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Abstract

There are currently no approved medical radiation countermeasures (MRC) to reduce the
lethality of high-dose total body ionizing irradiation expected in nuclear emergencies. An
ideal MRC would be effective even when administered well after radiation exposure and
would counteract the effects of irradiation on the hematopoietic system and gastrointestinal
tract that contribute to its lethality. Entolimod is a Toll-like receptor 5 agonist with demon-
strated radioprotective/mitigative activity in rodents and radioprotective activity in non-
human primates. Here, we report data from several exploratory studies conducted in lethally
irradiated non-human primates (rhesus macaques) treated with a single intramuscular injec-
tion of entolimod (in the absence of intensive individualized supportive care) administered

in a mitigative regimen, 1-48 hours after irradiation. Following exposure to LDsg_ 7040 Of radi-
ation, injection of efficacious doses of entolimod administered as late as 25 hours thereafter
reduced the risk of mortality 2-3-fold, providing a statistically significant (P<0.01) absolute
survival advantage of 40-60% compared to vehicle treatment. Similar magnitude of survival
improvement was also achieved with drug delivered 48 hours after irradiation. Improved
survival was accompanied by predominantly significant (P<0.05) effects of entolimod
administration on accelerated morphological recovery of hematopoietic and immune sys-
tem organs, decreased severity and duration of thrombocytopenia, anemia and neutrope-
nia, and increased clonogenic potential of the bone marrow compared to control irradiated
animals. Entolimod treatment also led to reduced apoptosis and accelerated crypt regener-
ation in the gastrointestinal tract. Together, these data indicate that entolimod is a highly
promising potential life-saving treatment for victims of radiation disasters.
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Introduction

Acute radiation syndrome (ARS) is the clinical manifestation of pathologies that develop soon
after exposure to toxic doses of whole or partial-body ionizing radiation [1, 2]. ARS in humans
has been well characterized [3] and described as several principal subsyndromes (depending
on the absorbed radiation dose): hematopoietic (HP), gastrointestinal (GI) and cerebrovascular
(CV). In humans, the HP and GI subsyndromes are induced by a broad range of total body
irradiation (TBI) doses starting at 2 and 4 Gy, respectively, and hence, always co-exist at doses
>4 Gy. Radiation doses in the 2-4 Gy range cause death primarily via severe HP injury, leading
to increased risk of sepsis due to immunosuppression (stemming from granulo- and lympho-
penia) and hemorrhagic events due to thrombocytopenia. With higher levels of radiation expo-
sure (>4 Gy), GI tract damage has an increasing impact on general morbidity and accelerates
the onset of death by further raising the risk of bleeding, dehydration and sepsis due to reduced
integrity of the GI epithelium on the background of disabled immune and coagulation systems.
While multi-organ failure associated with TBI doses leading to the CV subsyndrome of ARS
(which develops at doses higher than 10-20 Gy) is practically incurable, the types and degrees
of damage associated with isolated HP or combined HP and GI subsyndromes may be poten-
tially treatable. However, there is currently no medical radiation countermeasure (MRC)
approved specifically for prevention or treatment of any type of ARS.

MRCs can be generally classified into three major categories: radioprotectants (adminis-
tered before exposure), radiomitigators (administered shortly after radiation exposure, prior to
development of manifest ARS) and therapeutics (aimed for use during manifest ARS). A num-
ber of MRCs are currently being developed by various academic and industrial institutions (for
recent comprehensive reviews, see [4-6]). Whereas the first two categories of MRCs are com-
prised of pharmaceuticals (small molecules or biologics), MRCs belonging to the third category
are mostly represented by cell replacement therapies.

Radioprotectants are aimed at reduction of radiation damage and include anti-oxidants
such as e.g., amifostine, vitamin E, and 5-Androstenediol (5-AED) [7-14] which reduce the
concentration of toxic reactive oxygen species generated through radiation-induced ionization
of organic and inorganic molecules in cells and tissues. Another principal opportunity to pre-
vent radiation injury is to use inhibitors of apoptosis, the main cause of cell loss in radiosensi-
tive organs [15]. Strong radioprotective properties of inhibitors of the proapoptotic p53
pathway [16, 17] and activators of antiapoptotic NF-«B signaling [18-20] are in line with this
paradigm.

Radioprotectants can be useful under conditions of planned and predictable radiation expo-
sure: for military personnel, first responders, and some categories of civilians. However, their
value is relatively limited in realistic radiation disaster scenarios in which radiation exposure is
unexpected and cannot be prepared for. Reduction of the scale of casualties in such situations
requires the use of radiomitigative agents that are effective when administered after irradiation.
This is not a trivial task since, in large part, the effects of radiation are rapid and irreversible.
Therefore, for radiomitigation, the emphasis shifts away from antioxidants and inhibitors of
apoptosis towards agents capable of promoting tissue regeneration and/or enabling the organ-
ism to survive temporary vulnerabilities associated with coagulopathy, immunosuppression,
and loss of GI tract integrity.

In this regard, pharmacological activation of NF-«B, a key regulator of innate and adaptive
immune responses [21, 22], seems to be an ideal approach for radiomitigation. In addition to
suppressing apoptosis and inducing endogenous antioxidants (e.g., SOD2 and ferritin [23,
24]), activated NF-xB drives production of a large spectrum of secreted bioactive factors (e.g.,
cytokines, chemokines, and anti-infective molecules), many of which have ameliorative effects
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on pathologies caused by systemic genotoxic stresses and promote tissue regeneration [25]. In
fact, a significant proportion of reported radiomitigators are capable of NF-kB activation.
These include 5-AED [10, 11, 26], synthetic mimetics of mycoplasma lipopeptides that act via
stimulation of Toll-like receptor (TLR) 2/6 heterodimers [19, 20]; IL-12 (HemaMax) [27-29]
and a pharmacologically optimized recombinant derivative of the natural TLR5 agonist, bacte-
rial flagellin (FliC), entolimod (previously known as CBLB502) [18], which is the main topic of
this study.

Entolimod is being developed as MRC under the Animal Rule [30] specifically designed by
the US Food and Drug Administration (FDA) as regulatory framework for testing experimen-
tal therapeutics whose assessment for efficacy is non-ethical in humans. Instead (in addition to
safety trials in humans) such therapeutics are evaluated for efficacy in two animal species in
which the model of the disease of interest as well as the response to the drug of interest closely
model those in humans. Therefore, experiments in non-human primate (NHP) model of ARS
that closely resembles human ARS [31] are considered obligatory. Here, we summarize the
data on the radiomitigative efficacy of entolimod obtained in a series of exploratory studies per-
formed in 164 NHPs. These experiments demonstrated that entolimod acts as a potent mitiga-
tor of radiation injury, capable of substantial (2-3 fold) and significant reduction of the risk of
death when administered as single injection within 48 hours after lethal (LDs¢_;5/40) TBI in the
absence of additional intensive individualized supportive care. Reduced mortality from ARS
caused by entolimod treatment was associated with reduced damage to and accelerated recov-
ery of both HP and GI system tissues. These properties of entolimod make it a highly promis-
ing candidate MRC for use in realistic scenarios of radiation disasters, when victims cannot
rely on a specialized clinical care for an extended period of time.

Materials and Methods
Entolimod drug substance and vehicle

Entolimod was expressed in E. coli and purified to >98% purity (at SynCo BioPartners, LLC,
Amsterdam, The Netherlands) using a validated cGMP process involving 2-step (ion-exchange
and hydrophobic interaction) chromatographic purification followed by endotoxin removal
with a dedicated ion exchange column. Release testing indicates <100 EU/mg endotoxin, <5
ng/mg residual DNA, and <100 ng/mg host cell protein content in the entolimod drug prod-
uct. Absence of additional contaminating TLR ligands was confirmed using specific TLR-
expressing reporter cell lines (InvivoGen, San Diego, CA). The vehicle for entolimod was Dul-
becco’s Phosphate-Buffered Saline (PBS; Gibco BRL, Life Technologies Inc., Grand Island, NY)
in earlier studies and PBS-0.1% Tween 80 (O’Brien Pharmacy, Mission, KS) in later studies.
Animals received a single injection of entolimod or vehicle in the quadriceps muscle, using a
dose volume of 0.2 ml/kg, at 1, 4, 16, 25 or 48 hours after the end of irradiation.

Animals

The care and use of nonhuman primates (Macaca mulatta, Chinese subspecies, from Sichuan
Province) were in accordance with the principles outlined in the current Guide for the Care
and Use of Laboratory Animals published by the National Institutes of Health, and the recom-
mendations of the Weatherall report for The Use of Non-Human Primates in Research
(December 2006).

