin and enrofloxacin in combination or either
agent alone did not reduce incidence of morality and sepsis
in our model, possibly due to high frequencies of resistant
infections (Figure 6). Additionally, as the LD values were
above 80 (LD83/60) in the reference item/vehicle 48 h with or
without azithromycin control groups (Groups 1 and 6), it is
difficult to linearize the responses and claim a survival
advantage to accurately assess the true effects of azithromy-
cin administration on survival.

Further investigation revealed that Staphylococcus aureus,
Streptococcus oralis, Escherichia coli, Stenotrophomonas (X.)
maltophilia, and Enterococcus faecalis were the most com-
monly isolated bacterial strains in the organ cultures of all
animals in the study. Most of these strains are commonly
found in the microbiota of both wild and laboratory NHPs,
which suggests that they are likely opportunistic infections
resulting from immunosuppression post-irradiation (van den
Berg et al. 2011; Clayton et al. 2014; Lebreton et al. 2014;
Denapaite et al. 2016). All five strains have also been previ-
ously identified as commensal strains in the human mucosal
microbiota as well (Hamada and Slade 1980; Conway et al.
2004; Mason et al. 2011; Adegoke et al. 2017; Young et al.
2017). Antibiograms obtained from these five strains against
nine different antibiotics showed wide spread resistance to
azithromycin and enrofloxacin among all strains, which
likely accounts for the ineffectiveness of azithromycin treat-
ment added to the prophylactic administration of enrofloxa-
cin. Most isolated strains were also resistant against

Table 2. Gram-positive and -negative bacteria identified in organ and hemocultures.

Bacterial strains isolated
Number of animals with at least one

organ or hemoculture positive (n¼ 161) Bacterial strains isolated
Number of animals with at least one

organ or hemoculture positive (n¼ 161)

Gram-positive Gram-negative

Staphylococcus aureus 125 Escherichia coli 19
Streptococcus oralis 28 Stenotrophomonas (X.) maltophilia 13
Enterococcus faecalis 10 Pseudomonas species 8
Staphylococcus cohnii 7 Morganella morganii 4
Enterococcus casseliflavus 6 Pseudomonas putida 4
Staphylococcus epidermidis 5 Sphingomonas (p.) paucimobilis 4
Streptococcus mitis 5 Nonfermenter species 3
Aerococcus viridans 3 Ochrobactrum anthropic 3
Lactobacillus salivarius 3 Pseudomonas koreensis 3
Staphylococcus saprophyticus 3 Acinetobacter iwoffi 2
Streptococcus parasanguinis 3 Acinetobacter johnsonii 2
Staphylococcus capitis 2 Acinetobacter species 2
Streptococcus pluranimalium 2 Bordetella bronchiseptica 2
Streptococcus salivarius 2 Brevundimonas diminuta 2
Vagococcus fluvialis 2 Chryseobacterium joostei 2
Weissella confusa 2 Klebsiella pneumoniae 2
Alpha Hemolytic Streptococcus 1 Leclercia adcarboxylata 2
Bacillus species 1 Pseudomonas monteilii 2
Brochothrix thermosphacta 1 Brevundimonas vesicularis 1
Corynebacterium renale 1 Campylobacter hyointestinalis 1
Gemella species 1 Chryseobacterium tructue 1
Kocuria rosae 1 Klebsiella species 1
Lactococcus lactis 1 Klebsiella variicola 1
Leuconostoc citreum 1 Lelliottia (Enterobacter) amnigena 1
Microbacterium liquefaciens 1 Moraxella osloensis 1
Staphylococcus haemolyticus 1 Pantoea septica 1
Staphylococcus hyointestinalis 1 Pseudoxanthomonas mexicana 1
Staphylococcus sciuri 1 Stenotrophomonas species 1
Staphylococcus wameri 1
Streptococcus dysgalactinae 1
Streptococcus lutetiensis 1
Streptococcus pseudoporcinus 1
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gentamicin and showed mid to low levels of resistance
against a variety of other antibiotics such as cephalosporin
and penicillin. Remarkably, there appeared to be little resist-
ance to ceftazidime (a beta-lactam antibiotic), suggesting
that prophylactic treatments with ceftazidime may be more
effective at preventing opportunistic infections in this model
that included enrofloxacin prophylactically in all groups.

In conclusion, delayed sargramostim treatment after
irradiation significantly improved hematological parameters,
as well as decreased the incidences of sepsis in an NHP
model of ARS. Sargramostim appeared to present beneficial
hematological effects, but limited improvements on survival,
when administered at a delayed time of up to 120 h post
irradiation with minimal supportive care, which would
extend the time-of-treatment window of efficacy post-irradi-
ation and may yield deployment advantages after a nuclear
incident where resources are likely to be limited and
delayed. The addition of prophylactic azithromycin treat-
ment did not appear to have beneficial effects in the
presence of enrofloxacin, as high frequency of resistance
to both enrofloxacin and azithromycin may have
limited their efficacy as a component of supportive care.
Nevertheless, antibiotherapy is still expected to be a pivotal
component of the countermeasure strategy – with the caveat
that careful selection of the appropriate antibiotherapy is
likely needed to circumvent resistance. Overall, sargramos-
tim can be considered as an effective treatment for ARS
with survival or hematological benefits observed up to 120 h
post-exposure.
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