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BBT-059, a long-acting PEGylated interleukin-11 (IL-11)
analog that is believed to have hematopoietic promoting and
anti-apoptotic properties, is being developed as a potential
radiation medical countermeasure (MCM) for hematopoietic
acute radiation syndrome (H-ARS). This agent has been
shown to improve survival in lethally irradiated mice. To
further evaluate the drug’s toxicity and safety profile, 12
naive nonhuman primates (NHPs, rhesus macaques) were
administered one of three doses of BBT-059 subcutaneously
and were monitored for the next 21 days. Blood samples
were collected throughout the study to assess the pharmaco-
kinetics (PK) and pharmacodynamics (PD) of the drug as
well as its effects on complete blood counts, cytokines, vital
signs, and to conduct metabolomic studies. No adverse effects
were detected in any treatment group during the study.
Short-term changes in metabolomic profiles were present in
all groups treated with BBT-059 beginning immediately after
drug administration and reverting to near normal levels by
the end of the study period. Several pathways and metabo-
lites, particularly those related to inflammation and steroid
hormone biosynthesis, were activated by BBT-059 adminis-
tration. Taken together, these observations suggest that
BBT-059 has a good safety profile for further development
as a radiation MCM for regulatory approval for human

use. © 2024 by Radiation Research Society
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INTRODUCTION

Exposures to ionizing radiation are an increasing threat
in the current geo-political scenario. These exposures can
bring about a variety of damaging health consequences
which correspond to the dose of radiation received (/, 2).
Accordingly, radiological/nuclear preparedness and radia-
tion countermeasures (MCMs) are security issues for the
individual as well as for the nation (3-6). Ionizing radiation
exposures can result in different types of radiation injuries
requiring diagnostic and therapeutic measures. The clinical
progression of acute radiation syndrome (ARS) depends on
the absorbed radiation dose and the tissues affected (7).
Clinical manifestations of ARS in humans include hemato-
poietic ARS (H-ARS) (2-6 Gy), gastrointestinal ARS (GI-
ARS) (>6 Gy), and neurovascular (>10 Gy) subsyndrome
(8). Individuals exposed to radiation resulting in H-ARS
and GI-ARS have been the focus for the development of
MCMs, as the neurovascular subsyndrome is considered
incurable. At this time, the United States Food and Drug
Administration (U.S. FDA) has approved the use of seven
agents for H-ARS (Neupogen, Neulasta, Udenyca, Stimu-
fend, Ziextenzo, Nplate, and Leukine), all of which require
post-exposure administration as these are radiomitigators
(9-22). Neupogen, Neulasta, Udenyca, Stimufend, Ziex-
tenzo, and Leukine stimulate the production of neutro-
phils while Nplate stimulates platelet production. MCMs
used prior to exposure are known as radioprotectors. Radio-
mitigators are needed for the treatment of victims of radio-
logical/nuclear events while radioprotectors are required for
use by military and first responders. No radioprotector has
yet been approved by the U.S. FDA, though there are several
under development (23-27).

Interleukin 11 (IL-11) is a member of the IL-6 family
which possesses well-characterized biological actions includ-
ing stimulatory and maturational actions on megakaryocyto-
poiesis and thrombocytopoiesis, along with anti-inflammatory
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and cytoprotective effects on GI crypts and hematopoietic
progenitors (28, 29). This agent also belongs to the gp130
family of cytokines; IL-11 is the only member which acts on
a homodimer of the ubiquitously expressed gpl130 co-
receptor. Responsiveness of cells is determined by the pres-
ence of the IL-11 receptor alpha which is present on the wide
range of cells (28). Because of this, the possibility exists that
certain cells may not be responsive to IL-11 due to the lack of
the IL-11 receptor alpha expression (30). IL-11 is a drug
(Neumega/Oprelvekin, Wyeth Pharmaceuticals Inc. Philadel-
phia, PA) currently in clinical use for chemotherapy-induced
thrombocytopenia. Recombinant human IL-11’s therapeutic
efficacy for the above indications has also been investigated
(29, 31, 32). The eftects of rhulL-11 on thrombocytopenia and
neutropenia have been investigated preclinically using both
small and large animal models of radiation injury (33—-36).

BBT-059 is a long-acting PEGylated IL-11 analog cre-
ated using site-specific PEGylation technology and modi-
fied with a single branched 40 kDa-PEG at a cysteine
residue (PEG-*179C) incorporated at the protein’s C-termi-
nus. BBT-059 is believed to bring about its biological
effects such as the ability to stimulate the production of
platelets, red blood cells, and to a lesser extent neutrophils by
binding and activating the IL-11 receptors on cells. Hema-
topoietic and anti-apoptotic effects on many cell types by
IL-11 and BBT-059 may be important for improving sur-
vival after lethal irradiation in the murine model (29, 36—
38). Unlike FDA-approved growth factors for ARS, BBT-
059 has been shown to improve radiation-induced neutro-
penia as well as thrombocytopenia (37, 38). In addition,
BBT-059 is being developed as a potential treatment for
thrombocytopenia, myelodysplastic syndromes, bleeding
disorders, and acute kidney injury associated with ischemia
reperfusion injury (39).

