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BBT-059 is a long-acting PEGylated interleukin-11 analog
that has been shown to have hematopoiesis-promoting and
anti-apoptotic attributes, and is being studied as a radiation
countermeasure for the hematopoietic acute radiation syn-
drome (H-ARS). This potential countermeasure has been
demonstrated to enhance survival in irradiated mice. To
investigate the toxicity and safety profile of this agent, 14
nonhuman primates (NHPs, rhesus macaques) were adminis-
tered two different doses of BBT-059 subcutaneously 24 h
after 4 Gy total-body irradiation and were monitored for the
next 60 days postirradiation. Blood samples were investi-
gated for the pharmacokinetics and pharmacodynamics of
this agent and its effects on complete blood counts, cytokines,
vital signs, and metabolomics. No adverse health effects were
observed in either treatment group. Radiation-induced metab-
olomic dysregulation was observed in both treatment groups,
and BBT-059 afforded some short-term radiomitigation. A
few pathways were commonly dysregulated by radiation expo-
sure including steroid hormone biosynthesis pathways, fatty
acid activation, and glycerophospholipid metabolism. Notably,
radiation-induced dysregulation to the linoleate metabolism
pathway was significantly mitigated by either dose of BBT-059.
In brief, this study suggests that BBT-059 has a good safety pro-
file in irradiated NHPs and that its development as a medical
countermeasure for U.S. Food and Drug Administration
approval for human use should be continued. © 2025 by Radiation

Research Society
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INTRODUCTION

Increasing risks of radiological and nuclear accidents and
terrorism continue to challenge national capabilities to main-
tain global non-proliferation and security (/). This has
renewed interest in developing radiation medical counter-
measures (MCMs) for clinically significant ionizing radiation
exposure. The availability of non-toxic, safe, and efficacious
MCMs against these threats represents an important unmet
medical need. To expedite the development of MCMs, the
United States Food and Drug Administration (U.S. FDA) has
implemented the Animal Rule that applies to the develop-
ment and testing of new MCMs to reduce or prevent life-
threatening conditions caused by exposure to lethal or
disabling chemical, biological, radiological, and nuclear
agents when human efficacy trials are not possible (2, 3).

Ionizing radiation exposures can result in different types
of injuries requiring diagnostic and therapeutic measures.
The clinical progression and outcome of the acute radiation
syndrome (ARS) depends on the absorbed radiation dose
(4). Clinical manifestations of ARS in humans include the
hematopoietic ARS (H-ARS), gastrointestinal ARS (GI-
ARS), and neurovascular (NV-ARS) subsyndromes (5).
Victims exposed to various doses of radiation resulting in
H-ARS and GI-ARS have been the interest for the develop-
ment of MCMs. As of today, the U.S. FDA has approved
the use of nine MCMs for H-ARS (Neupogen, Nypozi, Zar-
xio Neulasta, Udenyca, Stimufend, Ziextenzo, Nplate and
Leukine). All of these agents are radiomitigators for postirra-
diation use (6—19) and all stimulate the production of neutro-
phils except Nplate, which stimulates platelet production.
Radiomitigators are needed for the treatment of victims of
radiological/nuclear events while radioprotectors for use prior
to exposure are required by military personnel and first
responders. Though there are several promising agents under
development, no MCM for use prior to radiation exposure has
yet been approved by the U.S. FDA (20-24).
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Interleukin 11 (IL-11) is a member of the IL-6 family of
cytokines with well-characterized biological activities
including stimulatory and maturational effects on megakar-
yocytopoiesis and thrombocytopoiesis, in addition to anti-
inflammatory and cytoprotective attributes for hematopoietic
progenitors and GI crypts (25, 26). This cytokine also
belongs to the gp130 receptor-binding family. IL-11 is the
only member that acts on a homodimer of the ubiquitously
expressed gp130 co-receptor. Responsiveness of cells to this
cytokine is determined by the presence of IL-11Ra present
on the cells (25). It is also possible that certain cells may not
respond to IL-11 due to the lack of IL-11Ra expression (27).
IL-11 is a drug used for chemotherapy-induced thrombocy-
topenia (26, 28, 29). Furthermore, the effects of recombinant
human IL-11 (rthulL-11) on thrombocytopenia and neutrope-
nia have been studied in-depth using various small and large
animal models (26, 30-32).

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 presents its biological effects of stimulating
the production of platelets, red blood cells, and to a lesser
extent, neutrophils, by binding and activating IL-11R on
cells. Hematopoietic and anti-apoptotic effects of IL-11 and
BBT-059 on various cells may be important for improving
survival after exposure to lethal doses of radiation in the
murine model (26, 32—34). Unlike FDA-approved growth fac-
tors for ARS, BBT-059 has been found to improve radiation-
induced thrombocytopenia as well as neutropenia (33, 34).
Furthermore, BBT-059 is also being developed as a potential
treatment for thrombocytopenia, myelodysplastic syndromes,
bleeding disorders, and acute kidney injury associated with
ischemia reperfusion injury (35).

