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Non-standard abbreviations used in the text: 

ARS   acute radiation syndrome 

AUC   Area under the curve 

FDA   United States Food and Drug Administration 

G-CSF  granulocyte colony stimulating factor 

GI   gastrointestinal 

GM-CSF  granulocyte-macrophage colony stimulating factor 

HP   hematopoietic  

IL-1β   interleukin-1β 

IL-6   interleukin-6 

IL-10   interleukin-10 

IL-12p40  interleukin-12p40 

IL-12p70  interleukin-12p70 

i.m.   intramuscular(ly) 

i.p.   intraperitoneal(ly) 

IP-10   interferon gamma induced protein 10kDa 

IR   ionizing radiation  

i.v.   intravenous(ly) 

KC   keratinocyte chemoattractant 

MCP-1  monocyte chemotactic protein-1 

MIG   monokine induced by interferon gamma 

MIP-2   macrophage inflammatory protein-2 

MRC   medical radiation countermeasure 
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NHP(s)  non-human primate(s) 

PD   pharmacodynamics 

PK   pharmacokinetic 

ROS   reactive oxygen species 

s.c.   subcutaneous(ly) 

SCF   stem cell factor 

TBI   total body irradiation 

TLR   Toll-like receptor 

TNFα   tumor necrosis factor α 

TPO   thrombopoietin 
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Abstract  

Given an ever-increasing risk of nuclear and radiological emergencies, there is a critical 

need for development of medical radiation countermeasures (MRC) that are safe, easily 

administered and effective in preventing and/or mitigating the potentially lethal tissue 

damage caused by acute high-dose radiation exposure. Since the efficacy of MRC for this 

indication cannot be ethically tested in humans, development of such drugs is guided by 

the FDA’s Animal Rule. According to this rule, human efficacious doses can be projected 

from experimentally established animal efficacious doses based on equivalence of the 

drug’s effects on efficacy biomarkers in the respective species. Therefore, identification 

of efficacy biomarkers is critically important for drug development under the Animal 

Rule. CBLB502 is a truncated derivative of the Salmonella flagellin protein that acts by 

triggering Toll-like receptor 5 (TLR5) signaling and is currently under development as a 

MRC. Here we report identification of two cytokines, granulocyte colony-stimulating 

factor (G-CSF) and interleukin-6 (IL-6), as candidate biomarkers of CBLB502’s 

radioprotective/mitigative efficacy. Induction of both G-CSF and IL-6 by CBLB502 (i) is 

strictly TLR5-dependent; (ii) occurs in a CBLB502 dose-dependent manner within its 

efficacious dose range in both non-irradiated and irradiated mammals, including non-

human primates; and (iii) is critically important for the ability of CBLB502 to rescue 

irradiated animals from death. Following evaluation of CBLB502 effects on G-CSF and 

IL-6 levels in humans, these biomarkers will be useful for accurate prediction of human 

efficacious CBLB502 doses, a key step in development of this prospective radiation 

countermeasure. 
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Introduction 

Due to nuclear proliferation and terrorist activity, there is an ever-increasing risk 

of military, civilian, and emergency responder exposure to lethal doses of ionizing 

radiation (IR). The lethality of high-dose total body irradiation (TBI) is due to acute 

radiation syndrome (ARS) caused by massive apoptotic death of radiosensitive cells 

predominantly of the hematopoietic (HP; starting at lower TBI doses) and gastrointestinal 

(joining at higher TBI doses) systems (Waselenko et al., 2004).   

A number of compounds with diverse chemical structures and mechanisms of 

action have been explored as MRCs, including thiols (Grdina et al., 2002), cytokines 

(Singh and Yadav, 2005; Waddick et al., 1991), steroids (Whitnall et al., 2001), 

antioxidants (Weiss and Landauer, 2000), and nutraceuticals (Srinivasan and Weiss, 

1992; Weiss and Landauer, 2000); however, to date none have been approved by the 

FDA as MRC against ARS (Mettler and Voelz, 2002). To identify novel countermeasures 

against radiation and other tissue-damaging stresses, we looked towards modulation of 

nuclear factor kappa-B (NF-κB), a transcriptional activator of multiple genes encoding: 

(1) anti-apoptotic proteins (for review, see (Karin and Lin, 2002)); (2) cytokines and 

growth factors that induce proliferation and survival of HP and other stem cells (Hayden 

et al., 2006); and (3) ROS-scavenging antioxidants (Xu et al., 1999). As a source of NF-

κB activators, we took advantage of natural factors produced by microbes of the human 

microflora that activate NF-κB via stimulation of specific Toll-like receptors (TLRs). The 

TLR5 agonist flagellin was of particular interest since (i) TLR5 activation is well-

tolerated in mammals (Rakoff-Nahoum et al., 2004; Takeda et al., 2003), (ii) TLR5 is 

expressed in the HP and GI tissues that are primary targets of radiation damage (Gewirtz 
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et al., 2001), (Maaser et al., 2004), (Uematsu et al., 2006) (He et al., 2009; van den Berk 

et al., 2009) (Dearman et al., 2009) (Caron et al., 2005; Honko and Mizel, 2005; 

Tsujimoto et al., 2005), and (iii) NF-κB activation through flagellin/TLR5 (as opposed to 

some other activators) does not elicit potentially dangerous inflammatory responses but 

rather protects from them (Carvalho et al., 2011; Vijay-Kumar et al., 2008). 

Following demonstration of flagellin-mediated radioprotection, these 

considerations led us to generate CBLB502, a proprietary pharmacologically optimized 

derivative of Salmonella FliC flagellin that fully retains its TLR5-dependent NF-κB–

inducing activity and stability, but is substantially less immunogenic (Burdelya et al., 

2008). CBLB502 was found to be safe and highly effective in reducing the risk of death 

following TBI in animal models (Burdelya et al., 2008) and is currently under 

development as an MRC under the FDA’s Animal Rule (2010). This rule guides 

development of drugs for which efficacy testing in humans would be unethical. Without 

human efficacy data, definition of a (projected) human efficacious dose requires 

determination of (i) the efficacious dose range in animal models of the disease (i.e., 

ARS), and (ii) pharmacokinetic (PK) and/or pharmacodynamic (PD) effects of the drug 

in healthy and diseased (i.e., irradiated) animals and in healthy humans. The identified 

PK/PD parameters are then suggested to be used for selection of a human dose 

bioequivalent to animal efficacious doses.  