This study was conducted to assess the pharmacokinetics
(PK) and pharmacodynamics (PD) of varying doses of
BBT-059 and the concomitant metabolic changes using a
nonhuman primate (NHP) model. PK and PD studies are a
necessary step in drug development that allow for the
establishment of plasma target concentration ranges as well
as dose-response relationships (40). Metabolomics studies
were also performed to determine the various metabolites
and pathways stimulated or inhibited by BBT-059 adminis-
tration. Numerous prophylactic radiation MCMs under devel-
opment have been used to study metabolomics, including
amifostine (4/—44), BIO 300 (27, 45, 46), Ex-Rad (47), and
gamma-tocotrienol (26, 48-50).

The study was performed with 12 NHPs; four animals
each were administered either 37.5, 75, or 150 pg/kg of
BBT-059. The NHP model is known as the gold standard
of animal models for developing radiation MCMs follow-
ing the U.S. FDA Animal Rule and also for identifying and
validating biomarkers for radiation injury and MCM effi-
cacy (51). Three doses of BBT-059 were evaluated for PK/
PD and metabolomics. The results of this study suggest
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that BBT-059 induces short-term changes in metabolomic
profiles and stimulates pathways related to inflammation
and steroid hormone production with no adverse side
effects observed.

MATERIALS AND METHODS

Experimental Design

The primary objective of this study was to investigate the PK/PD
profile of BBT-059 in rhesus NHPs as well as the metabolomic
changes induced by drug administration. A total of 12 NHPs, divided
into three groups with four animals per group, received single subcu-
taneous (SC) doses of BBT-059. Three different doses of BBT-059
(37.5 pg/kg, 75 pg/kg and 150 pg/kg; injection volume based on
body weight not to exceed 1.33 ml) were used. The doses of BBT-
059 selected for this study were allometrically scaled from previous
studies conducted in a murine model, which demonstrated promising
preliminary results (37, 38). In brief, we used allometric scaling to
extrapolate doses from mice to NHPs using information provided in
the FDA Center for Drug Evaluation and Research (CDER) docu-
ment (52). The PK/PD experiments in this study used the dose of
0.075 mg/kg, a twofold lower dose of 0.0375 mg/kg, and a twofold
higher dose of 0.150 mg/kg. It has been reported that a single SC
injection of 1.2 mg/kg BBT-059 in mice was safe (37). A dose of
1.2 mg/kg in mice is equivalent to a dose of 0.3 mg/kg for NHPs using
allometric scaling, so the highest 0.15 mg/kg dose tested in NHPs was
below a dose found to be safe in mice. The study lasted for 21 days
post-drug administration. Blood samples were collected sequentially for
complete blood counts (CBCs), cytokines, PK, PD, and metabolomic
studies. Vital signs (weight, temperature, heart rate, and blood pressure)
were also measured throughout the study period. The blood collection
schedule and overall experimental design are depicted in Fig. 1.

Animals

A total of 12 naive rhesus macaques (Macaca mulatta), six males
and six females, 42-71 months of age, weighing 4.1-8.0 kg, were
quarantined for 35 days prior to initiation of the study. All animals
met the pre-screening requirements before they were shipped to the
testing facility for inclusion in the study. Animal quarantine, exclu-
sion criteria, housing, health monitoring, care, and enrichment during
the experimental period have been described in detail earlier (53—
55). Animals were stratified by gender and body weight increases
during the quarantine period using Provantis software (Philadelphia,
PA) and then assigned to different treatment groups. All rhesus
macaques were given unique tattoo identification numbers. This dis-
tinctive four-digit number was used in the study data collection sys-
tems. All procedures involving animals were approved by the
Institutional Animal Care and Use Committee (Southern Research
Institute #19-10-047F) and the Department of Defense Animal Care
and Use Review Office (ACURO). This study was carried out in
accordance with the recommendations provided in the Guide for the
Care and Use of Laboratory Animals (56).

Cage-side Animal Observations

Animals were observed a minimum of twice per day (morning and
afternoon rounds) for the entirety of the quarantine and study periods
(57). No adverse reactions were observed during this study.

Drug Preparation and Administration

On the afternoon of the day prior to the scheduled dosing day, the
BBT-059 container was transferred from —70°C frozen storage to a
refrigerator to maintain 2-8°C, and was allowed to thaw overnight.
The next day, the thawed drug container was removed from the
refrigerator, mixed by gentle inversion 10 times, and kept on wet ice
prior to dosing.

Animals were weighed two days before drug administration to
determine the volume of drug to be administered to each animal. The
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FIG. 1. Experimental design of the NHP study to investigate the impact of BBT-059 administration on

serum metabolomics.

injection site preparation and other processes have been discussed
earlier (45). BBT-059 was then administered by SC injection into the
upper back between the shoulder blades. All injection sites were
monitored for any signs of reaction or irritation for 24 h.