All procedures for NHP studies were reviewed and approved by one or more of the follow-
ing: the IACUC of Frontier Biosciences (Chengdu, Sichuan Province, China) (studies Rs-03,
Rs-04, Rs-06, Rs-08, Rs-09, and Rs-14; IACUC protocol numbers B200609-P01, B200704-P01,
B200718-P001, B200803-P002, B200903-P001, and B200901-P001); the IACUC of University
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of Illinois at Chicago (study Rs-22; IACUC protocol number 09-125); and the US Department
of Defense Animal Care and Use Review Office (studies Rs-08, Rs-09, and Rs-22; ACURO pro-
tocol numbers CBMS-FY08-007, CBMS-FY08-008, and CBMS-FY09-022).

The NHP irradiation studies were conducted by Frontier Biosciences, Chengdu, Sichuan
Province, China (studies Rs-03, Rs-04, Rs-06, Rs-08, Rs-09, and Rs-14) and UIC Toxicology
Research Lab, Chicago, IL (Rs-22), Contract Research Organizations that are OLAW assured
(assurance numbers A5723-01 and A3460-01, respectively) and AAALAC accredited. The
NHP irradiation studies were approved under IACUC protocol numbers listed above. During
the study, all efforts were made to minimize pain, distress, and suffering as stated in the
approved IACUC protocols.

For studies conducted at Frontier Biosciences, rhesus macaques were obtained from Ping’an
Animal Breeding and Research Base (Chengdu, Sichuan Province, China) or Suzhou Xishan
Zhongke Laboratory Animal Co., Ltd (Suzhou, Jiangsu Province, China). For the study con-
ducted at UIC TRL, rhesus macaques (Chinese subspecies) were obtained from Covance Labo-
ratories (Madison, WI). At both CROs, 2-5 year old animals of both genders that weighed
between 3 and 7 kg were used. The animals were research and irradiation naive, clinically
healthy, and certified to be free of specific pathogenic microorganisms (such as Salmonella sp.,
Shigella sp., Mycobacterium tuberculosis, cercopithecine herpesvirus type I (B virus), and Toxo-
plasma gondii). All animals received helminthicide treatment at their breeding facilities. Upon
arrival at CROs, macaques were quarantined (typically for >3 weeks) while being subjected to
daily cage-side observations, repeated laboratory testing (complete blood counts, serum bio-
chemistry, blood coagulation, and electrocardiography) as well as body weight and temperature
monitoring. During the pre-study period, the animals were also trained for being hand-caught
and briefly restrained. Upon completion of the pre-study period, animals meeting pre-defined
health criteria (consistently displaying normal clinical and laboratory parameters) were
accepted into the study and randomly assigned to study groups based on their most recently
measured body weight (even distribution per gender per weight). Approximately equal num-
bers of male and female animals were included in each study group. During the entire observa-
tion period (before and after irradiation), animals were housed in individual stainless steel
cages in environment-controlled rooms with room temperature of 16-29°C, relative humidity
of 30-70%, and a 12 hour light/dark cycle. In addition to fresh fruits and vegetables daily, ani-
mals were fed primate chow in studies at Frontier Biosciences (either prepared in-house or
manufactured by Beijing Keaoxieli Feed Co. Ltd, China) or commercial certified primate bis-
cuits in the study conducted at UIC TRL (Harlan Teklad Primate Diet 2055C). Fresh drinking
water was provided ad libitum.

Radiation sources and irradiation

In studies conducted at Frontier Biosciences, animals received 25 mg/kg pentobarbital sodium
in the animal room to achieve mild anesthesia before transportation and an additional 8-10
mg/kg Ketamine injection during transit to the irradiation facility. For irradiation, sedated ani-
mals were restrained in plastic irradiation chairs. 5-11 animals were irradiated simultaneously,
with balanced inclusion of animals from all study groups in each irradiation cohort. Male and
female animals were irradiated separately. Animals were irradiated bilaterally using the cobalt-
60 (*°Co) gamma-ray sources located at Sichuan Atomic Energy Institute. The first source
(used in studies Rs-03, Rs-04, Rs-06, and Rs-08) was a vertical bundle of vertically aligned *°Co
rods. The second source (used in studies Rs-09 and Rs-14) was configured as a vertical rectan-
gular array of vertically aligned ®*Co rods. Dose rates in different experiments varied from ~0.8
to 1.1 Gy/min (0.94, 0.92, 0.83, 0.73, 1.06 and 1.03 Gy/min for studies Rs-03, Rs-04, Rs-06, Rs-
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08, Rs-09 and Rs-14, respectively) and animals received a total 6.5-6.75 Gy in-air dose (equiva-
lent to 6.0-6.2 Gy midline dose for ~3-5 kg animals). Individual animal dosimetry was per-
formed using thermoluminescent dosimeter (TLD) sets provided and evaluated by Global
Dosimetry Solutions, Inc. Calibration of the radiation field of the source was performed period-
ically based on the Chinese National Standard [Standard Method for Using the Ferrous Sulfate
(Fricke) Dosimeter to Measure Absorbed Dose in Water] GB139-89.

In the Study Rs-22 conducted at UIC TRL, animals were sedated with ketamine (10-20 mg/
kg) and placed in plastic restraint boxes for the duration of transport and irradiation. Animals
were irradiated using a rotating 6 MV LINAC source (Varian Clinac 2100EX) to a uniform
total body in-air dose of 11 Gy, at a dose rate of 0.8+0.025 Gy/min (to achieve a 10.1 Gy mid-
line dose). Dose measurements were made at the center of the cylindrical phantom
(diameter = 8-10 cm) containing a PTW 31010 0.1cc Semiflex Ion chamber placed on the both
sides of each animal. NanoDot dosimeters were used for measurement of individual surface
doses.

In-life procedures

All animals participating in studies with survival as the primary endpoint were observed for 40
days after TBI. During this period, cage-side observations were performed two or three times
each day, at least 6 hours apart. Signs of morbidity and moribundity were recorded.

Blood was repeatedly collected from saphenous or cephalic veins for monitoring of com-
plete blood counts (pre-dose, then almost every day on days 1-15, then every 3-4 days) and
cytokine and entolimod levels (pre-dose, then at least at 1, 2, 4, 8, 24 hours post-dose). During
blood collection, animals were briefly restrained without sedation. Body weights (at least once
per week) and body temperature (at least twice per week) were also recorded. Food and fruit
consumption was evaluated daily on a semiquantitative scale (good, fair, or poor). Following
irradiation, no intensive individualized supportive care was provided other than oral rehydra-
tion, topical anti-infective treatment of lesions and general analgesia with fentanyl patches
and/or buprenorphine when deemed necessary by the study veterinarian. No ketamine or opi-
ates known to affect the immune system [32-34] were used in the study after entolimod treat-
ment. For nutritional support, animals were provided with water soaked biscuits and extra
amount of fruit.

Terminal procedures

Moribund animals were subjected to euthanasia based on pre-specified criteria: severe weight
loss (>20% loss of initial weight over a 3-day period); complete anorexia (for >3 days, with
signs of deterioration); weakness and inability to obtain food or water (for >24 hours); com-
plete unresponsiveness; low core body temperature (<35.9°C) following a period of febrile neu-
tropenia; severe rapidly developing acute anemia (<40 g/L hemoglobin, < 13% hematocrit,
and a drop of >7% in hematocrit between consecutive tests); and/or other signs of severe
organ system dysfunction with a poor prognosis (as determined by a veterinarian). The eutha-
nasia criteria were based on those generally recommended by veterinarian guidelines for stud-
ies involving terminal endpoints [35] with addition of 2 ARS-specific criteria recommended by
Armed Forces Radiobiology Research Institute (AFRRI), relating to the rapid onset of acute
anemia or drop in core body temperature following a period of febrile neutropenia. Similar cri-
teria for moribund animal euthanasia were also applied by other groups conducting efficacy
studies in the NHP model of ARS [27-29, 36, 37]. In studies with survival as the primary end-
point, all animals that survived to day 40 after TBI were subjected to scheduled euthanasia. In
studies aimed at evaluation of gastrointestinal (GI) tract morphology, animals were euthanized
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at 8 hours or 5-7 days after TBI (depending on the study). All animals that were euthanized or
found dead were subjected to gross pathology examination, with samples of bone marrow
(sternum), spleen, thymus, lymph nodes, and GI tract segments collected for histological exam-
ination. In Study Rs-14, bone marrow aspirates were collected from iliac crests for colony
forming assays.

Histology

General histological analysis of organ samples was performed by light microscopy of paraftin
sections (3-5 pm thick, 1-3 per organ or intestinal segment of each animal) stained with hema-
toxylin-eosin (H&E). Immunohistochemical detection of SOD2 expression, TUNEL staining
and EdU incorporation analyses were performed in deparaffinized sections. The following anti-
bodies were used for immunohistochemical evaluation: goat anti-SOD2 (N-20) pAb (sc-18503,
Santa Cruz Biotechnology, Santa Cruz, CA); mouse anti-smooth muscle actin mAb conjugated
with Cy3 (C6198, Sigma- Aldrich, St. Louis, MO); rabbit anti-phospho-histone H3 pAb (06-
570, Millipore, Billerica, MA); and rabbit anti-neuro-specific tubulin beta III pAb (ab18207,
Abcam, Cambridge, UK). The following reagents and kits were used histochemical evaluation:
ApopTag Fluorescent In Situ Apoptosis Detection Kit (S7110, Chemicon, Millipore, Billerica,
MA) for TUNEL detection, and azide-modified Alexa Fluor 488 (Invitrogen, Life Technologies,
Grand Island, NY) for EQU incorporation. Samples were examined using a Zeiss Axiolmager
A1l microscope equipped an epifluorescent light source; images were captured with an Axio-
Cam MRc digital camera and processed with a Zeiss Axio Imager Z1 microscope (Carl Zeiss,
Germany).