While PK parameters might be acceptable for demonstration of bioequivalence 

between small molecules, for biologics such as CBLB502, PD parameters are more 

relevant. This is because CBLB502 PK assessments do not account for (i) the activity of 

CBLB502-mobilized endogenous mediators; (ii) the effects of drug distribution following 
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i.m. injection via the lymphatic system in addition to the bloodstream (Crommelin et al., 

2003) where drug concentration is usually measured (while some TLR5-expressing 

CBLB502-responsive cells, e.g., dendritic cells, are likely to be activated by the drug in 

this way); (iii) possible species-specific differences in ligand-receptor affinity, presence 

of accessory proteins, receptor density, number and distribution of receptor-expressing 

cells, post-receptor signal amplification, etc.; and (iv) NF-κB- and TLR5-regulated 

negative feedback loops (Fukao and Koyasu, 2003; Shih et al., 2009) which could make 

cells temporarily unresponsive to CBLB502 and alter the effects of the drug despite its 

presence in the blood. 

Since CBLB502 PD effects are likely to be more accurate than PK parameters for 

establishment of inter-species effective dose equivalence, we set out to identify 

CBLB502 PD biomarkers fitting the following criteria that we considered important for 

complying with Animal Rule requirements: 

1. Biomarker induction should depend on the drug’s mechanism of action (i.e., 

CBLB502-TLR5 interaction). 

2. Biomarkers should be induced by the drug both under irradiated and non-irradiated 

conditions. 

3. Biomarker expression should be induced by a range of CBLB502 doses that shows 

efficacy in reducing the risk of death following TBI, and the biomarker dose response 

should be congruent with the survival dose response. 

4. The biological nature of the biomarkers should be relevant to effect of CBLB502 on 

reducing the risk of death following TBI. 
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5. Biomarkers should be CBLB502-responsive across multiple species (animals and 

humans). 

6. Biomarkers should be quantifiable using readily available assays, in samples 

obtainable by simple and relatively non-invasive procedures. 

Our previous animal studies demonstrated CBLB502-mediated induction of 

multiple cytokines (Burdelya et al., 2008). Since they are easily measurable and have 

relevant functions (see e.g. (Dainiak, 2010)), cytokines are attractive candidates for 

CBLB502 efficacy biomarkers. Here we demonstrate that two CBLB502-induced 

cytokines, G-CSF and IL-6, comply with all of the criteria described above and, hence, 

after confirmation in humans, can potentially serve as CBLB502 efficacy biomarkers in 

its development under the Animal Rule.  

 

Materials and Methods 

CBLB502 drug substance and vehicle.  CBLB502 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 dedicated ion exchange endotoxin removal 

column. Release testing ensures <100 EU/mg endotoxin, <5 ng/mg residual DNA, <100 

ng/mg host cell protein content in CBLB502 drug product. The lack of additional 

contaminating TLR ligands was confirmed using specific TLR-expressing reporter cell 

lines. The vehicle for CBLB502 was either Dulbecco’s Phosphate-Buffered Saline (PBS, 

Cleveland Clinic Media Core, Cleveland, OH) in initial studies, or PBS-0.1% Tween 80 

(O’Brien Pharmacy, Mission, KS) in later studies. 
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Neutralizing antibodies.  Monoclonal rat anti-mouse G-CSF antibody (catalog # 

MAB414), monoclonal rat anti-mouse IL-6 antibody (catalog # MAB405,), and rat 

isotype control IgG1 antibody (catalog # MAB005) were obtained from R&D Systems 

(Minneapolis, MN). 

 

Animals.  

Mice. Female ICR (Harlan Laboratories, Indianapolis, IN) and C57BL/6J mice 

(Jackson Laboratories, Bay Harbor, ME), 12-15 weeks old, were used in all experiments. 

Prior to experiment initiation, mice were quarantined for at least 3 days. All mouse 

experiments were conducted at Roswell Park Cancer Institute (RPCI). 

Non-human primates. For studies conducted at Armed Forces Radiobiology 

Research Institute (AFRRI) (one study in non-irradiated NHPs and one study in NHPs 

irradiated with 5 Gy TBI and injected with CBLB502 at 45 minutes prior to TBI), healthy 

naïve rhesus macaques were obtained from Primate Products, Inc. (Miami, FL) and 

quarantined for 6 weeks prior to the start of the experiment. Clinically healthy male and 

female rhesus macaques, Macaca mulatta, 2 to 5 years of age, weighing 3.8 to 7.0 kg, 

were housed in individual stainless steel cages in environmentally controlled rooms set to 

maintain 18–29 °C with a relative humidity of 30–70%. All NHPs were kept in rooms 

with a 12 hour light/dark cycle. Animals were fed one or two times daily with primate 

diet (Harlan Teklad, WI), fresh fruits and vegetables, and obtained drinking water ad 

libitum. All animals were seronegative for herpes B, simian T-cell leukemia viruses, 

simian immunodeficiency virus, simian type D retrovirus, and intestinal parasites, and 
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were also negative in PPD (purified protein derivative, tuberculin) tests. Animals were 

stratified by gender and body weight increases during the quarantine period and then 

assigned to different treatment groups.  

For studies conducted at Frontier Biosciences (Chengdu, Sichuan Province, 

China), a contract research laboratory (one study in non-irradiated NHPs and two studies 

in NHPs irradiated with 5.2-5.75 Gy TBI and injected with different CBLB502 doses 1 or 

25 hours later), healthy rhesus macaques were obtained from Ping’an Animal Breeding 

and Research Base (Chengdu, Sichuan Province, China). Clinically healthy male and 

female rhesus macaques, weighing 3-7 kg (2-5 years of age) were certified to be free of 

specific pathogenic microorganisms (such as Salmonella sp., Shigella sp., 

Mycobacterium tuberculosis, cercopithecine herpesvirus type I (B virus), and 

Toxoplasma gondii), and received helminthicide treatment at the breeding facility. 

Animals were quarantined and tested for at least 3 weeks before studies. All animals were 

housed in individual stainless steel cages in environment-controlled rooms, with room 

temperature of 21±5 ºC, relative humidity of 55±15%, and a 12 hour light/dark cycle. 

Animals were provided with primate chow (prepared in-house), fresh fruits and 

vegetables daily. Fresh drinking water was provided ad libitum. Upon completion of the 

pre-study period, animals meeting pre-defined health criteria were accepted into the study 

and randomly assigned to study groups based on most recent body weight (even 

distribution per gender per weight).  

Dogs. Dog studies were conducted at Pharmaron Inc. (Beijing, China), a contract 

research organization. Healthy naïve male and female beagle dogs (approximately 8-10 

months of age and 5.5-10.5 kg weight) were obtained from Beijing Marshall 
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Biotechnology, Co. LTD (Beijing, China). All animals received vaccinations against 

canine distemper, hepatitis, leptospirosis, parvovirus, parainfluenza, and rabies at the 

supplier.  Animals were quarantined and tested for at least 14 days prior to study 

initiation. All animals were housed in single stainless steel cages in environment-

controlled rooms, with room temperature of 18-29 ºC, relative humidity of 50±20%, and 

a 12 hours light-dark alternation daily. Animals were provided once daily with ~300 g of 

feed (Science Australia Unite Efforts Canine Diet). Fresh drinking water was provided ad 

libitum. Upon completion of the pre-study period, animals meeting pre-defined health 

criteria were accepted into the study and randomly assigned to study groups based on 

their most recent body weight (even distribution per gender per weight).  