Vital Signs

Vital signs including heart rate (via pulse oximetry or palpation),
blood pressure, temperature, and weight were collected at varying blood
collection timepoints as described in detail earlier (58). For blood collec-
tion, NHPs were restrained in a chair using the pole and collar technique
to avoid repeated sedation. Under such situation, it was not practicable
to measure the respiratory rate of the NHPs.

Blood Sample Collection

Blood was collected from a peripheral vessel (either saphenous or
cephalic vein) as described earlier (59). The desired volume of blood
was collected with a 3 ml disposable luer-lock syringe with a 25-
gauge needle. Whole blood collected in ethylenediaminetetraacetic
acid (EDTA) blood collection tubes (Sarstedt Inc., Newton, NC) was
used for CBC and for PK analysis, and serum separator tubes (Bec-
ton-Dickinson, Franklin Lakes, NJ) were used to collect blood for
PD analysis.

Hematology (CBC) Analysis

Approximately 0.5 ml of blood was collected into EDTA tubes for
CBC counts and was tested using a Heska Element HT5 hematology
analyzer (Colorado, DEA). Parameters evaluated include white blood
cell count, red blood cell count, hemoglobin, and hematocrit in addi-
tion to platelet, neutrophil, lymphocyte, monocyte, eosinophil, and
basophil counts (60). CBC analysis was performed for 14 timepoints
in total; day —7, day —1 and O h prior to drug administration, and 4 h,
days 1-7, 10, 14, and 21 post-drug administration.

Multiplex Analysis of Cytokines

A Luminex 200 analyzer (Luminex Corp, Austin, TX) was used to
detect the cytokines, chemokines, and growth factors in the serum
using custom-made 48-plex multiplex kits (Bio-Rad Laboratories,
Hercules, CA). A list of these 48 cytokines has been mentioned ear-
lier (6/). Standard curves for each cytokine were prepared by serial
dilution and run in duplicates. Cytokine concentration (pg/ml) was
determined by fluorescence intensity and its quantification was per-
formed using Bio-Plex Manager software, version 6.1 (Bio-Rad Inc.).
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PK Analysis

Bioanalysis of plasma samples to measure BBT-059 concentra-
tions was performed using a commercially available ELISA, RayBio
Human IL-11 ELISA (RayBiotech, ELH-IL-11, Peachtree Corners,
GA), a sandwich-based ELISA assay. As previously stated, four ani-
mals (n = 4) were administered one of the three doses (37.5, 75 or
150 pg/kg). Whole blood samples were collected into EDTA tubes
prior to drug administration on day —7 and at O h, and samples col-
lected at 0.25, 0.5, 1, 2,4, 8 and 16 h, and on days 1, 3, 7, 14 and 21
were used to assess the concentration of the drug over time (168 sam-
ples total). The tubes were inverted slowly 8—10 times, and were then
placed on a rocker. Once samples were adequately mixed, samples
were centrifuged, and plasma was carefully isolated from the whole
blood layer. Samples were stored frozen at —=70°C.

The BBT-059 standards of 200 ng/ml to 0.82 ng/ml were prepared
by threefold serial dilutions of BBT-059, and were prepared fresh on
the day of the assay in 5% rhesus NHP plasma (Cat. No. 028-
APEK?2-PMG, Biochemed, Winchester, VA) in assay diluent A (sup-
plied with the ELISA kit). The 0 ng/ml standard was 5% rhesus NHP
plasma in assay diluent A. Test samples from the study were diluted
at least 20 fold into assay diluent A and all subsequent threefold
serial dilutions were performed in 5% rhesus NHP plasma in assay
diluent A. The ELISA contains an antibody specific for human IL-11
pre-coated onto a 96 well microplate. BBT-059 standards and BBT-
059 test samples were measured into the wells in duplicate, incubated
at room temperature for 2.5 h with gentle shaking, and any BBT-059
that was present was bound by the immobilized antibody. After
washing away any unbound substances, a biotinylated anti-human
IL-11 antibody was added to the wells and incubated at room temper-
ature for 1 h with gentle shaking. Plates were washed to remove
unbound biotinylated antibody. Horseradish peroxidase-conjugated
streptavidin was added to the wells and incubated at room tempera-
ture for 45 min with gentle shaking. The wells were again washed,
and then TMB (3,3',5,5" tetramethylbenzidine) substrate solution
was added to the wells for 30 min. Color develops in proportion to
the amount of BBT-059 bound in the initial incubation step. The
color development was stopped and the intensity of the color was
measured at 450 nm with a Molecular Devices Versamax Plate
Reader with SoftMax Pro 5.4.1 software (San Jose, CA). The absor-
bance values for the duplicate BBT-059 standards and test samples
were averaged. The software, SoftMax Pro 5.4.1, created a standard
curve using a 4-parameter logistic fit, and then determined the con-
centration of each BBT-059 test sample using this standard curve.
The calculated concentration of each BBT-059 test sample was then
multiplied by the appropriate dilution factor for the final calculated
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BBT-059 concentration. Pharmacokinetic parameters were esti-
mated using Phoenix 64 WinNonlin pharmacokinetic software
Build 8.1.0.3530 (Certara L.P.). A non-compartmental approach
consistent with the subcutaneous route of administration was used
for parameter estimation. The area under the protein concentra-
tion versus time curve (AUCg.)), AUCg. divided by the dose
administered (AUC(./D), the area under the concentration ver-
sus time curve from time zero to infinity (AUCg.o0)), AUC0-o0)
divided by the dose administered (AUCy.o)/D), the maximum
systemic drug concentration (Cy,,x), time to peak plasma concen-
tration (T,,,x), and the half-life (T;/,) of the drug were calculated
by the WinNonlin program.