The extent of morphologic alterations observed in histological sections was assessed by a
blind semi-quantitative evaluation (see S1 Methods).

Bone marrow colony forming assays

Analysis of total CFC numbers (which includes CFU-G, CFU-M, CFU-GM, CFU-GEMM, and
BFU-E colonies) as well as separate analyses of BFU-E and CFU-Mk were performed using
media and reagents from StemCell Technologies according to the manufacturer’s instructions
(MethoCult, Cat. #28404; MegaCult-C Cat. #28413; StemCell Technologies, Vancouver, Can-
ada). The number of colonies per 10* live cells was calculated (after adjustment for hemodilu-
tion according to [38]).

Laboratory and analytical assays

Complete blood counts (CBC) analysis was performed using automated blood cell counters (at
Frontier Biosciences: Cell-Dyn 3700SL, Abbott, USA; at UIC TRL: Advia 120, Siemens Health-
care, USA). Cytokine levels in plasma (using K2EDTA as an anticoagulant) were determined
using Luminex multiplex immunological assays at Armed Forces Radiobiology Research Insti-
tute (Bethesda, MD), Baylor Institute for Immunology Research (Dallas, TX), or Millipore Cor-
poration (St. Charles, MO). In study Rs-03, levels of G-CSF, IL-4, IL-6, IL-10, and IFNy were
analyzed using human-targeted Fluorokine MAP assays from R&D Systems (Minneapolis,
MN) and levels of IL-2, IL-3, IL-8, IL-12p70, and IP-10 were tested using Upstate (Temecula,
CA) human-targeted Beadlyte Multi-Cytokine Flex assays. In studies Rs-09 and Rs-14, levels of
G-CSF, IL-6, IL-8, and IFNY were analyzed using Non-Human Primate Cytokine/Chemokine
Milliplex Panel from Millipore, Inc. (Billerica, MA) and IL-10 was analyzed using human-tar-
geted Fluorokine MAP Luminex assay from R&D Systems (Minneapolis, MN).

Entolimod levels in serum or plasma were determined at CBLI using a sandwich ELISA
method employing proprietary entolimod-specific polyclonal antibodies.
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Data analysis

Statistical analysis. Numbers of surviving animals (at 40 days after irradiation) were com-
pared pair-wise using Fisher’s exact test. Kinetics of mortality was compared between groups
by Log rank test. For analysis of the effect of entolimod treatment on survival, the natural loga-
rithm of odds ratio of survival (odds of survival in the treated group divided by that in the con-
trol group) was chosen as the metric. The odds associated with a probability p were defined as
p/ (1 -p). For a group of size n with 100% survival, odds were defined as (n — 0.5) / n; for
groups with 0% survival odds were defined as 0.5 / n. Quantitative data were evaluated using
Student’s t-test. All tests were two-sided. P-values <0.05 were considered statistically signifi-
cant. Error bars in graphs represent standard errors (unless specified otherwise). GraphPad
Prism 5.0 and Microsoft Excel 2007-2010 were used for most statistical analyses.

Calculation of days with Grade 4 cytopenia/anemia. Definition of a study day as cytope-
nic/anemic was based on actual values when available, or on imputed values for days when
samples were not collected. Imputation was performed by linear interpolation over time
between actual measurements, or by using the last observation carried forward between the
day of last available measured value and the day of death. Percentage of live days with Grade 4
cytopenia/anemia was calculated as number of days with cytopenia/anemia divided by number
of days the animal was alive during the 40-day observation period.

Area under the curve (AUC) values for cytokine and entolimod levels were calculated
using the trapezoid rule. To eliminate the influence of differences in basal cytokine levels,
AUC values were background-adjusted by subtracting the minimum observed factor concen-
tration from all other concentrations before calculation.

Results

Treatment of NHPs with entolimod within 48 hours after lethal TBI
significantly reduces the risk of death from ARS

To investigate the potency of entolimod in increasing survival of NHPs when administered
after lethal TBI, a series of non-GLP studies in rhesus macaques were performed using a TBI
dose range of LD5g/49_LDs5,49 (50-75% lethal over 40 days). This TBI dose range was chosen
as being an approximate upper threshold at which exposed individuals would be at substantial
risk of death, but might still be salvageable by medical therapy. This report presents the results
generated within four survival experiments, designated Rs-03, Rs-06, Rs-09 and Rs-14, involv-
ing a total of 164 animals. The study groups for all 4 experiments are shown in Table 1. In all of
these studies, the effects of intramuscular (i.m.) injection of entolimod were monitored for 40
days after irradiation. In addition to monitoring animal morbidity and mortality, multiple
physiological parameters, blood cell counts, levels of elicited cytokines in peripheral blood
(pharmacodynamics) and entolimod pharmacokinetics (PK) were evaluated. To prevent suf-
fering, moribund animals were euthanized according to a predefined set of criteria (uniformly
used in NHP studies described here, see Materials and Methods). No supportive care was pro-
vided other than oral rehydration (drinking water given ad libitum) and non-systemic treat-
ment of external lesions. Study groups were composed of approximately equal numbers of
male and female animals. Following irradiation, animals generally developed a clinical picture
of ARS with typical prodromal and manifest illness features [31, 39].

First, in studies Rs-03 and Rs-06, we examined the effective timeframe for radiomitigative
efficacy of 40 ug/kg entolimod, a dose previously established as radioprotective in NHPs [18].
Animals (n = 8-12 per group) were irradiated with 6.5 Gy TBI and treated with entolimod at 1,
16, 25, or 48 hours after irradiation. Forty-day survival in vehicle-treated groups was 20% and
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Table 1. Efficacy of a single injection of entolimod in increasing 40-day survival of lethally irradiated NHPs when administered at different dose
levels within 1-48 hours after TBI.

Study

Rs-03

Rs-06

Rs-09

Rs-14

Pooled

vehicle vs.
>10 pg/kg
entolimod,

+25 h

Irradiation
dose

~LD75/40
(6.5 Gy)°
~LD75/40

(6.5 Gy)°

’“LD50/40
(6.75 Gy)P

”’LD50/40
(6.75 Gy)°

NLD50-75/40

(6.5-6.75
Gy)

Entolimod
dose, ug/
kg

0 (vehicle)
40

0 (vehicle)
40
40
40

0 (vehicle)
0.3
3
10

0 (vehicle)
10
40

0 (vehicle)E

>10"

40-day survival Kinetics of mortality

Injection  Group No. of % of Absolute P-value® Survival Mean P-value B

time(s) size(n) survivors survivors survival odds survival

relative increase ratiovs. time % SE,

to TBI, h % vehicle days
+1 10 2 20% - - - 18.7£3.7 -
+1 10 7 70% 50% 0.07 9.33 30.8+4.8 0.06
+16 8 2 25% - - - 23.3+3.8 -
+16 12 8 67% 42% 0.17 6.00 30.6+4.1 0.17
+25 10 7 70% 45% 0.15 7.00 35.0+£2.7 0.02
+48 12 8 67% 42% 0.17 6.00 32.4+£3.4 0.10
+1 18 9 50% - - - 29.4+2.7 -
+1 18 12 67% 17% 0.50 2.00 32.0+£2.7 0.44
+1 18 14 78% 28% 0.16 3.50 35.7+2.0 0.07
+1 18 17 94% 44% 0.007 17.00 39.2+0.8 0.003
+25 10 4 40% - - - 24.5+4.3 -
+25 10 10 100% 60% 0.01 2850%  40.0+0.0 0.004
+25 10 8 80% 40% 0.17 6.00 35.3+3.1 0.06

+1-+25 46 17 37% - - - 24.9+1.8 -
+25 30 25 83% 46% 0.0001 8.53 36.8+1.4 0.0001

A P-value by Fisher's exact test (two-tailed) for comparisons vs. vehicle groups within individual studies or in pooled group analysis
B P-value by Log rank test (two-tailed) for comparisons vs. vehicle groups within individual studies or in pooled group analysis

€ Source I: Sichuan Atomic Energy Institute, cylindrical bundle of Co-60 rods

P Source II: Sichuan Atomic Energy Institute, vertical array of Co-60 rods

E Vehicle-treated animals from studies Rs-03, Rs-06, Rs-09, and Rs-14

F Entolimod-treated animals from studies Rs-06 and Rs-14

@ Survival odds and survival odds ratios adjusted due to 100% survival are shown in italics
Note: The frequency of moribund euthanasia was as follows: Study Rs-03-91% (1/11—found dead), Study Rs-06—100%; Study Rs-09-85% (3/20 —found
dead); Rs-14-88% (1/8 —found dead). The likely cause of death in all the non-euthanized animals was acute hemorrhage.

doi:10.1371/journal.pone.0135388.t001

25% in studies Rs-03 and Rs-06, respectively, whereas survival in all entolimod-treated groups
was 67-75%. Thus, NHP survival was improved by an absolute 42-50% with survival odds
ratios ranging from 6 to 9.3 regardless of entolimod administration time within the first 48
hours after TBI (Fig 1A and 1B; and Table 1).