All animal studies described above (at RPCI, AFRRI, Frontier Biosciences, and 

Pharmaron Inc.) were performed in Association for Assessment and Accreditation of 

Laboratory Animal Care International (AAALAC)-certified facilities, based on protocols 

approved by the respective Institutional Animal Care and Use Committees (IACUC) and 

in compliance with the requirements of the US NRC Guide for the Care and Use of 

Laboratory Animals. 

 

Injections. Injections in mice were performed either i.m. in the thigh muscle in a 0.05 ml 

volume, or s.c. in a 0.2 ml volume in the scruff of the neck. Injections in NHPs and dogs 

were given in the quadriceps muscle using a dose volume of 0.2 ml/kg. 
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Irradiation 

Mice. Total body gamma irradiation (TBI) of mice was accomplished using 137Cs 

Mark I-30 or Mark I-68 irradiators (J.L. Shepherd and Associates, San Fernando, CA) 

with dose rates of ~2.2 or ~1.4 Gy/min. Mice were irradiated in a non-shielding plastic 

container on a rotating platform to ensure even dose delivery to all tissues.  

Non-human primates. In irradiation experiments conducted at AFRRI, Ketamine-

anesthetized animals (10 mg/kg, i.m., Fort Dodge Laboratories; Fort Dodge, IN) were 

placed in a Plexiglas restraint box (GE Plastics, Pittsfield, MA) to which they had been 

previously habituated, and allowed to regain consciousness before irradiation. Animals 

were irradiated bilaterally at a dose rate of approximately 0.6 Gy/min to a total mid-plane 

dose of 5.0 Gy, using the 60Co gamma-ray source located at AFRRI. To ensure 

uniformity of radiation dose among groups, abdominal circumference measurements 

were used to calculate the thickness of the animal to the mid-plane to determine exposure 

time to the radiation source. Dosimetry was performed using an alanine/electron 

paramagnetic resonance system, with calibration factors traceable to the National 

Institute of Standards and Technology and confirmed by an additional check against the 

national standard 60Co source of the UK National Physics Laboratory. 

 In irradiation experiments 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 in transit to irradiation 

facility. Sedated animals were restrained in plastic irradiation chairs. Animals were 

irradiated bilaterally using the 60Co gamma-ray source located at Sichuan Atomic Energy 

Institute. In the first study, the dose rate was ~0.8 Gy/min and animals received a total 
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surface dose of 5.2 Gy (roughly equivalent to a mid-plane dose of 5.0 Gy for ~3-4 kg 

animals). In a second study after source upgrade, the dose rate was ~1.0 Gy/min and 

animals received a total surface dose of 5.75 Gy (roughly equivalent to a mid-plane dose 

of 5.3 Gy for ~3-4 kg animals). Individual animal dosimetry was performed using 

thermoluminescent dosimeter (TLD) sets provided and evaluated by Global Dosimetry 

Solutions, Inc. Calibration of the radiation field of the source was performed periodically 

based on the Chinese National Standard [Standard Method for Using the Ferrous Sulfate 

(Fricke) Dosimeter to Measure Absorbed Dose in Water] GB139-89.  

 

Blood collection for cytokine level measurements  

Mice. Blood was collected via cardiac puncture from 3-6 mice per time point 

(freshly euthanized by CO2 inhalation or deeply anaesthetized using Ketamine/Xylazine).  

Non-human primates. Peripheral blood from NHPs was drawn from ketamine-

anesthetized (AFRRI) or non-anesthetized, briefly restrained (Frontier Biosciences) 

animals, via a saphenous vein.  

Dogs. Peripheral blood was collected via cephalic vein from non-anesthetized, 

briefly held animals.  

For all three animal species, blood was collected with K2EDTA as an 

anticoagulant, and processed to prepare plasma. Blood plasma samples were aliquoted 

and stored at -80 °C until analysis. 
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Analysis of plasma cytokine levels 

Mice. Cytokine levels in plasma samples from earlier ICR and all C57BL/6J 

experiments were measured at AFRRI by Luminex multiplex assays, using a Luminex-

100 Multiplex Bio-Assay Analyzer or Luminex-200 dual-laser flow analyzer (Luminex 

Corporation, Austin, TX) according to the manufacturer’s instructions. Calculations were 

performed using Bio-Plex Manager software version 5.0 (Bio-Rad, Inc., Hercules, CA). 

In earlier ICR mouse studies, multiplex assays from Bio-Rad, Inc. (Bio-Plex Pro Mouse 

Cytokine Group 8-plex Assay, MD0-00000EJ) were used for analysis of IL-1β, IL-6, IL-

10, IL-12p70, G-CSF, GM-CSF, KC, and TNF-α and reagents from Biosource (cat# 

LMC0101, Invitrogen, Carlsbad, CA) were used for measurement of IP-10. SCF and 

TPO levels were measured using Mouse ELISA Quantikine kits for SCF and TPO (cat # 

MCK00 and MTP00, respectively, R&D Systems, Minneapolis, MN) based on the 

multiple antibody sandwich principle. For studies in C57BL/6J mice, levels of IL-6, IL-

10, IL-12p40, G-CSF, KC, MCP-1, TNF-α, MIG, and MIP-2 were measured using 

cytokine analysis kits custom ordered (M200003JZX) from Bio-Rad, Inc.. Samples from 

later ICR mouse studies were evaluated at OMRF Proteomics Core (Oklahoma City, OK) 

using a Luminex-100 Multiplex Bio-Assay Analyzer and Luminex assays for mouse G-

CSF, IL-6, KC, IL-1α, IL-10, Eotaxin, and TNF-α from Millipore, Inc. (cat # 

MPXMCYTO-70K; Millipore, Billerica, MA). All assays were performed as 

recommended by the respective manufacturers.   

Non-human primates. Plasma levels of cytokines in non-irradiated NHPs and in 

NHPs treated with CBLB502 at 45 minutes before 5 Gy irradiation were measured at 

AFRRI. Luminex multiplex assays were performed using a Luminex-100 Multiplex Bio-
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Assay Analyzer. Human-targeted assays from Upstate (Temecula, CA, currently 

Millipore) were used to analyze IL-8, IL-12p70, and IP-10 (cat # 46-108, 46-112, and 46-

139 respectively), while assays from R&D Systems were used to measure G-CSF, GM-

CSF, IL-1β, IL-6, and IL-10 (cat # LUH214, LUH215B, LUH201, LUH206 and 

LUH217, respectively) according to the manufacturer’s instructions. The “Monkey C-

Reactive Protein (CRP) ELISA Kit” (cat # 1050, Alpha Diagnostics International Inc., 

San Antonio, TX) was used for CRP analysis according to the manufacturer’s 

instructions. 