Serum Metabolomics using Ultra-High-Performance Liquid
Chromatography with Quadrupole Time-of-Flight Mass Spectrometry
(UPLC QTOF MS) Analysis

Whole blood was collected in a serum separator tube on day —7,
day —1, and at O h to determine the baseline concentrations of serum
metabolites, at 0.5, 1, 2, 4, 16 h, and on days 1, 3, 7, 14, and 21.
Upon sample collection, blood was allowed to clot for a minimum of
30 min. The tube was then placed in a centrifuge to separate the
serum. The serum was removed from the tube and placed in a cryo-
genic storage tube and stored at —80°C until analysis. Metabolite
extraction and analysis using UPLC QTOF MS are described in
detail earlier (45, 62).

Data Processing and Statistical Analysis

For vital signs, CBC, and cytokine data, mean values with standard
errors were reported. One-way analysis of variance (ANOVA) with a
Tukey post-hoc test was used to detect significant differences
between treatment groups at each timepoint. Additionally, repeated
measures two-way ANOVA tests with Bonferroni corrections were
also performed for vital signs, CBC, and cytokine data to assess the
effects of drug administration over the course of the study within
each treatment group. The baseline, which was established by aver-
aging the pre-drug administration timepoints (days —7, —1, and O h),
was compared to post drug administration timepoints to assess sig-
nificant differences over time within treatment groups. Statistical
software SPSS version 22 (IBM, Armonk, NY) was used for all sta-
tistical analyses, and P values less than 0.05 were considered statis-
tically significant.

For metabolomics, data were log transformed and scaled following
feature detection; statistical comparisons were performed to follow
longitudinal changes in metabolomic profiles and their possible
impact on the phenotype. Untargeted metabolomic raw data files
were first converted to the NetCDF file format using the Databridge
tool in MassLynx (Waters Corporation, Milford, MA). All parame-
ters for peak picking were optimized by IPO (63) (Isotopologue
Parameter Optimization) R package then processed by XCMS (64)
package. Data was normalized based on the internal standard and
QC-RLSC (QC robust LOESS signal correction (65)). Other details
of data analysis are described earlier (45).

RESULTS

In this study, vital signs, CBC, cytokine, PK/PD, and
metabolomic data were analyzed to assess the overall
safety and toxicity profile of BBT-059. No adverse reac-
tions to drug administration were noted in any of the treat-
ment groups. Additionally, no treatment-related adverse
effects on any of the animals were noted.

BBT-059 Administration Showed Minimal Effects
on Vital Signs

Vital signs of each animal were also recorded on blood
collection days. All groups generally followed similar
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trends in vital signs parameters throughout the study. Mini-
mal significant differences were observed between differ-
ent dose groups at each timepoint in any of the vital sign
parameters (body temperature, heart rate, body weight, sys-
tolic and diastolic blood pressure) analyzed. Similarly, min-
imal significant differences were noted when comparing
pre-drug administration timepoints to post drug administra-
tion timepoints within each treatment group. This suggests
that within the dose ranges studied, the drug may not have a
significant effect on the vital signs of the subjects, pointing
towards a potential acceptable safety profile of BBT-059 at
these doses. To provide a visual representation of these data,
figures for vital signs data are presented in Supplementary
Fig. S1; https://doi.org/10.1667/RADE-23-00194.1.51°.

BBT-059 Increased Platelet and Neutrophil Counts

Various samples were collected from a total of 12 ani-
mals (n = 4; 37.5, 75 and 150 pg/kg) throughout the course
of the study and were analyzed. CBC samples were ana-
lyzed starting seven days prior to drug administration and
continued until 21 days post-drug administration. The
graphs for CBC parameters, including platelet and neutro-
phil counts, are presented in Supplementary Figs. S2 and
S3 (https://doi.org/10.1667/RADE-23-00194.1.S1). BBT-059
administration stimulated some notable changes in CBC
counts. Each treatment group generally followed similar trends
throughout the course of the study. Platelet counts increased
beginning on day 4 in all treatment groups, peaked between
days 7 to 10, and decreased toward pre-administration lev-
els by the end of the study. For neutrophils, counts sharply
increased within the first 24 h after BBT-059 administra-
tion in all groups, and decreased to pre-administration lev-
els by the end of the study. There were some changes in
other cell types, such as a drop in lymphocytes and an ele-
vation in monocytes at some timepoints with the highest
dose of BBT-059 compared with normal range (66). The
lymphocyte changes we observed were dose dependent,
which suggests the lymphocyte decrease was drug related.
When comparing between treatment groups at different
timepoints, isolated instances of significance were noted.
Monocyte counts were consistently higher for the most part
in the 150 pg/kg treatment group, and many of these instances
were significant. Additional comparisons were performed to
assess significant differences between pre-drug administration
timepoints and post drug administration timepoints within the
three treatment groups. Significant decreases in RBC, HGB,
and HCT% were noted in all three treatment groups at various
timepoints, while platelet counts were significantly increased
in all treatment groups at various timepoints post drug admin-
istration. For all parameters analyzed, post drug administra-
tion counts were generally not significantly different when