The two subsequent studies, Rs-09 and Rs-14, explored dose-dependence of the survival
effect of entolimod in NHPs at the boundaries of the 25-hour post-TBI period with the drug
injected at either 1 or 25 hours after TBI, respectively. Animals (n = 10-18 per group) were
irradiated with 6.75 Gy TBI (from a different radiation source compared to the two first stud-
ies) and received vehicle or entolimod injections at 0.3, 3 or 10 ug/kg (Rs-09) or 10 or 40 ug/kg
(Rs-14) dose levels. Forty-day survival in vehicle-treated groups was 50% (Rs-09) or 40% (Rs-
14), while entolimod doses of 10-40 pg/kg were fully efficacious in rescuing 80-100% of irradi-
ated NHPs. These data correspond to increases in survival of 40-60% with survival odds ratios
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Fig 1. Improved survival of non-human primates (NHPs) injected with entolimod 1-48 hours after lethal irradiation. Kaplan-Meier plots of non-human
primate (NHP) survival over the 40 days following exposure to LDso/40 —LD75/40 doses of total body irradiation (TBI) are shown. Time frame of entolimod
efficacy (panels A, B) was evaluated in studies Rs-03 (treatment at 1 h after LD,s/40 TBI; N = 10) and Rs-06 (treatment at 16, 25, or 48 h after LD,5/40 TBI;

N =8-12). Dose-dependence of entolimod efficacy (panels C, D) was tested in studies Rs-09 (treatment at 1 h after LDsq,40 TBI; N = 18) and Rs-14

(treatment at 25 h after LDsg40 TBI; N =10).
doi:10.1371/journal.pone.0135388.g001

ranging between 6 and 28.5. Entolimod treatment at 3 ug/kg provided partial efficacy (28% sur-
vival increase) and the lowest tested dose of 0.3 pg/kg showed little or no efficacy (17% survival
increase) (Fig 1C and 1D; and Table 1).

The survival advantage of 40-60% provided by efficacious entolimod doses was uniformly
observed across all four of the studies reported here, although statistical significance was not
reached in some individual groups (probably due to their small size). Similarity of study design
elements, treatment regimens, and animal populations allowed meta-analysis in which simi-
larly treated groups were pooled. Pooling of vehicle-treated groups from all 4 studies (n = 46)
resulted in 37% 40-day survival, while pooling of all groups treated with fully efficacious 10
and 40 pg/kg entolimod doses at 25 hours after TBI (n = 30) indicated 83% 40-day survival.
This 46% increase in 40-day survival was highly statistically significant (P = 0.0001 by Fisher’s
exact test) with a survival odds ratio of 8.5 (Table 1).

The kinetics of mortality was similar in all 4 studies, with the majority of deaths occurring
on days 12-16 after TBI and no deaths occurring after day 30. Mean survival time ranged from
18.7+3.7 t0 29.4%2.7 days in vehicle-treated groups (24.9+1.8 days with all vehicle-treated
groups pooled), while after >10 pg/kg entolimod treatment, mean survival time substantially
increased to a range of 30.6+4.1 to 40.0+0.0 days (36.8+1.4 days in pooled group analysis;

P =0.0001 by Log-rank test for difference in survival kinetics) (Fig 1 and Table 1).
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Entolimod treatment accelerates recovery of hematopoiesis in lethally
irradiated NHPs

Radiation damage to the HP system is one of the major causes of lethality at ~LDsy-LD5, doses
of TBI. Therefore, to investigate the mechanisms underlying entolimod’s radiomitigative effi-
cacy, the content of different hematopoietic cell types was examined in peripheral blood and
bone marrow samples collected in the four NHP studies described above.

Comparison of hematology data from control lethally irradiated NHPs and those treated
with a single injection of entolimod revealed that across all four studies, the efficacious drug
doses of >10 pg/kg reduced the duration and severity of thrombocytopenia, neutropenia, and
anemia when given at any tested time point within 1-48 hours post-TBI (Fig 2A-2D and Fig
2G-2H, SIA-S1D Fig and S1G-S1H Fig; Table 2; and S1, S2, S3, and S4 Tables). In the context
of ARS, anemia should be interpreted as a result of hemorrhage exacerbated by radiation-
imposed suppression of compensating erythropoiesis (Fig 2E and 2F; S1E and SIF Fig) since
mature erythrocytes are radioresistant [40] and their life span in the circulation of NHPs is 60
days [41].

Although small group sizes reduced the statistical significance of the effects in some individ-
ual cases, the positive trends indicating entolimod-mediated amelioration of HP ARS were
clearly observed in all reported studies (Table 2; and S1, S2, S3, and S4 Tables). In pooled
group analysis (analogous to that described for survival), entolimod effects were highly statisti-
cally significant. Thus, nadir neutrophil counts were increased by entolimod treatment from
0.01+0.003 x10°/ul to 0.04+0.011 x10°/ul (P = 0.006), nadir platelet counts—from 11.9+6.1
x10°/pl to 25.9%5.1 x10°/pl (P = 0.08), and nadir hemoglobin levels—from 64.6+2.9 x10°/l to
83.5+2.7 x103/p1 (P<0.0001) (Table 2). At the same time, the proportion of live days (when a
particular animal was alive and had cytopenia) with Grade 4 neutropenia (neutrophil counts
<500/pl) was decreased by entolimod treatment from 55%+3% in vehicle-treated groups to
41%+3% (P = 0.001, S1 Table), with Grade 4 thrombocytopenia (platelet counts <10,000/pl)-
from 17%+2% to 5%+2% (P<0.0001, S3 Table), and with Grade 4 anemia (hemoglobin level
<65 g/L)-from 10%+2% to 3%+2% (P = 0.003, S4 Table). While entolimod treatment did not
change the incidence of Grade 4 neutropenia (proportion of animals that developed this condi-
tion at least once during 40 days of observation), it reduced the incidence of Grade 4 thrombo-
cytopenia from 78% in vehicle-treated groups to 43% (pooled group analysis, P = 0.003, S3
Table), and of Grade 4 anemia—from 50% in control groups to 17% (pooled group analysis,

P =0.004, 54 Table). In addition to decreased severity and duration of thrombocytopenia,
accelerated recovery of erythropoiesis in entolimod-treated NHPs (Fig 2E and 2F; S1E and S1F
Fig) also contributed to markedly decreased incidence of ARS-associated Grade 4 anemia.
Unlike the survival endpoint, where saturation of entolimod’s effect was achieved at dose of

10 pg/kg (Fig 1C and 1D), the effect of entolimod on hematological parameters continued to
improve between 10 and 40 pg/kg doses (Fig 2B, 2D, 2F and 2H). This is consistent with the
notion that achieving certain threshold levels (for example, above Grade 4 cytopenias/anemia)
is sufficient to support survival.

Consistent with the finding of accelerated recovery of blood cellularity after hematopoietic
nadirs in entolimod-treated irradiated NHPs, the bone marrow (BM) of treated animals dis-
played accelerated morphological recovery. Analysis of hematoxylin-eosin-stained sternum
sections collected from surviving NHPs at 40 days post-TBI showed that BM from animals
given a single injection of 40 pg/kg entolimod within 48 hours after TBI was considerably better
regenerated compared to control monkeys. The hematopoietic cells were not only numerous,
but also densely arranged in clusters among the sinusoids and the inconspicuous fat compo-
nent. The elements of the three hematopoietic lineages (granulocytic, erythroid, and
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Fig 2. Accelerated hematological recovery of peripheral blood in NHPs injected with entolimod 16-48 hours post-irradiation. NHPs were treated
with a single injection of entolimod at 16—48 hours after LDsg,40 or LD75/40 TBI. A, C, E, G: Effect of 40 ug/kg entolimod administered at different time points
(16, 25 or 48 hours) after 6.5 Gy TBI (LD-s/40; study Rs-06; N = 8-12). B, D, F, H: Effect of different entolimod doses (10 or 40 pg/kg) administered at 25 hours
after 6.75 Gy TBI (LD7s/40; study Rs-14; N = 10). Cytopenia/anemia thresholds: dotted lines—Grade 3 (platelets <50,000/uL; neutrophils <1,000/uL;
hemoglobin <80 g/L); dashed lines—Grade 4 (platelets <10,000/uL; neutrophils <500/uL; hemoglobin <65 g/L). Error bars represent standard errors.

doi:10.1371/journal.pone.0135388.g002
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Table 2. Mean nadir values of neutrophils, platelets and hemoglobin in peripheral blood following total body irradiation and vehicle or entolimod
treatment.