Plasma cytokine levels in NHPs treated with CBLB502 at 1 hour after 5.2 Gy irradiation 

were measured at Baylor Institute for Immunology Research (Dallas, TX), and in NHPs 

treated with CBLB502 at 25 hours after 5.75 Gy irradiation at the Millipore Corporation 

facility (St. Charles, MO). In both cases, Luminex multiplex immunological assays were 

used (according to the manufacturer’s directions). The MILLIPLEX MAP Non-Human 

Primate Cytokine Panel (cat# MPXPRCYTO-40K, Millipore; Billerica, MA) was used 

for all cytokines with the exception of IL-10, which was analyzed using an assay from 

R&D Systems (cat # LUH217). Luminex-100 Multiplex Bio-Assay Analyzer instruments 

were used for the analysis.  

Dogs. Levels of IL-6, IL-8, IL-10, and TNFα in beagle dog plasma were 

measured at the University of Illinois at Chicago Toxicology Research Lab (UIC TRL, 

Chicago, IL) using electrochemiluminescence (ECL) technology from Meso Scale 

Discovery (MSD; Gaithersburg, MD) and a custom MULTI-SPOT 96 4-Spot Prototype 

assay kit (cat# N45ZA-1) that contained antibodies and standards also present in the 

Canine IL-10 Ultra-Sensitive Kit (cat# K154AOC), and the Canine ProInflammatory 
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Panel 3 Ultra-Sensitive Kit (cat# K15035C for IL-6, IL-8, and TNFα) spotted on 

MULTI-SPOT 96-well 4 Spot Cytokine Panel 16 US Plates (cat# N45035A-1). 

 

Data analysis 

Area under the curve (AUC) values were calculated using the trapezoid rule over 

the first 24 hours after treatment [AUC(0-24)]. To exclude the influence of basal cytokine 

levels, AUC(0-24) values were background-adjusted by subtracting the minimum 

observed factor concentration [for the same individual animal (large animals) or per 

sampling set within the same dose group (mice)] multiplied by 24 hours.  

Statistical analysis. P-values <0.05 were considered to be statistically significant. 

Error bars in graphs represent standard deviations. Dashed lines represent linear 

regression trend lines (in log-log coordinates).  

Kaplan-Meier curves are shown to illustrate kinetics of survival after irradiation. 

Numbers of survivors (at 30 days after irradiation) were compared pairwise using 

Fisher’s exact test (two-tailed). Kinetics of mortality (for decedents only) was compared 

among groups using the log rank test (two-tailed). For analysis of the effect of CBLB502 

treatment on survival, the natural logarithm of odds ratio of survival (odds of survival in 

the treatment group divided by that in control 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 – as 0.5 / 

n. 

Sigmoid curve fitting and ED50 calculation. Dependence of CBLB502-induced 

increase in log odds of survival on drug dose was analyzed using BioDataFit 1.02 
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(http://www.changbioscience.com/stat/ec50.html), employing the four parameter sigmoid 

regression model. The 50% efficacious dose (ED50) was calculated on the obtained four-

parameter sigmoid model. 

 

Results 

Establishment of the efficacious dose range of CBLB502 for protection from and 

mitigation of acute radiation syndrome in mice  

Our previous experiments demonstrated potent radioprotective effects of 

CBLB502 in both mice and non-human primates (NHPs) (Burdelya et al., 2008). 

However, these experiments were conducted with a single drug dose that was most likely 

on its efficacy plateau. Therefore, in order to identify potential biomarkers of CBLB502 

anti-ARS efficacy, it was first necessary to fully define its efficacious dose range. To 

simplify the logistics involved, such experiments were initially conducted in mice and 

their results are described below.  

 To establish the radioprotective dose range of CBLB502, groups of 10-20 female 

ICR mice were injected i.m. with a CBLB502 dose within a wide range (spanning more 

than two logs, from 0.6 to 200 μg/kg), and, 30 minutes later, irradiated with a lethal 

(~LD90-100/30) 10 Gy dose of TBI. Control mice were similarly irradiated but received a 

pre-irradiation injection of vehicle instead of CBLB502. Mouse survival was followed for 

30 days. The experiment was repeated five times to explore various dose sub-ranges and 

dose steps, with one representative study shown in Fig. 1a and b. In the experiment 

shown in Fig. 1a and b, only 8% of vehicle-injected control mice (1 out of 12) survived to 
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day 30 after 10 Gy TBI, with the majority of deaths occurring between 10 and 14 days 

after irradiation. The minimum tested dose of CBLB502 that provided a sizeable survival 

advantage of +25% over control was 6 μg/kg, while injection of 20 and 60 μg/kg doses 

led to maximum survival of ~83-92% (+75-83% survival increase over the vehicle-

injected control group). The observed survival advantages were statistically significant at 

doses >6 μg/kg (p≤0.03 by two-tailed Fisher’s exact test for 30-day survival vs. vehicle-

treated control group). As a result of this series of experiments, the dose at the beginning 

of CBLB502 radioprotective efficacy plateau was defined as ~20 μg/kg, and 50% 

efficacious dose (the ED50) was estimated as ~7 μg/kg (Fig. 1a and 1b). 

 To establish the radiomitigative (efficacy when the drug is administered after 

TBI) dose range of CBLB502 in mice, we used subcutaneous (s.c.) instead of i.m. 

injection to make the effect more robust, because the small muscle mass in mice resulted 

in high variability/poor reproducibility of results in the preceding single i.m. dose pilot 

radiomitigation experiments. A representative experiment (of three that were conducted) 

is shown in Fig. 1c and d. In this experiment, groups of 40 mice received a single lethal 

dose of 9 Gy TBI, and then, 24 hours later, a single s.c. injection of CBLB502 at doses 

spanning a three-log range (0.6 – 600 μg/kg) or vehicle (negative control group). The 

radiomitigative efficacy of CBLB502 under these conditions was clearly more modest 

than its radioprotective efficacy when injected 30 minutes before TBI (see above). As 

shown in Fig. 1c and 1d, the maximum level of 30-day survival after 9.5 Gy TBI was 

30% (12 out of 40, achieved with 20 μg/kg CBLB502 treatment) as compared to 2.5% (1 

out of 40) in the vehicle-treated control group. Nevertheless, the observed CBLB502-

induced survival increases were statistically significant for all CBLB502 doses ≥6 μg/kg 
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(p≤0.03 by Fisher’s exact test for all these groups vs. vehicle control group). Statistically 

significant improvement in mouse survival was observed with injection of CBLB502 24 

hours after 8.5 and 9.0 Gy doses of TBI as well (Supplemental Table 1). Similar to what 

was found for radioprotective (before TBI) administration of CBLB502, the CBLB502 

dose at the beginning of its radiomitigative efficacy plateau was defined as 10-20 μg/kg, 

and the ED50 was estimated to be ~2-4 μg/kg (Fig. 1c and 1d). Administration of 

CBLB502 intravenously (i.v.) at 24 hours after lethal TBI resulted in slightly greater 

increases in survival as compared to s.c. administration at TBI doses of 8.5-9.5 Gy 

(Supplemental Table 1).    