*Editor’s note. The online version of this article (DOI: https://doi.
org/10.1667/RADE-23-00194.1) contains supplementary information
that is available to all authorized users.
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comparing to pre-drug administration counts in each treat-
ment group by the end of the study.

Cytokine Response to BBT-059 Administration

Similar to CBC results, cytokine concentrations typically
followed similar trends between treatment groups through-
out the study. Some notable cytokines including IL-16 and
tumor necrosis factor-ot (TNF-o) showed an earlier increase
in concentration related to BBT-059 administration, with
the concentrations in all groups increasing beginning 0.5 h
post-administration and lasting through day 1. Increases in
concentrations of other cytokines including granulocyte
colony-stimulating factor (G-CSF), IL-4, stromal cell-
derived factor-1o. (SDF-1a, also known as C-X-C motif
chemokine 12), and IL-9 were noted later in the study,
beginning on days 1, 3 or 7 and lasting throughout the 21-
day period. When comparing between treatment groups at
different timepoints, significant differences were noted in
several cytokines; however, the trends in concentrations
mimicked similar patterns over the course of the study in
all treatment groups, and the concentrations of one treat-
ment group were not consistently higher or lower than the
others. Additional comparisons were performed to assess sig-
nificance within treatment groups. Significant increases in
concentrations of TNF-a,, TNF-p, IL-4, IL-9, SCF, and SDF-
1o were observed when comparing post drug administration
timepoints to the pre-drug administration timepoints within
treatment groups, indicating that BBT-059 administration
stimulated these responses. To illustrate these observations,
figures displaying the cytokine concentrations throughout the
study are included in Supplementary Figs. S4-S6 (https://doi.
org/10.1667/RADE-23-00194.1.S1). These figures allow for
a clear and comprehensive understanding of the temporal
cytokine response patterns post-BBT-059 administration,
thereby serving as a valuable resource for evaluating the
immunomodulatory effects of the drug.

BBT-059 Displayed Dose-Dependent PK Parameters

PK analysis of plasma samples demonstrated that plasma
concentrations of BBT-059 were highest within the 24 h
period after drug administration, and gradually declined
thereafter (Fig. 2). An increased dose of BBT-059 was
associated with an increased C,,,,, increased AUC, and
increased terminal half-life of the drug. Greater similarities
between the 37.5 and 75 pg/kg groups were noted when
compared to the 150 pg/kg group. For example, the plasma
concentration time profiles [AUC (g.r) and AUC (q_ins)] Were
proportional in the 37.5 and 75 pg/kg groups, but supra-
proportional to the 150 pg/kg group. When divided by
dose, AUC (o.y/D and AUC (oinp/D were similar in the
37.5 and 75 pg/kg groups, but nearly two-fold higher in
150 pg/kg group, suggesting a supra-proportional increase
in AUC with BBT-059 doses greater than 75 pg/kg. The
observed maximum plasma concentration of the drug,
known as C,.x was consistently increased with higher
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Pharmacodynamic analysis of BBT-059
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FIG. 2. Pharmacokinetic analysis to assess the concentration of
BBT-059 over time (37.5 pg/kg, 75 pg/kg and 150 pg/kg). Data are
means * standard deviations for 4 animals per group.

doses of the drug. Lastly, it was found that T,,,x occurred
earlier in the 37.5 pg/kg group compared to the 75 and 150
png/kg groups. Sex-specific differences were unable to be
determined due to the small number of animals in each
treatment group (2 males and 2 females per dose). A sum-
mary of each of these parameters for each group can be
viewed in Table 1.

It is important to note that the 0 ng/ml BBT-059 stan-
dard, the pre-drug exposed NHP plasma samples, and late
time point NHP plasma samples were negative for BBT-
059 (below the limit of quantification). The ELISA kit
used in this study could not distinguish between human IL-
11 and BBT-059 except for sensitivity. Human and NHP
IL-11 share 94% amino acid homology (67). Therefore, it
is likely NHP IL-11 could have been detected by the
human IL-11 ELISA kit used in this study. Plasma samples
determined to contain BBT-059 could be measuring a com-
bination of BBT-059 and endogenous NHP IL-11. There-
fore, plasma samples determined to be below the lower
limit of quantification of BBT-059 are probably also below
the lower limit of detection of NHP IL-11.