The nonhuman primate (NHP) is well known as the gold
standard of animal models for developing MCMs following
the Animal Rule. This model is also suitable for identifying
and validating biomarkers for radiation injury (36). Recently,
we have reported the pharmacokinetics (PK), pharmacody-
namics (PD), and metabolomic results of BBT-059 using
unirradiated NHPs (37). This study, with 8 NHPs assigned to
the 37.5 pg/kg BBT-059 dose group and 6 assigned to the
75 pg/kg BBT-059 dose group, was conducted to investigate
the PK/PD of this agent in sublethal-irradiated NHPs. PK and
PD studies using unirradiated and irradiated animals are vital
steps in radiation MCM development (38). Metabolomic stud-
ies were performed to determine the various metabolites and
pathways stimulated or inhibited by BBT-059 in irradiated
animals. We have studied several MCMs under development
for metabolomics, including amifostine (39—42), BIO 300
(24, 43, 44), Ex-Rad (45), BBT-059 (37), and 7y-tocotrienol
(23,46, 47) in murine and NHP models.

As stated above, two different doses of BBT-059 were
administered to two different groups of NHPs 24 h after 4
Gy exposure to study the effects on PK/PD and metabolo-
mic profiles. Overall, no adverse reactions were noted in
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any of the animals administered either dose of BBT-059.
Radiation was found to induce metabolomic changes in
both treatment groups, specifically in pathways related to
steroid hormone biosynthesis, fatty acid activation, and
glycerophospholipid metabolism. BBT-059 was found to
induce short-term mitigation on a few of these pathways in
one dose group or the other, but only commonly mitigated
damage in the linoleate metabolism pathway. We have pre-
viously investigated metabolomic profiles in NHPs that
were administered three different doses of BBT-059 with-
out irradiation, and these results were compared with the
current study to determine the effects of BBT-059 in com-
bination with radiation (37).

MATERIALS AND METHODS

Experimental Design

The primary objective of this study was to investigate the PK/PD
profile of BBT-059 in NHPs exposed to total-body cobalt-60 vy radia-
tion. Based on the results of the PK/PD study conducted in NHPs
without irradiation, the 37.5 and 75 pg/kg doses were selected for
this experiment and were evaluated in animals exposed to total-body
sublethal radiation (4 Gy). A total of 14 NHPs were used in this
study. Eight animals were randomly assigned to the 37.5 pg/kg treat-
ment group, while six animals were assigned to the 75 pg/kg group.
Single subcutaneous (sc) doses of BBT-059 were administered on
day 1 (based on the body weight, total volume not to exceed 1.33
mL), which was 24 h postirradiation (Fig. 1). The doses of BBT-059
were allometrically scaled from studies conducted using a murine
model, which exhibited encouraging results and were also used in a
recently reported NHP PK/PD study without irradiation (33, 34, 37).
We used allometric scaling to extrapolate doses from the murine
model to NHPs using the FDA Center for Drug Evaluation and
Research document (48). A single SC injection of 300 pg/kg of agent
in mice was found to be safe (33) and is equivalent to a dose of 75
ng/kg for NHPs. The animals were observed for 60 days postirradia-
tion to conduct various investigations. The blood sample collection
and study design are presented in Fig. 1. It is important to note that
both treatment groups were exposed to radiation, and there was no
group that was exposed to radiation and was not administered a drug.
Due to the complexity of the experimental timeline, the time points
are referred to as follows: pre-irradiation (baseline), after irradiation
but pre-drug administration (irradiated baseline), and after irradiation
and after drug administration time points (after irradiation).

Animals

A total of 14 naive rhesus macaques (Macaca mulatta) seven
males and seven females, varying between 4.08 — 6.41 years of age
and weighing 4.0-7.6 kg, were obtained from PrimGen (Lehigh
Acres, FL) and quarantined for at least 35 days before the experi-
ment. Animal quarantine, exclusion criteria, housing, health monitor-
ing, care, and enrichment during the experimental period have been
described earlier (49, 50). Animals were stratified by gender and
body weight, which increased during the quarantine period, using
Provantis software (Philadelphia, PA). They were then assigned to
different treatment groups, and all rhesus macaques had unique iden-
tification numbers by four-digit tattoo.

Irradiation

On day 0, animals received a midline dose of 4.0 Gy “’Co-y bilat-
eral radiation at a dose rate of 0.6 Gy/min. Animals were transported
from the vivarium to the high-level cobalt facility, placed into a stan-
dard housing cage staging area, and prepared for irradiation as
described previously (57). To deliver the precise dose of radiation,
the abdominal lateral separations of the animals were measured one
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FIG. 1. Experimental design of the NHP study with irradiation to investigate the effect of BBT-059 administration on PK/PD and

metabolomics.

week before irradiation, and animals were paired based on the simi-
larity of their lateral separations. Animals having 1 cm or more dif-
ference in lateral separation were irradiated separately. The radiation
field in the area of the NHP location was uniform within * 1.5%.
Dose measurements and calibrations were based on alanine/electron
paramagnetic resonance system (52, 53). All irradiation procedures
and dosimetry are discussed in detail in the literature (49, 517).