Strict TLR5-dependence of anti-ARS activity of CBLB502 and its parental 

protein, flagellin, was demonstrated by their inability to rescue TLR5-deficient mice from 

lethal TBI (Vijay-Kumar et al., 2008) (Burdelya et al., 2008) (Supplemental Figure 1). 

There were no major differences in the anti-ARS efficacy of CBLB502 between male and 

female mice of either strain.  

Identification of G-CSF and IL-6 as two cytokines that show strong, dose-dependent 

responses to CBLB502 in non-irradiated mice  

Having defined the efficacious dose range for CBLB502-mediated radioprotection 

and radiomitigation in mice, we next evaluated cytokine responses in non-irradiated mice 

treated with CBLB502 doses within this dose range. These experiments were conducted 

in two mouse strains that were used in previous irradiation survival experiments, ICR and 

C57BL/6J, and assessed plasma levels of G-CSF, IL-6, and other factors (keratinocyte 

chemoattractant (KC) in all studies, as well as: interleukin-1β (IL-1β), IL-10, IL-12p40, 

IL-12p70, interferon gamma induced protein 10kDa (IP-10), granulocyte-macrophage 
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colony stimulating factor (GM-CSF), tumor necrosis factor α (TNFα), thrombopoietin 

(TPO), stem cell factor (SCF), monocyte chemotactic protein-1 (MCP-1), macrophage 

inflammatory protein-2 (MIP-2), and  monokine induced by interferon gamma (MIG) in 

some studies) at 0 (non-injected animals), 0.5, 1, 2, 4, 8, and 24 hours after drug or 

vehicle administration. There were no significant changes in plasma levels of IL-1β, IL-

10, IL-12p70, GM-CSF, or TNFα between 0 and 24 hours after CBLB502 injection in 

response to any of the tested CBLB502 doses (not shown).  KC demonstrated strong and 

somewhat CBLB502 dose-dependent elevation, and IL-12p40, MCP-1, MIP-2 and MIG 

showed modest dose-dependent increases (Supplemental Figures 2 and 3). G-CSF and 

IL-6, however, stood out as the only two cytokines that demonstrated both significant and 

CBLB502 dose-dependent elevations (Fig. 2a-d).  

In ICR mice treated with CBLB502 i.m., G-CSF levels peaked at 2-4 hours after 

CBLB502 administration and normalized by 8-24 hours post-administration (Fig. 2a). 

The duration of G-CSF elevation increased with increasing CBLB502 doses. Maximum 

observed plasma G-CSF levels were 3,600-4,100 pg/ml (representing ~230-240-fold 

increases over the 16-17 pg/ml baseline level on average per dose group) at doses of 40-

160 μg/kg CBLB502. CBLB502-induced increases in IL-6 were more modest than those 

observed for G-CSF, with plasma levels in treated mice reaching a maximum of 130-210 

pg/ml (~8-16-fold increases over the ~13-17 pg/ml baseline level on average per dose 

group) at 40-160 μg/kg CBLB502 doses (Fig. 2b). As compared to G-CSF, IL-6 levels 

peaked earlier, at 1-2 hours after injection, and normalized sooner, by 8 hours after 

injection for all tested CBLB502 doses.  
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Similar effects were observed in C57BL/6J mice after s.c. injection of CBLB502 

doses in the same range (Fig. 2c and 2d). Plasma levels of G-CSF increased after 

injection, peaked at 2-4 hours post-dose, and normalized by 24 hours post-dose. The 

highest G-CSF levels observed were 8,800-11,500 pg/ml (~88-115-fold higher than the 

~100 pg/ml baseline level) following administration of 16-160 μg/kg doses of CBLB502. 

Similarly to the other tested strain (ICR) and administration route (i.m.), IL-6 levels in 

s.c. injected C57BL/6J mice displayed a more modest elevation than G-CSF, peaked at 1-

2 hours post-dose, and returned to baseline by 8 hours. Maximum IL-6 levels were 490-

570 pg/mL (120-140-fold higher than the ~4-5 pg/ml baseline level) after injection of 16-

160 μg/kg CBLB502. 

None of the evaluated cytokines responded to CBLB502 administration in TLR5 

KO mice (not shown), thus confirming previous findings with CBLB502’s parent protein, 

flagellin (Hawn et al., 2005; Sanders et al., 2008).   

To evaluate the dose-dependence of G-CSF and IL-6 responses to CBLB502 

quantitatively, we chose to use the CBLB502-elicited overall cytokine exposure as a 

single characteristic and global measure of cytokine levels and numerically expressed it, 

as accepted in the field, as the Area Under the Curve (AUC). This approach was selected 

because the biological effects of cytokines depend on their systemic exposure rather than 

on other parameters, such as, e.g., Cmax (Farese et al., 2003). As shown in Fig. 2e and 2f 

where dose-dependent treatment effects of CBLB502 on mouse survival are plotted 

together with its dose-dependent effects on systemic exposure to G-CSF and IL-6, all of 

these CBLB502 effects are congruent and occur within the same drug dose range. The 

logarithm of survival odds ratio (odds of survival in a treated group divided by the odds 
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of survival in control group) frequently used in statistical and epidemiological studies 

(Viera, 2008) was used as the metric of treatment effect on survival in this analysis. 

G-CSF and IL-6 show strong, dose-dependent responses to CBLB502 in non-

irradiated rhesus macaques and dogs 

Having established dose dependence of CBLB502-induced G-CSF and IL-6 

responses in mice, we next tested whether these responses are conserved in other 

mammalian animal model species, including, most importantly, species closer to humans, 

i.e., NHPs.  

In a dog model study, groups of 6 beagle dogs were treated i.m. with either 

vehicle or CBLB502 over a wide dose range (0.3-100 μg/kg). Levels of cytokine 

biomarkers were assessed in blood plasma samples collected pre-dose, then at 0.5, 1, 2, 4, 

8, 24, 48, and 120 hours post-dose. IL-6 and other cytokines of biological or safety 

importance (IL-8, IL-10, TNFα) were evaluated in collected samples (G-CSF was not 

measured since a working assay for dog G-CSF is not commercially available). IL-6 (Fig. 