BBT-059 Administration Stimulated Acute Changes in
Serum Metabolomic Profiles that Returned to Pre-
Administration Levels by the End of the Study Period

Untargeted metabolomics was performed on the 168
serum samples collected both pre- and post-drug adminis-
tration from each of the three dose groups. A total of 2,113
and 763 features were detected in the positive and negative
electrospray ionization (ESI) modes, respectively. Principal
component analysis (PCA) was performed to evaluate the
differences between the serum metabolomic profiles before
and after drug administration for each treatment group.
Metabolomic profiles were compared for each dose group
following drug administration to assess dose-dependent
changes induced by BBT-059 administration as compared
to baseline abundance. A comprehensive list of all
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TABLE 1
Summary of BBT-059 Single Dose PK Parameters in NHPs®
Dose Animals Tmax (h) Cinax (ng/mL) AUCg.y) (ng h/ml) AUC ¢.inf) (ng h/ml) Ty, (h)
37.5 pg/kg All 6=*2 330 = 120 7,608 + 1,484 7,922 * 1,442 9.8 2.0
Males 6=*2 287 = 50 7,037 £ 870 7,459 = 905 11.4 = 0.8
Females 6+2 373 £ 124 8,180 + 1,376 8,385 + 1,368 82*0.5
75 pg/kg All 14 =8 389 = 100 14,526 = 3,060 15,386 = 2,851 182 = 2.7
Males 16 = 8 365 £ 72 13,033 = 1,162 14,126 = 709 17.0 = 2.7
Females 12+4 413 =92 16,018 = 2,870 16,646 = 2918 19.3 £0.9
150 pg/kg All 14 x4 1,144 = 316 55,189 * 16,327 56,167 = 16,050 212+ 1.0
Males 12*+4 1,241 * 283 64,362 = 13,856 65,270 = 13,450 21.7 £0.7
Females 16 =0 1,048 + 225 46,016 = 6,291 47,065 = 6,306 20.7 = 0.8

* Data are means = SD for 4 animals per group for all animals (2 males, 2 females) and means = SEM for 2 animals per group for males

and females separately.

metabolites screened in this study can be viewed in Supple-
mentary Table S1 (https://doi.org/10.1667/RADE-23-
00194.1.S2). Additionally, comprehensive metabolite and
pathway analysis data for each treatment group can be
viewed in Supplementary Tables S2-S7.

Overall, BBT-059 generally induced acute changes in
metabolomic profiles after administration which fluctuated
throughout the study, before returning to near baseline lev-
els by the end of the 21-day study period. Volcano plots
were also constructed based on peak intensities of each
metabolite for each dose to view additional metabolomic
changes induced by BBT-059. The administration of

metabolomic profiles in all treatment groups. For the early
hourly timepoints, the majority of significant metabolites
were upregulated, which peaked at around the 4-h time-
point for the 75 and 150 pg/kg treatment groups, and then
shifted to majority downregulated. Interestingly, the
period of significant upregulation lasted longer for the
37.5 pg/kg group up until the 16 h timepoint. By day 1,
the majority of all treatment groups experienced signifi-
cant downregulation. This pattern of upregulation and
downregulation can be viewed in the volcano plots in Fig.
3, which exhibit the 4 h and day 1 timepoints compared to
the pre-drug administration timepoints in each treatment

BBT-059 induced early, modest upregulation in  group.
A 37.5 uglkg — 4 h C 75 ug/kg -4 h E 150 pg/kg — 4 h
@® NS. @ Log(base2)FC ® p-value @ p-value & Log (base 2) FC ® NS. @ Log(base2)FC @ p-value @ p-value & Log (base 2) FC ® NS. @ Log(base2)FC @ p-value @ p-value & Log (base2)FC
5 5 5
4 4 4

1 = - 2

Log, fold change

Log, fold change

Log; fold change

FIG. 3. Volcano plots displaying significant metabolites at 4 h and day 1 post-drug administration compared to the pre-drug administration
timepoints: 37.5 pg/kg (panels A and B), 75 ng/kg (panels C and D), and 150 pg/kg groups (panels E and F).
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Empirical Compound Group
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FIG. 4. Heat map displaying the fold change of twelve notable metabolites throughout the course of the

study.

Changes in a number of notable metabolites were con-
sistently significant throughout the course of this study.
Mevalonate was significantly downregulated for a major-
ity of timepoints in all treatment groups, regardless of
treatment group. Metabolites including 11-deoxycortico-
sterone and 21-deoxycortisol were consistently upregu-
lated in all treatment groups until about day 3 to 7, where
these metabolites shifted to downregulation. One metabo-
lite, namely 2-acetyl-1-alkyl-sn-glycero-3-phosphocholine,
was significantly downregulated from the 4-h timepoint
through the end of the study period. A few metabolites were
only significant in two of the three treatment groups, or were
significant in only one group. Two metabolites were signifi-
cant at eight or more timepoints in the 75 pg/kg treatment
group, including tryptophan and serotonin. Similarly, the
group treated with 150 pg/kg also had two metabolites
that were significant on at least eight timepoints, includ-
ing 3-O-methyldopa, and sphingosine-1-phosphate. A heat
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map depicting the fold change of notable metabolites can be
seen in Fig. 4.