Neutrophils Platelets Hemoglobin
Study Irradiation ~ Entolimod Injection Group Mean P-value A Mean P-value # Mean P-value #
dose dose, ug/kg time(s) size (n) nadir + SE nadir + SE nadir + SE
relative to (x103/uL) (x10%/uL) (g/L)
TBl, h
Rs-03 ~LD75/40 0 (vehicle) +1 10 0.01£0.005 = 31+27.9 - 59.81+7.4 -
(6.5 Gy)® 40 +1 10 0.18+0.128 0.20 59.6126.2 0.46 77.816.9 0.09
Rs-06 ~LD7s/40 0 (vehicle) +16 8 0.01+0.011 - 3.2+1.7 - 72.55.4 -
(6.5 Gy)® 40 +16 12 0.060.017 0.05 34+16.4 0.09 92.917.4 0.04
40 +25 10 0.02+0.007 0.51 15.8+5.9 0.07 83.3t5.4 0.18
40 +48 12 0.02+0.005 0.85 12.5+4.6 0.08 93.1£3.2 0.01
Rs-09 ~LDso/a0 0 (vehicle) +1 18 0.01%0.001 - 8+1.4 - 66.1+3.7 -
(6.75 Gy)© 0.3 +1 18 0.01+0.003 0.44 7.2¢1.2 0.66 69.1£3.5 0.56
3 +1 18 0.02+0.006 0.02 16.613.7 0.04 78.9+4 1 0.03
10 +1 18 0.03+0.009 0.01 22.4+3.9 0.002 76.7+3.7 0.05
Rs-14 ~LDso/40 0 (vehicle) +25 10 0.01+0.006 - 6.8+2.4 - 60.2+7.6 -
(6.75 Gy)© 10 +25 10 0.04+0.011 0.11 21.845.4 0.03 77.5£3.8 0.06
40 +25 10 0.07+0.029 0.09 39.9+12.4 0.03 89.614.4 0.005
Pooled ~LDso.75140 O (vehicle)® +1—+25 46 0.01+0.003 - 11.9+6.1 - 64.6+2.9 -
vehicle vs.
>10 pg/kg
entolimod,
+25 h
(6.5-6.75 >10F +25 30 0.0410.011 0.006 25.9%5.1 0.08 83.5+2.7 <0.0001

Gy)

A P-value by Student's t-test (two-tailed) for comparisons vs. vehicle groups within individual studies or in pooled group analysis
B Source I: Sichuan Atomic Energy Institute, cylindrical bundle of Co60 rods

€ Source II: Sichuan Atomic Energy Institute, vertical array of Co60 rods

P Vehicle-treated animals from studies Rs-03, Rs-06, Rs-09, and Rs-14

E Entolimod-treated animals from studies Rs-06 and Rs-14

doi:10.1371/journal.pone.0135388.t002

megakaryocytic) were spread out and in close contact with each other. In some animals, BM
morphology was normal or close to normal, although others still had slightly or moderately
hypoplastic BM. In contrast, BM of control NHPs was clearly less cellular and contained more
adipose elements. Accelerated morphological recovery in entolimod-treated NHPs was also
observed in lymphoid organs, including thymus, spleen and lymph nodes (Fig 3). These differ-
ences were statistically significant when blindly assigned semi-quantitative histological scores
were compared (Table 3). Similar effects were induced by a single injection of 10 pg/kg entoli-
mod administered at 25 hours after TBI (S2 Fig; and S5 Table).

To investigate the kinetics of entolimod-elicited BM recovery in more detail, a dedicated
study was performed in which mice were injected with vehicle or entolimod 25 hours after 9
Gy TBI (~LDsg30) and then euthanized for histological and other evaluations at different time
points. As shown in S3A Fig, the first histological signs of active hematopoiesis were evident in
the BM of entolimod-treated mice as early as 3 days after TBI (2 days after drug treatment),
with full-scale hematopoiesis observed by day 14. In comparison, the onset of hematopoietic
recovery in vehicle-treated mice occurred between post-irradiation days 14 and 28, and full-
scale hematopoiesis was further shifted to a time interval between days 28 and 56. Interestingly,
the first signs of hematopoiesis in the BM of entolimod-treated mice were localized to the
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Fig 3. Enhanced morphological recovery of hematopoietic and lymphoid organs in NHPs treated with entolimod post-irradiation. NHPs were
treated with a single injection of 40 pg/kg entolimod 16, 25 or 48 hours after LD5,40 total body irradiation (TBI). Tissue morphology was assessed 40 days
post-irradiation and compared to that in control NHPs treated with vehicle 16 hours after LD,s/40 TBI. Representative histological images (hematoxylin-eosin
staining) of sternum bone marrow sections, thymuses, spleens and mesenteric lymph nodes of animals that survived to study termination on Day 40 post-TBI
(study Rs-06) are shown. Scale bars: 100 um for bone marrow, 200 pm for thymus, spleen, and lymph node.

doi:10.1371/journal.pone.0135388.g003

trabecular cell lining, suggesting stimulation of the HP stem cell compartment by entolimod
[42]. Indeed, as early as 7 days after TBI, very early granulomonocytic progenitors (CFU-GM
colonies) from entolimod-treated mice were elevated in number and displayed increased pro-
liferative potential compared to those from vehicle-treated mice (S3B Fig).

Analysis of BM aspirates obtained from NHPs on day 40 after exposure to 6.75 Gy TBI and
treated with either vehicle (n = 4) or 40 pg/kg entolimod (n = 4) 25 hours later revealed a clear
positive influence of the drug on the content of hematopoietic progenitor cells, including total
colony forming cells (CFC), erythroid burst forming units (BFU-E), and megakaryocyte colony
forming units (CFU-MKk) (granulocyte lineage progenitors were not separately analyzed). The
most substantial entolimod-elicited effect was on CFU-MK, for which the frequency per 10*
viable BM cells was increased ~4.8-fold from 0.34 +0.11 in vehicle-treated animals to 1.63
+0.05 (P<0.05). The frequencies of CFC and BFU-E in entolimod-treated animals were
increased by 22% and 36%, respectively, compared to vehicle-treated controls. The observed
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Table 3. Histological evaluation of hematopoietic/lymphoid organs from NHPs that survived to day 40 after 6.5 Gy TBI and vehicle or entolimod
treatment (study Rs-06)

Organ/tissue Mean score * + SE P-value vs. vehicle B
- Entolimod, 40 pg/kg Entolimod, 40 pg/kg
Vehicle (N = 2) 16 h (N =8) 25h(N=7) 48 h (N =8) 16 h 25h 48 h
Bone marrow 1.3+0.3 3.4+0.1 3.6+0.2 3.4+0.2 0.04 0.01 0.02
Thymus 1.0£0.0 2.4+0.5 2.610.5 2.310.4 0.02 0.02 0.02
Spleen 1.0£0.0 2.0£0.3 1.7£0.4 1.540.2 0.01 0.14 0.03
Lymph node 1.0£0.0 1.6+0.3 1.9+0.3 2.0£0.2 0.05 0.02 0.001

A Scoring was performed based on a 5-grade scale developed for each organ: 0 —total aplasia; 1 —pronounced atrophy, 2 —moderate atrophy, 3 —slight
atrophy, close to normal morphology; 4 —normal morphology. Scoring criteria for individual organs are described in S1 Methods.
B Student’s t-test vs. vehicle, 2-tailed.

doi:10.1371/journal.pone.0135388.t003

dominance of entolimod’s effect on CFU-Mk compared to progenitors of other lineages at this
late time point (40 days after TBI) may be due to differences in the kinetics of recovery of dif-
ferent HP lineages, with the thrombopoietic lineage being known for its slow restoration fol-
lowing BM ablation and transplantation compared to other lineages [43].

Taken together, these data demonstrate that entolimod is a potent mitigator of radiation
injury in the HP system, and acts via stimulation of accelerated hematopoietic recovery.

Entolimod treatment reduces initial damage in the Gl tract and
accelerates its regeneration in lethally irradiated NHPs

Acute high-dose irradiation sufficient to induce GI ARS results in high degrees of apoptosis in
the GI tract mucosa and submucosal elements (lamina propria, mucosa muscularis, lymphoid
accumulations), leading to atrophy, increased permeability, susceptibility to hemorrhage (espe-
cially on the background of thrombocytopenia) and/or intussusceptions. Histological analyses
were used to evaluate the effects of entolimod treatment on these signs of radiation damage to
the NHP GI tract.