3a) and IL-8 (Supplemental Figure 4) displayed strong, roughly CBLB502 dose-

dependent increases, while IL-10 and TNFα displayed modest increases with weaker 

dose dependence (Supplemental Figure 4). IL-6 levels peaked at 2 hours after dosing and 

returned to baseline at 4-24 hours after injection depending on the CBLB502 dose level. 

Maximum observed plasma IL-6 levels were ~3,000-4,000 pg/ml on average per dose 

group after 10-100 μg/kg CBLB502 doses (~300-400-fold increases over the ~10 pg/ml 

baseline level). 

Two parallel independent studies were conducted to explore CBLB502-

responsiveness of G-CSF, IL-6 and other cytokines in non-irradiated rhesus macaques. 
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Groups of 6 (3 male, 3 female) rhesus macaques were treated i.m. with a single dose of 

CBLB502 over a wide dose range (0.3-40 μg/kg). Levels of G-CSF, IL-6, and other 

factors (GM-CSF, IL-1β, IL-8, IL-10, IL-12p70, and IP-10) were assessed in blood 

plasma samples collected pre-dose and at 0.5, 1, 2, 4, 8, 24, and 48 hours post-dose. Both 

G-CSF and IL-6 (Fig. 3b and 3c) displayed strong CBLB502 dose-dependent increases, 

and a moderate increase in IL-8 was also observed (Supplemental Figure 5). A very 

minor response was found for IL-10 levels (likely due to a weakly cross-reactive human 

assay, as found in later studies). Levels of GM-CSF and IL-1β, IL-12(p70), and IP-10 did 

not change in response to CBLB502 administration (not shown).  

CBLB502-dependent induction of G-CSF and IL-6 in NHPs followed kinetics 

similar to that observed in mice (although somewhat delayed), with IL-6 and G-CSF 

levels peaking at ~2 hours and at ~4 hours after injection, respectively. Levels of both 

cytokines returned to baseline by 24 hours post-dose, and displayed dose-dependent 

kinetics in their decline. Maximum induced levels were observed after injection of 40-

100 μg/kg CBLB502 and reached for G-CSF, ~19,300-20,400 pg/ml (~410-570-fold 

increase over the ~40-50 pg/ml baseline level); and for IL-6, 10,400-27,000 pg/ml (~460-

1,210-fold increase over the ~20 pg/ml baseline level) on average per dose group.  

CBLB502 dose-dependence of the observed increases in G-CSF and IL-6 was 

clearly illustrated by plotting the corresponding AUC values versus administered 

CBLB502 doses (Fig. 3d and 3e) and was found to be better expressed in dogs and NHPs 

than in mice.  

There were no major differences in CBLB502-elicited cytokine responses 

between male and female representatives of either dogs or rhesus macaques. 
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G-CSF and IL-6 are induced by CBLB502 in a dose-dependent manner in 

irradiated animals 

Following demonstration of CBLB502 dose-dependence of G-CSF and IL-6 

increases in non-irradiated animals, it was important to assess whether the same is true in 

irradiated animals. Such experiments were conducted in two animal species, mouse and 

rhesus macaque. 

 Groups of 24 female ICR mice were irradiated with 9 Gy TBI (or left intact), and 

1 hour later, injected i.m. with vehicle or CBLB502 (single dose within a 1.2-160 μg/kg 

range). Cytokine levels were measured in plasma samples collected from untreated mice 

and at 0.25, 0.5, 1, 2, 4, 8, and 24 hours after CBLB502 injection (3 mice were sacrificed 

for this purpose per each collection time point). AUC values for the resulting G-CSF and 

IL-6 exposures at each administered CBLB502 dose are plotted in Fig. 4a and 4b. These 

data indicated that when CBLB502 was injected close to irradiation (1 hour post-TBI), it 

resulted in somewhat higher cytokine exposures as compared to non-irradiated mice 

(probably due to the combined cytokine-increasing effects of both irradiation and the 

drug). However, the response was dose-proportional and slopes of CBLB502 dose-

dependent increases in the two cytokines remained generally similar. Moreover, the 

difference in AUC values after administration of identical CBLB502 doses in irradiated 

and non-irradiated mice was not drastic (2-3-fold). 

 The same combined effect of radiation and CBLB502 on G-CSF and IL-6 

exposures was also observed in a series of NHP studies when the drug was administered 

in close proximity to the irradiation event, either 45 minutes before TBI or 1 hour after 
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TBI. In these experiments, groups of 4-6 animals (1:1 female:male ratio) received a 

predominantly non-lethal, <LD20/40 ~5.2 Gy dose of TBI (or were left unirradiated) 

together with a single i.m. injection of vehicle or CBLB502 (single dose within a range of 

1-100 μg/kg) given either 45 minutes before TBI or 1 hour after TBI. Cytokine levels (G-

CSF, IL-6, and others) in plasma were measured pre-dose, and at 1, 2, 4, 8, 24, and 48 

hours after treatment. As shown in Fig. 4c and 4d, the achieved G-CSF and IL-6 

exposures resulting from combined cytokine-inducing effects of CBLB502 and TBI, 

significantly (~15-100-fold for CBLB502 dose levels eliciting substantial response, i.e. 

≥3  μg/kg) exceeded those produced by the same drug doses in non-irradiated animals. 

However, when CBLB502 was administered at 25 hours after a similar ~LD30/40 dose of 

5.75 Gy TBI (n= 8 per dose group; CBLB502 dose range – 0.3-10  μg/kg, time points 

assessed – 0, 0.5, 1, 2, 4, 8, 24, and 48 hours after treatment), when TBI-elicited cytokine 

elevation was already over, the resulting cytokine exposures (AUC) were much closer 

(within 3-fold for ≥3  μg/kg doses) to those seen in non-irradiated animals given the same 

CBLB502 doses (Fig. 4c and 4d). This was particularly evident in the case of G-CSF. 

The residual difference in the AUCs for IL-6 seen in non-irradiated NHPs versus NHPs 

injected at 25 hours post-TBI may be due to inter-study/inter-assay variability rather than 

actual difference in total cytokine exposures. 

 

CBLB502-induced elevation of G-CSF and IL-6 levels is an important component of 

the anti-ARS activity of CBLB502  

The value of a given biomarker as a predictor of a drug’s efficacy greatly depends 

on whether the biomarker is just a witness of or a contributor to the therapeutic effect. As 
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stated in the Introduction, an ideal biomarker is an essential component of the mechanism 

of a drug’s action or, better yet, a mediator of its effect. To determine whether G-CSF 

and IL-6 fit this criterion for CBLB502, we evaluated how their neutralization (using 

specific monoclonal antibodies) affected the ability of CBLB502 to increase survival of 

irradiated mice. C57BL/6J mice (n=40 per group) were irradiated with 9.5 Gy TBI, and 

22 hours afterwards, treated with either rat anti-mouse G-CSF monoclonal antibodies 

(IgG1), or rat anti-mouse anti-IL-6 antibodies (IgG1), or a control rat anti-mouse non-

specific IgG1. All antibodies were administered intraperitoneally (i.p.) using a previously 

established effective dose (Neta et al., 1992; Singh et al., 2011; Singh et al., 2010) of 500 

μg/mouse. Two hours later (24 hours after TBI), all mice in these groups were injected 

i.v. with 60 μg/kg CBLB502. An additional group of similarly irradiated mice was 

injected with vehicle at 24 hours after TBI. Study arms with G-CSF or IL-6 alone were 

not included since it is known that under given conditions these cytokines do not provide 

survival advantage (see (Neta et al., 1988; Uckun et al., 1990) and Discussion).  