Metabolic pathways related to inflammation, steroid hor-
mone biosynthesis, and amino acid metabolism were stimu-
lated by the administration of BBT-059, regardless of dose.
Several pathways were commonly activated among all
three treatment groups including the tyrosine metabolism,
squalene and cholesterol biosynthesis, C21-steroid hor-
mone biosynthesis and metabolism, and valine, leucine and
isoleucine degradation pathways (Fig. 5). A few pathways
were also commonly significantly activated in two of the
three treatment groups. For example, the bile acid biosyn-
thesis and vitamin D3 (cholecalciferol) metabolism path-
ways were significantly activated in the 37.5 and 75 pg/kg
treatment groups. Tyrosine metabolism was commonly
activated in the 37.5 and 150 pg/kg treatment groups, while
porphyrin metabolism was commonly activated in the 75
and 150 pg/kg treatment groups.
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FIG. 5. Significance of key metabolic pathways stimulated by the administration of BBT-059 in the 37.5, 75, and 150 pg/kg treatment
groups compared to the pre-drug administration timepoints (day -7, —1, and O h).

The administration of 37.5 pg/kg was found to have the
greatest influence on squalene and cholesterol biosynthesis,
which was significantly activated in 8 of the 11 time points
compared to pre-treatment values. The bile acid biosynthe-
sis, vitamin D3 metabolism, and Omega-6 fatty acid metab-
olism pathways were also notably affected. The 75 pg/kg
group was similarly affected, with the C21-steroid hormone
biosynthesis and metabolism pathway significantly acti-
vated at all timepoints. Porphyrin metabolism, squalene
and cholesterol biosynthesis, and valine, leucine, and isoleu-
cine degradation pathways were also significantly activated
at several timepoints in the 75 pg/kg group throughout the
study. Arachidonic acid metabolism was uniquely activated
in this treatment group, and was not affected by administra-
tion of the other doses. Similar to the 37.5 pg/kg group, the
animals administered 150 pg/kg had the greatest perturba-
tions in squalene and cholesterol biosynthesis.

DISCUSSION

Metabolomic studies provide key insight into radiation
damage that occurs at the cellular level, which helps to
understand the effects and nature of radiation exposure. We
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have previously evaluated metabolic changes in serum and
tissue samples of both murine (4/—43) and NHP (4549,
68—72) models exposed to cobalt-60 total-body gamma-
irradiation. These studies suggest that alterations in metab-
olites induced by acute exposure to lethal doses of gamma
radiation can be mitigated to some extent by an MCM. We
have also studied a multiplatform metabolomics [LCMS
and nuclear magnetic resonance (NMR)] to comprehen-
sively characterize the temporal changes in metabolite lev-
els from mice and NHP samples after vy irradiation, which
suggested a unique physiological change that is indepen-
dent of radiation dose or species (4/). Additionally, other
studies with BIO 300 (45, 46) and gamma tocotrienol (49)
have been performed in an NHP model where radiation
was not used. These studies demonstrated transient meta-
bolic changes as a result of drug administration, which
reverted back to pre-drug exposure levels in due course of
time. BBT-059 has been found to stimulate the production
of platelets, red blood cells and to a lesser extent neutrophils
in irradiated mice, and is believed to bring about its biologi-
cal effects by binding and activating the IL-11 receptors on
cells, which may be important for improving survival after
lethal irradiation (37, 38).
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Overall, PK/PD analysis revealed greater similarities
between the 37.5 and 75 pg/kg groups compared to the 150
pg/kg group. The terminal half-life, Cp,0x, AUC (o), and
AUC (g.inp) increased with increasing doses of BBT-059.
The values of AUC (o) and AUC (g.jnf) Were proportional to
dose in the 37.5 and 75 pg/kg groups but supra-proportional
to dose in the 150 pg/kg group. The values of AUC (/D and
AUC (g.inp/D were similar in the 37.5 and 75 pg/kg groups,
but nearly two-fold higher in 150 pg/kg group, suggesting
a supra-proportional increase in AUC with BBT-059 doses
greater than 75 pg/kg. The value of V,/F suggests that
BBT-059 is largely confined to the blood/plasma compart-
ment. Lastly, T,,., occurred earlier in the 37.5 pg/kg group
compared to the 75 and 150 pg/kg groups. Additionally,
the administration of BBT-059 was found to have a posi-
tive effect on hematopoiesis, stimulating the production of
platelets and neutrophils. BBT-059 administration also had
significant effects on serum cytokine induction, with
changes in IL-16, TNF-a, G-CSF, TNF-B, IL-9, SCF, and
SDF-1a concentrations. We have also performed repeated
measures two-way ANOVA tests with Bonferroni correc-
tions that compared the average of the pre-drug administra-
tion timepoints (days —7, —1 and O h) to the post-drug
administration timepoints for each treatment group. The
results of these comprehensive statistical comparisons for
vital signs, CBC, and cytokine data are included in Supple-
mentary Tables S8-S10, respectively (https://doi.org/10.
1667/RADE-23-00194.1.S2), to demonstrate that no toxic-
ity was observed. Interestingly, administration of exoge-
nous G-CSF after radiation exposure is associated with
decreased periods of neutropenia, a reduced infection risk,
and enhanced bone marrow recovery in clinical case stud-
ies, suggesting that this cytokine plays an important role in
the radioprotective mechanism (73). Overall, biomarker
discovery is a key part of drug development, as robust and
validated biomarkers can be used to guide dose adjustments
and determine safety profiles, and provide valuable insight
into how a drug provides its intended effect.