Assessment of NHP GI histology at 40 days after LDsq_;5/40 TBI doses did not reveal sub-
stantial differences between surviving entolimod- or vehicle-treated irradiated animals (S6
Table), most likely due to near-completion of regeneration by this late post-TBI time point
regardless of treatment. Nevertheless, mean histological scores were generally higher in entoli-
mod-treated groups compared to vehicle-treated control groups (S6 Table). This radiomitiga-
tive/pro-regeneration effect of entolimod was most apparent in the radiosensitive small
intestine [44] and was observed in all histological substructures of the GI tract (villi and/or sur-
face epithelium; crypts; and lamina propria with submucosa). The level of radiomitigation was
moderate in the cecum and minimal to nonexistent in the colon and rectum, where radiation
injury was not prominent (as observed in histological analysis of samples from animals that
died during the course of the study).

To assess the effect of entolimod on the GI component of ARS during the peak of GI dam-
age, three additional dedicated NHP studies were designed (S7 Table). In these studies, irradi-
ated animals (a total of 48 NHPs, equal numbers of males and females) were euthanized at
different time points between 8 hours and 7 days after TBI, when signs of immediate and early
radiation-induced GI damage are typically observed along with indications of the initiation of
recovery processes [18, 45-48]. The animals received TBI doses sufficient to induce moderate
to severe GI injury (6.5-11 Gy, expected to cause 70-100% mortality) and entolimod doses
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ranging between 0.3 and 40 ug/kg at 1 to 25 hours after TBI. Some animals received EAU injec-
tions prior to euthanasia to allow evaluation of crypt proliferation by visualization of EAU
incorporation on histological sections.

At 8 hours after 6.5 Gy TBI, the number of apoptotic cells counted in ~200 small intestine
crypts was ~4.2-fold lower in animals treated with entolimod 1 hour after TBI (~1.16 TUNEL-
positive cells/crypt) compared to vehicle-treated animals (~4.74 TUNEL-positive cells/crypt)
(Fig 4A). There were only a few apoptotic cells in the crypts of the large intestine and rectum
(~0.3 cells/crypt) regardless of treatment. Administration of entolimod also resulted in more
robust expression of the NF-kB-regulated [23] anti-oxidant enzyme SOD2 in small intestine
villi, crypts and lamina propria (Fig 4B). Entolimod-treated (1 hour after TBI) NHPs showed
improved morphology in all analyzed GI segments at 5 days after exposure to 6.5 Gy TBI com-
pared to vehicle-treated controls (54 Fig). In addition to showing improved preservation/recov-
ery of intestinal villi, crypts, and lymphoid accumulations in the lamina propria, entolimod-
treated animals demonstrated better preservation of elements of the intestinal nervous system
and muscularis mucosa (S5 Fig). The mitigative effect of entolimod on radiation-induced
injury to the GI tract was inversely proportional to the time interval between irradiation and
drug administration, but was still clearly observed even when the drug was given 25 hours after
TBI (S4 Fig). At 7 days after 11 Gy TBI, irradiated and entolimod-treated (40 pg/kg, at 4 hours
after TBI) NHPs, unlike vehicle-treated animals, demonstrated massive crypt regeneration as
indicated by robust EdU incorporation (Fig 4C) and tissue morphology (microcolony growth
visible by light microscopy, Fig 4D). Parallel semiquantitative blind histological assessment of
radiation injury in different tissue elements throughout the small and large intestines showed
statistically significant differences, indicating a beneficial effect of entolimod treatment
(Table 4 and S8 Table).

Opverall, our data demonstrate that entolimod effectively mitigates radiation injury to the GI
system, likely acting via reduction of apoptosis and stimulation of regeneration.

Pharmacokinetics and pharmacodynamic effects of entolimod in lethally
irradiated NHPs

In the NHP studies reported here, plasma levels of numerous cytokines were measured at mul-
tiple time points following entolimod treatment. G-CSF and IL-6, previously established as
potential entolimod efficacy biomarkers [49], displayed the most substantial and consistent
dose-dependent responses to the drug when administered after LDsq 75,49 TBI doses, with lev-
els peaking on average at 2-4 hours after drug administration (Fig 5). These results are similar
to observations made in non-irradiated NHPs and NHPs irradiated with LD,g_30,49 TBI doses
[49]. Both of these cytokines were induced somewhat by radiation alone (Fig 5A and 5B);
therefore, treatment with entolimod close to TBI (e.g., at 1 hour after TBI) resulted in a com-
bined effect of both treatments on the magnitude of cytokine increase. When entolimod was
administered at 25 hours after TBI (after dissipation of radiation-induced G-CSF and IL-6
responses in vehicle-treated animals), entolimod-elicited cytokine profiles were more similar to
those seen in non-irradiated animals (Fig 5C-5F and [49]).

Among other cytokines previously shown to be substantially influenced by entolimod in
non-irradiated or sublethally irradiated (LD, 3040 TBI) NHPs [49], IL-8, with neutrophil-
mobilizing activity [50], and IL-10, with anti-inflammatory activity [51, 52], are also worth
mentioning (S6 Fig). Both factors were found to be strongly responsive to entolimod and, to
some extent, also to TBL. However, the magnitude of their elevation by entolimod and its
dependence on drug dose were less consistent among different studies compared to G-CSF or
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Entolimod, 40 pg/kg

- e

Fig 4. Entolimod treatment ameliorates radiation damage in the gastrointestinal (Gl) tract. A, B. Small
intestine sections from NHPs 8 hours after exposure to 6.5 Gy TBI and treatment with vehicle or 40 pg/kg
entolimod 1 h later (study Rs-04). Blue—DAPI nuclear staining, red—smooth muscle actin immunostaining.
A. TUNEL staining showing fewer apoptotic cells (green) in Gl crypts of entolimod-treated NHPs (scale bar
100 um); B. SOD2 immunostaining (green) showing more positive cells in Gl villi (arrowheads) and lamina
propria (arrows) of entolimod-treated NHPs (scale bar 50 ym). C, D. Small intestine sections of NHPs 7 days
after exposure to 11 Gy TBI and treatment with vehicle or 40 ug/kg entolimod 4 h later (study Rs-22). C.
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Visualization of proliferating cells in the jejunum crypts: EAU (10 mg/kg i.v. 1 h before euthanasia) inclusion in
replicating DNA (green) and phosphohistone 3 immunostaining of mitotic cells (red) showing more intensive
proliferation of Gl crypts in entolimod-treated NHPs (scale bar—200 um). D. H&E staining of ileum sections:
upper panels—low magnification (scale bar— 200 um), lower panels—high magnification (scale bar— 50 pm).

doi:10.1371/journal.pone.0135388.g004

IL-6. Neither radiation nor entolimod elicited any apparent response in pro-inflammatory
cytokines such as IL-2, IP-10, IL-12p70, IL-4, IFNYy, or IL-3.

The pharmacokinetics of entolimod was similar in irradiated and non-irradiated NHPs,
with Cp,.x and AUC, ,, values being very close at identical drug doses. In both irradiated and
non-irradiated NHPs, measured concentrations and exposures of entolimod in the blood dis-
played clear dose dependence (S7 Fig).

Necropsy findings

Gross pathology findings at necropsy of animals that succumbed to ARS before Day 40 were
generally consistent with those expected from ARS pathogenesis and consisted of hemorrhages
(of varying extents and degrees of severity, mainly observed in the skin, GI tract, lungs and
pericardium), septic complications (mainly in the lungs, pericardium, and skin), and general-
ized sepsis with multiple organ involvement. Among frequent findings, there were intussuscep-
tions in the small and large intestines, adhesions in the abdominal and thoracic cavities, and
signs of lung edema. There were no marked differences in gross pathology findings between
entolimod- and vehicle-treated animals. This observation is not unexpected since entolimod
treatment did not succeed in mitigating radiation damage in the animals that were necropsied
during the course of the study, as evidenced by their mortality. At the same time, NHPs in
which entolimod was actually effective (leading to their survival until study termination on
Day 40 post-TBI—40-60% of animals at doses > 10 pg/kg) could not be assessed for gross
pathology status at the time of early recovery from ARS injury.

Gross pathology findings in animals that survived to the end of the study and were eutha-
nized on Day 40-41 post-TBI were minimal regardless of treatment group, indicating that
post-ARS recovery was generally complete by that time point. This observation was consistent
with the lack of mortality from ARS after day 30 in all study groups. Certain differences

Table 4. Histological evaluation of Gl tract segments on day 7 after 11 Gy TBI and vehicle or 40 pg/kg entolimod treatment at +4 hours (study Rs-
22, N = 4/group).