The results of this experiment (Fig. 5) demonstrate that neutralization of either G-

CSF or IL-6 significantly reduced the radiomitigative potency of CBLB502. Only 2.5% 

of mice (1 out of 40) survived to Day 30 after TBI in the vehicle-treated negative control 

group, with deaths occurring between days 10 and 20. The CBLB502+IgG1-treated 

positive control group displayed an increase in 30-day survival of +42% over the 

negative control group (p<0.0001 by Fisher’s exact test, 18 out of 40 vs. 1 out of 40 

survival) as well as a significant (p=0.015 by log rank test) increase in the mean survival 

time of decedents (17.2 days as compared to14.6 days in the negative control group).  

Neutralization of G-CSF significantly reduced both the 30-day survival rate (0% of mice 
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survived, p<0.0001 for comparison of 0 out of 40 survival versus 18 out of 40 in the 

positive control group) and the mean survival time of decedents (p<0.0001 by log rank 

test, 13.2 days as compared to 17.2 days in the positive control group). The negative 

consequences of IL-6 neutralization were more modest, but still statistically significant. 

The mean survival time of decedents was shorter in the IL-6-neutralized group (15.1 

days) as compared to the positive control group (17.2 days) (although not significantly, 

p=0.08 by log rank test) and 30-day survival was reduced by 28% (p=0.015 by Fisher’s 

exact test for comparison to the positive control group). We cannot exclude, however, 

that the role of IL-6 in the anti-ARS activity of CBLB502 may be less prominent in mice 

than in primates because mice, in response to CBLB502, do not produce as high levels of 

IL-6 as NHPs or dogs (Fig. 3).  

As expected, induction of G-CSF and IL-6 by CBLB502 in mice was dependent 

on the presence of TLR5 (Supplemental Figure 6). 
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Discussion 

 Development of CBLB502 under the FDA’s Animal Rule requires identification 

of efficacy biomarkers that will allow projection of a human efficacious dose based on 

animal efficacy data. The results described above define two cytokines induced in 

response to CBLB502 administration, G-CSF and IL-6 (specifically the AUC of the 

elicited response), as candidate biomarkers of CBLB502 efficacy that comply with the 

requirements of the Animal Rule.  

First, the beneficial effect of CBLB502 on survival of lethally irradiated animals 

is strictly TLR5-dependent and is not observed in TLR5 KO mice. CBLB502-elicited 

elevation of G-CSF and IL-6 is also strictly TLR5-dependent. Therefore, the selected 

candidate cytokine biomarkers are not simply pharmacodynamic readouts of CBLB502 

activity, but rather reflect the potency of CBLB502’s interaction with its receptor, TLR5, 

which is the keystone of its anti-ARS activity.  

Second, CBLB502 causes dose-dependent elevation of G-CSF and IL-6 in non-

irradiated animals as well as in irradiated animals. While irradiation potentiates induction 

of G-CSF and IL-6 by CBLB502, it does not affect the dose-proportionality of the 

responses and its effect is short-lasting (e.g., CBLB502-induced cytokine release in NHPs 

at 25 hours after irradiation is nearly identical to that in non-irradiated animals).  

Third, both G-CSF and IL-6 elevations are induced by a range of CBLB502 doses 

that shows both radioprotective and radiomitigative efficacy in mice. Moreover, 

CBLB502-elicited changes in cytokine levels are strongly correlated with CBLB502-

elicited effects on survival of lethally irradiated mice. Studies aimed at demonstrating 
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similar relationships in additional species (e.g., NHPs) are underway and will be reported 

elsewhere.  

Fourth, the selected biomarkers are similarly responsive across three diverse 

tested species (mouse, rhesus macaque, and dog). Confirmation of similar responsiveness 

of these biomarkers in humans is ongoing and represents a critical step for the ultimate 

proof of their utility for dose conversion.  

Fifth, both G-CSF and IL-6 play important roles in CBLB502’s mechanism of 

action as a radiation countermeasure. This is well-illustrated by our finding that 

neutralization of either cytokine by specific antibodies significantly reduced the 

radiomitigative efficacy of CBLB502. In addition, there is a large body of literature on 

the biological activities of these cytokines, including anti-ARS activity, which supports 

the likelihood that they mediate, at least in part, the anti-ARS activity of CBLB502. The 

relevant literature is summarized briefly below. 

G-CSF is known to increase the survival, proliferation, and differentiation of the 

granulocyte progenitors that produce neutrophils (Roberts, 2005). There is general 

agreement that G-CSF is an acceptable treatment for human subjects exposed to ≥3 Gy 

TBI alone, or ≥2 Gy TBI in the presence of mechanical trauma and/or burns (combined 

injury). G-CSF is available as a treatment agent in current radiation countermeasure 

stockpiles that have been developed in the U.S. and by the World Health Organization 

(Dainiak, 2010). Recently, we found that G-CSF is a principal mediator of the 

radioprotective activity of tocopherol succinate (Singh et al., 2011; Singh et al., 2010), 5-

androstenediol and gamma-tocotrienol ((Singh et al., 2012) and unpublished 

observations). 
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IL-6 accelerates multi-lineage hematopoietic (HP) recovery following radiation-

induced HP injury (Patchen et al., 1991). It also induces proliferation of cells of the 

megakaryocyte lineage and platelet production, and reduces thrombocytopenia (low 

platelet count) (Zeidler et al., 1992). Importantly, thrombocytopenia was found to be a 

good predictor of survival in an NHP ARS model (Stickney et al., 2007). Unlike G-CSF, 

IL-6 cannot rescue irradiated animals on its own. However, when used in combination 

treatments, it was shown to greatly augment the effects of other radioprotectors, such as 

G-CSF and IL-1β (Neta et al., 1988; Patchen et al., 1993). The importance of IL-6 in 

radiation resistance of the organism is underscored by the fact that its neutralization 

greatly increased ARS-associated mortality in mice (Neta et al., 1992). 