As for BBT-059’s effects on metabolomics, fluctuations
in several metabolites and metabolic pathways were stimu-
lated by BBT-059 administration. A few notable metabo-
lites related to steroid hormone biosynthesis pathways were
significantly stimulated in all treatment groups throughout
the study, including 21-deoxycortisol, 11-deoxycorticoste-
rone, and mevalonate. Bilirubin, which has cytoprotective
and anti-inflammatory effects, was significantly upregu-
lated for a few timepoints in all treatment groups begin-
ning about 1 day after drug administration, but was then
downregulated and returned to near pre-exposure levels
by the end of the 21 day study (74). Phosphatidylcholine,
which fluctuated slightly in all treatment groups before
returning to near pre-exposure levels, plays a key role in
regulating the structural properties of cellular membranes.
Interestingly, an absence of phosphatidylcholine in intes-
tinal mucosa has been linked to an increase of colonic
bacteria, which can result in intestinal inflammation and a
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compromised intestinal barrier (75). All of the above
metabolites are known to reduce inflammation, which
could provide insight into how BBT-059 exerts its radio-
protective effects. Radiation is known to induce inflam-
mation in many organs and organ systems, including the
lungs and GI system.

BBT-059 also significantly stimulated the expression of
a few unique metabolites, or metabolites that were isolated
to a single treatment group. Tryptophan and serotonin,
which are involved in the modulation of immune responses,
were both significantly upregulated and downregulated
at various timepoints in the 75 pg/kg treatment group.
Sphingosine-1-phosphate, which was uniquely downregu-
lated in the 150 pg/kg treatment group, is a potent cell sig-
naling molecule known as a lipid mediator, and is
associated with immune cell trafficking from the lymphoid
organs into circulation (76).

Overall, BBT-059 administration mostly stimulated the
same pathways across all dose groups, apart from a few
exceptions. Two of the most significantly affected path-
ways among the three BBT-059 dosing groups was the C-
21 steroid hormone biosynthesis and metabolism pathway
and the squalene and cholesterol biosynthesis pathway. A
few pathways involved in amino acid metabolism were sig-
nificantly activated throughout the course of the study,
including tyrosine metabolism, valine, leucine and isoleu-
cine degradation, and urea cycle/amino group metabolism.
Tyrosine phosphorylation is an important mechanism for
the regulation of many physiological processes, with both
inhibitory and excitatory effects in the immune response
(77). Stimulation of these pathways by BBT-059 adminis-
tration suggests that this drug has anti-inflammatory prop-
erties, which make it a promising candidate for countering
radiation injury.

It is important to note that there are certain limitations in
this study. This study was performed with a total of 12
NHPs; four NHPs (2 males and 2 females) in each dose
group. However, this sample size is realistically too small
to identify any sex-related differences. For all of the analy-
ses, male and female samples were pooled, and this should
be considered a mixed sex study. It is also important to
note that we have recently demonstrated that under
matched experimental conditions, there is clearly evident
differences between acutely irradiated male and female
NHPs relative to the measured response endpoints (survival
rates, blood cell changes and cytokine fluctuations) (78).
Such differences were accentuated by the level of radiation
exposure and nature of clinical support. The length of the
PK study window for this study was 21 days, which is simi-
lar to other PK studies. However, this time window can be
shorter depending on the drug under test. We have accom-
plished several such studies with various MCMs using a
time window of 21 days or less (45, 46, 53). Additionally,
these NHPs were reused in another study after a few
months and they displayed no obvious adverse effects at
the time the other study was initiated. Though we expect
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all of the changes are due to the drug, it is possible that
some minor immune changes may be due to the injection.

In brief, the results of this current study suggest that the
administration of BBT-059 at 37.5, 75 and 150 pg/kg are
well tolerated and are free from any adverse effects. BBT-
059 administration stimulated several metabolic pathways
related to steroid hormone biosynthesis and metabolism as
well as amino acid metabolism. While the higher dose of
150 pg/kg did not display signs of toxicity, the PK analysis
suggests that doses greater than 75 pg/kg result in supra-
proportional increases in AUC without additional physio-
logical benefit. For this reason, the 37.5 and 75 pg/kg
BBT-059 doses seem most promising and warrant further
investigation into their efficacy against ionizing radiation
in NHPs.
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