Gl segment Vehicle score A, meantSE Entolimod score *, meanzSE T-test P-value (E vs. V) B
Oral Mucosa 0.9+0.03 1.5£0.06 0.001
Esophagus 1.1£0.03 1.7+0.09 0.01
Stomach 1.1+0.05 2.3+0.08 0.0001
Duodenum 1.0+0.05 1.6+0.03 0.0004
Jejunum 0.9+0.07 1.3+0.12 0.05
lleum 1.1+£0.07 1.3+0.02 0.04
Cecum 1.1+£0.07 1.3+0.03 0.08
Ascending Colon 0.940.17 1.5%0.15 0.05
Transverse Colon 1.0£0.17 1.4+0.02 0.08
Descending Colon 0.9+0.19 1.3+0.03 0.12
Rectum 1.1+£0.03 1.2+0.05 0.15

A 0: severely abnormal; 1: markedly abnormal; 2: moderately abnormal; 3: mildly abnormal; 4: normal (see S1 Methods).
B Student’s t-test of entolimod (E) vs. vehicle (V) scores, 2-tailed

doi:10.1371/journal.pone.0135388.1004
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administered 1 h after LD5,40 TBI (6.75 Gy; study Rs-09; N = 18). C, D: Effect of different entolimod doses administered 25 h after LD5q/40 TBI (6.75 Gy; study
Rs-14; N =10). E, F: Comparison of dose-dependence of background-adjusted Area Under the Curve (AUCy.o4) values for G-CSF and IL-6 after entolimod
treatment given 1 h versus 25 h after LDsq40 TBI (with dashed log-linear regression lines). Error bars represent standard errors.

doi:10.1371/journal.pone.0135388.9005
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indicating efficacy of entolimod, particularly in hematopoietic and lymphoid organs, were
noticed at histological examination and are described in relevant sections above.

Discussion

Development of an effective MRC is a cornerstone of the 2009 US Institute of Medicine report
assessing medical preparedness to respond to a terrorist nuclear event and the 2009 US Home-
land Security Council Planning Guidance to a Nuclear Detonation. A specific hypothetical sce-
nario developed by Los Alamos Laboratories [53] for a 10KT ground explosion in Washington,
DC estimates that ~130,000 individuals will receive between 1.25 and 8.3 Gy of irradiation. The
chances of survival from lethal ARS for this group of victims could be increased if a relevant
MRC were available. MRCs suitable for use in a mass-casualty scenario of this scale would ide-
ally: (1) be effective even when administered late after TBI, as a single agent, and without the
need for individualized intensive supportive care available only in hospitals; (2) be easily
administered by untrained personnel; and (3) ameliorate both HP and GI damage (due to the
interdependence of these two sub-syndromes).

The results described here and in previous publications [18, 49, 54-57] demonstrate that
entolimod possesses all of the aforementioned desirable properties for an MRC. In fact, when
given to NHPs as a single agent (without additional intensive supportive care) via a simple i.m.
injection up to 48 hours after TBI, entolimod had a strong and consistent radiomitigative effect
in four independent experiments involving 164 NHPs. Overall, entolimod treatment reduced
the risk of NHP death 2-3-fold at TBI doses of LDs_75,49, providing an absolute survival advan-
tage of 40-60% over vehicle treatment. In two additional studies with a total of 82 NHPs
exposed to LD;p/49-LD30,49 TBI doses, single injection of entolimod within at least 48 hours
after TBI increased survival by 20-31%: from 69-80% in vehicle-treated control groups to
100% in entolimod-treated groups (V.I.K and E.F., unpublished data). Although the magnitude
of achievable survival improvement in these latter two studies was limited by low lethality of
the TBI doses used, the survival odds ratios were >4.75. The NHP studies reported here clearly
show that entolimod treatment in the context of lethal TBI leads to reduced damage and accel-
erated recovery in both the radiosensitive HP and GI systems.

Entolimod is a recombinant protein derived from the FliC flagellin of Salmonella, a natural
ligand of TLR5 [58-60]. Expression of TLR5 on cells of both the HP and GI systems [61-63]
was among the factors that initially prompted testing of its natural and engineered agonists as
potential MRCs. Entolimod binds and stimulates TLR5 with the same specific activity as flagel-
lin [18] and, hence, all known TLR5-mediated biological activities of flagellin can be theoreti-
cally also attributed to entolimod. The anti-ARS effects of both entolimod and FliC flagellin are
entirely TLR5-dependent [49, 64]. Binding of entolimod to TLR5 results in stimulation of a
number of downstream pathways, including those regulated by the key TLR5-activated tran-
scription factor, NF-«xB. Ultimately, as shown in the model in Fig 6, this engages multiple
mechanisms of action against the multi-faceted toxic effects of ionizing radiation.

One of these mechanisms appears to be neutralization of radiation-triggered reactive oxy-
gen species (ROS) by the enzyme superoxide dismutase (SOD2) [65], which is strongly induced
by entolimod in both mouse [18] and NHP (this manuscript) models of ARS. Another mecha-
nism that is a likely contributor to entolimod’s radioprotective and radiomitigative effects is
inhibition of radiation-induced apoptosis, which is well-recognized as a major cause of the tis-
sue damage and cytopenias observed in ARS [66]. Anti-apoptotic effects of entolimod are likely
mediated via induction of NF-xB and its downstream anti-apoptotic effectors, such as mem-
bers of the IAP [67] and Bcl-2 [68-70] protein families. Additional anti-apoptotic mechanisms
of entolimod may include direct activation of the PI3K pathway [71, 72] and of a specific anti-
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Fig 6. Schematic presentation of mechanism(s) underlying anti-acute radiation syndrome (ARS) effects of entolimod. Entolimod binding to Toll-like
receptor 5 (TLR5) initiates a cascade of events, all merging at attenuation of major pathological processes—leading causes of death in ARS: damage to
hematopoietic (HP) and gastrointestinal (Gl) systems resulting in bleeding and sepsis. The immediate TLR5-dependent effectors include anti-oxidants (e.g.,
SOD2), anti-apoptotic factors (both NF-kB-dependent (i.e., IAP and Bcl family members [67—70]), and NF-«kB-independent (i.e., PIBK/AKT, MKP7 and STAT3
[54, 71-73]), hematopoietic cytokines (e.g., G-CSF and IL-6 [49]), anti-infective factors [54, 90—95] and processes (e.g., neutrophil mobilization). In addition,
stimulation of TLRS5 is expected to inhibit radiation-induced aseptic inflammation involved in secondary tissue damage [64] e.g. via induction of an anti-
inflammatory cytokine IL-10, IL-18 antagonist (IL-1Ba) [76] and stimulation of mesenchymal stem cells (MSC) known to express TLR5 [77, 78] and to have
anti-inflammatory properties [79]. Together with fibroblasts that can be induced to proliferate via TLR5 stimulation [104], MSC may also contribute to wound-
healing processes [79]. Dashed lines show all molecular connections downstream of TLR5 that are not directly established for entolimod, but are
extrapolated from published data on TLR5-dependent effects of flagellin.

doi:10.1371/journal.pone.0135388.g006

apoptotic phosphatase, MKP7, recently identified as an inhibitor of radiation-dependent GI
cell apoptosis [73], both triggered by flagellin stimulation of TLR5. In agreement with these
published data, entolimod was shown to reduce radiation-induced apoptosis of cells in GI tis-
sues both in mice [18] and NHPs (this manuscript). It may also attenuate apoptosis of other
types of cells relevant to development of ARS. For example, inhibition of neutrophil apoptosis
by flagellin treatment has been reported [74, 75]. In addition, stimulation of TLR5 is expected
to inhibit radiation-induced aseptic inflammation involved in secondary apoptotic tissue dam-
age [64] e.g. via induction of an anti-inflammatory cytokine IL-10, IL-1f antagonist (IL-1fa)
[76] and stimulation of mesenchymal stem cells (MSC) known to express TLR5 [77, 78] and to
have anti-inflammatory properties [79].
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Restoration of the integrity and functionality of damaged organs following irradiation
depends on the availability of sufficient numbers of undamaged tissue stem cells. The ability to
protect and stimulate stem cells is expected to be an important property of any effective radio-
mitigator. In fact, our studies demonstrated protective and stimulatory effects of entolimod on
stem cells in both HP and GI tissues as documented in irradiated or chemotherapy-treated
mice [18, 57] and irradiated NHPs (this manuscript). Entolimod-treated irradiated NHPs dis-
played increased clonogenic potential of the BM and improved survival of intestinal-crypt
stem cells as indicated by robust and accelerated crypt proliferation. The beneficial effects of
entolimod on HP and GI stem cells are translated into facilitation of morphological recovery of
the corresponding tissues [18, 56, 57]. The mechanism(s) underlying entolimod’s stimulatory
effects on stem cells are likely mediated by induced cytokines, some of which are known to pos-
sess this activity [80-85]. Among the cytokines elevated in response to entolimod, two hemato-
poietic cytokines, G-CSF and IL-6, consistently showed the strongest induction. The
importance of these cytokines for the radiomitigative activity of entolimod was proven experi-
mentally in vivo using neutralizing antibodies [49] and is fully consistent with their previously
defined biological activities as stimulators of granulo- and thrombopoiesis, respectively [86-
88]. Consequently, both the severity and duration of radiation-induced thrombocytopenia and
neutropenia were significantly reduced in entolimod-treated NHPs. Entolimod’s promotion of
red blood cell lineage recovery (reticulocytes) with kinetics and magnitude similar to its effects
on thrombocytopenia may be suggestive of stimulation of megakaryocyte/erythrocyte-
restricted progenitors (MEPs), which in mouse experiments were shown to be sufficient to con-
fer radioprotection [89]. The combined effects of entolimod on reducing the severity and dura-
tion of thrombocytopenia, and accelerating recovery of the erythroid lineage result in markedly
diminished incidence of life-threatening Grade 4 hemorrhagic anemia, one of the hallmarks of
HP ARS.