It is important to underscore that the anti-ARS activity of CBLB502 cannot be 

reduced to induction of either of these cytokines. Thus, even in its optimal treatment 

regimen recombinant G-CSF, which on its own was able (under certain conditions) to 

rescue lethally irradiated mice and NHPs (Bertho et al., 2005; Uckun et al., 1990), was 

less effective compared to a single injection of CBLB502. Unlike CBLB502, G-CSF was 

incapable of rescuing mice when administered 24 hours after lethal TBI (Uckun et al., 

1990), the regimen used in the present study. A single injection of CBLB502 0.5 hours 

before supralethal (~13 Gy) TBI was efficacious in mice with dose modification factor 

(DMF) of ~1.6 (Burdelya et al., 2008), while G-CSF given 2 hours after TBI (at time 

equivalent to G-CSF spike induced by pre-TBI CBLB502) failed to rescue mice from 

>10.5 Gy TBI, and had DMF of ≤1.2 in any regimen (Hosoi et al., 1992; Sureda et al., 

1998). Another principal difference is that in NHPs, CBLB502 primarily acted against 

thrombocytopenia (Burdelya et al., 2008), the major correlate of ARS-induced mortality 
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in primates (Stickney et al., 2007), whereas G-CSF mostly mitigated neutropenia 

(MacVittie et al., 1996). Interestingly, previous studies indicate that co-treatment with IL-

6 enhances the G-CSF-mediated acceleration of post-irradiation HP recovery (Patchen et 

al., 1993). Therefore, G-CSF and IL-6 are likely act in concert with each other and with 

additional yet to be defined TLR5-induced factors.  

It is also important to note that the effects of exogenously delivered cytokines on 

the organism’s response to radiation are expected to be (and in fact are) different from 

those obtained with CBLB502 treatment because: (1) although G-CSF and IL-6 play 

crucial roles in CBLB502’s mechanism of action, there are likely additional CBLB502-

modulated factors involved as well; and (2) the pharmacokinetics and local tissue 

concentrations of exogenously delivered cytokines differ from those of endogenous 

cytokines produced in response to CBLB502 by specific cells in specific tissues at 

defined points in time. Finally, from a technical standpoint, G-CSF and IL-6 possess one 

more essential biomarker property: their levels can be easily and quantitatively measured 

using samples obtained through a simple, relatively non-invasive procedure (peripheral 

blood draw) together with validated assays that are currently available. 

Ongoing work is focused on validating G-CSF and IL-6 as CBLB502 efficacy 

biomarkers in irradiated NHPs and assessing their responses in humans. Completion of 

these final steps in the biomarker selection process will allow actual animal-human dose 

conversion, a critical step in successful development of CBLB502 as a novel radiation 

countermeasure with strong potential to alter the impact of nuclear and radiological 

events.  
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Figure Legends  

Figure 1. Dose-dependent effect of CBLB502 on 30-day survival of lethally 

irradiated mice. (a) Kaplan-Meier curves illustrating mouse survival for 30 days 

following TBI. Female ICR mice (12/group) were injected i.m. with vehicle or one of the 

indicated doses of CBLB502 and irradiated with 10 Gy TBI 30 minutes later. (b) 

CBLB502 dose response of 30-day survival in the same study as shown in (a), with filled 

markers indicating statistically significant difference vs. vehicle control group (p<0.05 by 

two-tailed Fisher’s exact test). (c) Kaplan-Meier curves illustrating mouse survival for 30 

days following TBI. 40 female C57BL/6J mice per group were irradiated with 9.5 Gy 

TBI and injected s.c. with either vehicle or the indicated doses of CBLB502 24 hours 

later. (d) CBLB502 dose response of 30-day survival in the same study as shown in (c), 

with filled markers indicating statistically significant difference vs. vehicle control group 

(p<0.05 by two-tailed Fisher’s exact test). 

 

Figure 2. G-CSF and IL-6 responses in non-irradiated mice. (a) and (b). Time-

dependent changes in G-CSF and IL-6 plasma levels, respectively, in non-irradiated 

female ICR mice injected i.m. with either vehicle or the indicated doses of CBLB502. 

Each data point represents the mean ± SD cytokine concentration measured in plasma of 

6 mice. (c) and (d). Time-dependent changes in G-CSF and IL-6 plasma levels, 

respectively, in non-irradiated female C57BL/6J mice injected s.c. with either vehicle or 

the indicated doses of CBLB502. Each data point represents the mean ± SD cytokine 

concentration measured in plasma of 6 mice. (e) and (f). Congruence of the CBLB502 

dose response of survival and cytokine induction in ICR and C57BL/6J mice, 
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respectively. For ICR mouse studies, the cumulative data from several similar 

experiments is presented. Cytokine data points represent natural logarithm of mean 

AUC(0-24) increases per dose group. Dashed line represents four-parameter sigmoid 

(Emax) curve fit for the survival data (represented as natural logarithm of survival odds 

ratio of treatment vs. control group).  

 

Figure 3. G-CSF and IL-6 responses in rhesus macaques and dogs.  (a). Time-

dependent changes in IL-6 plasma levels in non-irradiated male and female beagle dogs 

(n=6, 1:1 sex ratio) injected i.m. with either vehicle or the indicated doses of CBLB502. 

Each data point represents the mean ± SD. (b) and (c). Time-dependent changes in G-

CSF and IL-6 plasma levels in non-irradiated male and female rhesus macaques (n=6, 1:1 

sex ratio) injected i.m. with either vehicle or the indicated doses of CBLB502. Each data 

point represents the mean ± SD. (d) and (e). CBLB502 dose-dependent changes in 

exposures [AUC(0-24)] to G-CSF (d) and IL-6 (e) in the three treated species: mouse, 

dog and rhesus macaque. Mean data per dose group are shown. Dashed lines represent 

linear regression trend lines (in log-log coordinates). 

 

Figure 4. Comparison of CBLB502 dose-dependent G-CSF and IL-6 exposures in 

non-irradiated versus irradiated mice and rhesus macaques.  (a) and (b). Mean G-

CSF and IL-6 exposures [AUC(0-24)] at indicated CBLB502 dose levels in ICR mice. (c) 

and (d). Mean G-CSF and IL-6 exposures [AUC(0-24)] at indicated CBLB502 dose 

levels in rhesus macaques. Dashed lines represent linear regression trend lines (in log-log 

coordinates).  
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Figure 5. Influence of G-CSF or IL-6 neutralization on the radiomitigative efficacy 

of CBLB502 in mice. (a). Experimental scheme. Groups of 40 C57BL/6J female mice 

were exposed to 9 Gy TBI. At +22 hours relative to irradiation, the mice were injected 

i.p. with anti-G-CSF, anti-IL-6 or control IgG antibodies and then injected i.v. with 60 

µg/kg CBLB502 2 hours later. The “vehicle” control group received 9 Gy TBI and i.v. 

injection of the vehicle at +24 hours. (b) Kaplan-Meier curves illustrating mouse 

mortality kinetics for 30 days after TBI. 
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