Loss of tissue integrity due to TBI leads to development of wounds and septic complications,
which are especially dangerous on the background of impaired tissue repair and immunosup-
pression. Anti-infective properties reported for flagellin (and likely also relevant for entolimod
due to its similar mechanism of action) are consistent with its general role as a trigger of
TLR5-mediated innate immune response to bacterial infection. Indeed, flagellin was shown to
induce secretion of antimicrobial factors, such as IL-17, SI00A8/S100A9, hepcidin and other
small peptides with antimicrobial activity, to support anti-infective defenses and tissue repair
in the lungs, gut, skin and cornea [54, 90-95]. Direct anti-bacterial activity of flagellin (or a fla-
gellin variant with a structure similar to that of entolimod) has been demonstrated in animal
infection models [64, 93, 96]. This activity was likely associated with the ability of flagellin/
entolimod to elicit early neutrophil mobilization (observed even in irradiated NHPs within 24
hours following entolimod treatment—see Fig 2C and 2D; S1C and S1D Fig) followed by neu-
trophil infiltration into tissues where they play an important role in local antibacterial
responses [93]. Mobilization and tissue deposition of neutrophils (especially in the lung and
the liver) can be explained by both entolimod-dependent induction of IL-8 [50] and by entoli-
mod’s direct action on TLR5 expressed on the surface of neutrophils [97, 98]. TLR5 activation
also enhances the phagocytic capacity and the respiratory burst activity of airway neutrophils,
which likely contributes to their antibacterial potency [99]. At later times in the course of ARS,
entolimod-induced accelerated recovery from radiation cytopenias would also be expected to
contribute to antibacterial immunity (via restored granulocyte/macrophage function) and
wound healing (via restored blood clotting and tissue trophic function of platelets) [100-103].
Another mechanism through which entolimod may promote wound healing is direct stimula-
tion of fibroblasts and MSC [79, 104].
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Many of the aforementioned factors and mechanisms involved in the anti-ARS activity of
entolimod have been previously demonstrated to possess certain radiomitigative activities on
their own. For example, AEOL 10150, a small molecule mimetic of antioxidant SOD, was
shown to reduce local radiation-induced lung injury and increase survival of lethally-irradiated
mice (although multiple administrations were required) [105, 106]. G-CSF-based Neupogen is
in clinical use for treatment of chemotherapy-induced neutropenia. Moreover, G-CSF was
recently shown to significantly improve survival of lethally irradiated NHPs if injected daily
beginning 24 hours after TBI [36]. However, this effect was only achievable on the background
of intensive supportive care [28] and was lost if drug administration was initiated 48 hours
after TBI [37]. IL-6 is known to accelerate on its own and to potentiate G-CSF-mediated multi-
lineage HP recovery following irradiation [107, 108]. Recombinant human IL-6 significantly
improved recovery from chemotherapy-induced thrombocytopenia in clinical trials [109].
However, in a NHP model of sublethal (4.5 Gy) radiation-induced bone marrow aplasia, only a
regimen of multiple daily IL-6 administrations starting from 24 hours after TBI and continuing
for 23 consecutive days was able to boost platelet count restoration (with granulopoiesis being
unaffected) [81]. These limitations make recombinant human IL-6 or Neupogen only margin-
ally suitable for use in potential mass casualty radiation disasters. Hence, the power of entoli-
mod as a radiomitigator, compared with products that address only a single aspect of radiation
toxicity, is likely to stem from its pleiotropic mechanism of action allowing it to simultaneously
counteract multiple aspects of radiation injury (summarized in Fig 6).

One of the candidate MRCs that is currently under development (by Neumedicines, Inc.) is
IL-12/HemaMax. Similar to entolimod, a single injection of HemaMax administered subcuta-
neously 24 hours after lethal TBI was able to improve survival and hematopoietic recovery
without additional supportive care in several experiments in NHPs [27-29]. However, the
magnitude of its effects on cytopenias and survival was inferior to that of entolimod: absolute
survival improvement reached with HemaMax at LDs ¢s radiation doses was only 20% com-
pared to 40-60% achieved with entolimod at LDs_;5 doses of TBI, and did not reach statistical
significance by pre-specified analyses [27, 28]. No data are available regarding HemaMax’s
radioprotective activity when administered before TBI or radiomitigative activity when admin-
istered at time points later than 24 hours after TBI. IL-12 is known to act as a naive T cell-acti-
vating factor promoting their Th1 maturation. It also stimulates production of cytotoxic
cytokines such as IFNy and TNFo. from T-cells and natural killer (NK) cells, respectively [110].
Interestingly, neither IL-12 nor its principal downstream effector, IFNYy, was induced by entoli-
mod in any species tested to date (humans, NHPs, rodents). Although the mechanism of action
of HemaMax as a MRC has yet to be defined, it is clearly different from that of entolimod,
which suggests that combination of the two compounds might result in additive or synergistic
anti-ARS efficacy.

Entolimod is currently being developed towards approval as a MRC for reducing the risk of
death following lethal TBI. Since it is not feasible or ethical to conduct trials in humans for
evaluation of the efficacy of drugs against lethal TBI, formal development of entolimod is being
conducted under the FDA’s Animal Efficacy Rule (21 C.F.R. $ 314.610) allowing pivotal dem-
onstration of drug efficacy in accepted animal model(s) of a life-threatening human disease.
The studies described in this manuscript resulted in determination of important parameters of
entolimod activity (efficacious dose range and time window of administration relative to TBI)
that allowed design and conduct of a pivotal efficacy experiment in the NHP model of ARS
(submitted for publication) in support of FDA approval. In addition, these studies identified
specific ameliorative effects of entolimod on HP and GI radiation injury, thus providing the
mechanistic basis for its ability to significantly and substantially improve survival of lethally
irradiated NHPs. An additional important finding of the reported experiments—that the anti-
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ARS effect of entolimod administered 48 hours after TBI is comparable to that at earlier time
points—will be the focus of a future statistically powered time-ranging study to further define
the extent of entolimod’s radiomitigative benefits.

Supporting Information

S1 Fig. Accelerated recovery of the peripheral blood cellularity and hemoglobin content in
NHPs irradiated with LD5g,4¢ or LD-5,49 of TBI and treated with different doses of entoli-
mod 1 hour later.

(PDF)

S2 Fig. Comparable restorative effects of single 10 or 40 ug/kg entolimod treatments given
25 hours after TBI on morphological recovery of hematopoietic and lymphoid organs in
NHPs 40 days after irradiation with LD5¢.4o of TBI.

(PDF)

S3 Fig. Accelerated kinetics of bone marrow regeneration and proliferating phenotype of
CFU-GM colonies in entolimod-treated CD2F1 mice after LD5,3 of TBI and entolimod
treatment.

(PDF)

S4 Fig. Improved GI tract morphology in NHPs irradiated with 6.5 Gy TBI and treated
with a single injection of entolimod at 1, 16, or 25 hours later.
(PDF)

S5 Fig. Improved preservation of intestinal innervation and muscularis mucosae integrity
in the GI tract of irradiated NHPs treated with entolimod 1 hour after 6.5 Gy TBI.
(PDF)

S6 Fig. Effect of single dose entolimod treatment on IL-8 and IL-10 levels in the peripheral
blood of NHPs irradiated with LD5¢,49 or LD;5,49 doses of TBI.
(PDF)

S7 Fig. Entolimod concentrations in the peripheral blood of NHPs (irradiated with LD5,40
(6.75 Gy) TBI or non-irradiated) at different times after single intramuscular injection of
the indicated drug doses.

(PDF)

$1 Methods. Semi-quantitative scoring of HP and GI organ morphology on histological
sections.
(PDF)

S1 Table. Incidence and duration of Grade 4 neutropenia (neutrophil count <500 cells/uL)
in lethally irradiated NHPs treated with vehicle or entolimod.
(PDF)

S2 Table. Incidence and duration of absolute neutropenia (neutrophil count <10 cells/puL)
in lethally irradiated NHPs treated with vehicle or entolimod.
(PDF)

$3 Table. Incidence and duration of Grade 4 thrombocytopenia (platelet count <10,000
cells/pL) in lethally irradiated NHPs treated with vehicle or entolimod.
(PDF)
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