Cage-side Animal Observations

Animals were observed at least twice each day for the entirety of
the quarantine and study periods. Any unexpected observations were
reported to the veterinarian for further assessment. Starting on day 1,
clinical observations were recorded once a day. Clinical observations
included, but were not limited to, sustained vomiting or diarrhea,
dyspnea, cyanosis, anorexia, weakness, lack of response to stimuli,
seizures, paralysis, repeated self-trauma, severe skin infections, and
non-healing wounds. During days 10 through 20 postirradiation (also
known as the critical period), health checks were performed three
times per day (50). All NHPs participated in the environmental
enrichment program. This program allowed the animals to be housed
in such a manner that provided them with visual and auditory contact
with the other animals. All animals were provided with a perch or
hammock in the cage, a mirror, and a jingle-type toy hanging on the
outside of the cage. Additionally, animals were provided a variety of
manipulanda to provide them with an opportunity to perform
species-specific activities such as foraging. One or more of the
devices/toys were available to all NHPs at all times. The animals
were evaluated for the following parameters at least three times per
week: weight, body temperature, fecal consistency, respiratory rate,
heart rate, and overall health assessment (49). All observations were
appropriately documented in the animals’ medical records.

Vital Signs

Vital signs, including blood pressure, heart rate, temperature, and
body weight, were measured on the days of blood sample collection.
Blood pressure was measured using a cuff that was secured around
the upper arm of the NHP connected to a vital sign monitor (Surgivet
3 Parameter Advisor; Smiths Medical, Dublin, OH), which used the
machine’s non-invasive blood pressure program. Heart rate was mea-
sured via pulse oximetry or palpation. Microchips (Bio-Medic Data
Systems; IPTT 300 transponder) were implanted SC (under ketamine
anesthesia) between the shoulder blades of each animal one week
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prior to irradiation to record body temperatures, and body weights
were measured using a jump box scale. For blood collection, NHPs
were restrained in a chair using the pole and collar technique to avoid
repeated sedation. Under such conditions, it was not feasible to mea-
sure respiratory rate since it involves counting the number of breaths
at rest.

Drug Preparation and Administration

The drug administration was discussed in an earlier study without
irradiation (37). The injection site was prepared as previously
described (49). Drug was administered by SC injection between the
shoulder blades. Injection sites were monitored for any adverse reac-
tions for the next 24 h after drug administration.

Blood Sample Collection

Blood was collected either from saphenous or cephalic vein as
described earlier (54). The desired volume of blood was collected
with a 3 mL disposable luer-lock syringe with a 25-gauge needle.
Whole blood was collected in ethylenediaminetetraacetic acid
(EDTA) tubes for complete blood counts (CBC) and PK analysis.
Whole blood was transferred to Capiject serum separator tubes and
allowed to clot for 30 min, then centrifuged (10 min, 400 X g) for
serum separation for biochemistry and PD analysis.

Hematology (CBC) Analysis

To analyze CBCs, blood samples were analyzed using a Heska
Element HT5 hematology analyzer (Colorado, DE). Various parame-
ters evaluated included white blood cell count, red blood cell count,
hemoglobin, hematocrit, mean corpuscular volume (MCV), mean
cell hemoglobin (MCH), mean corpuscular hemoglobin concentra-
tion (MCHC), and platelet, neutrophil, lymphocyte, monocyte, eosin-
ophil, and basophil counts as described earlier (55).

Blood Biochemistry Evaluation

For serum biochemistry, samples were shipped to a reference labo-
ratory, VRL Diagnostics (Gaithersburg, MD), for analysis. Parame-
ters that were evaluated included: albumin, alkaline phosphatase,
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), calcium, chloride, cholesterol, creatine
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kinase (CK), creatinine, glucose, phosphorus, potassium, sodium, total
bilirubin, and total protein.

Multiplex Analysis of Cytokines

Serum samples were analyzed with a Luminex 200 analyzer (Luminex
Corp, Austin, TX) to detect cytokines, chemokines, and growth factors
using custom-made 48-plex multiplex kits (Bio-Rad Laboratories, Her-
cules, CA). A comprehensive list of these cytokines was mentioned
previously (55). Cytokine concentrations (pg/mL) were determined by
fluorescence intensity, and quantification was performed using the
Bio-Plex Manager software, version 6.1 (Bio-Rad Inc.) (56).

PK Analysis

Bioanalysis of plasma samples to measure BBT-059 concentrations
was performed using a commercially available ELISA kit, RayBio
Human IL-11 ELISA (RayBiotech, ELH-IL-11, Peachtree Corners,
GA), a sandwich-based ELISA assay described previously (37).
Serial dilutions of BBT-059 were used as the reference standards in
the ELISA. The calculated concentration of each BBT-059 test sam-
ple in the ELISA was then multiplied by the appropriate plasma dilu-
tion factor for the final BBT-059 plasma concentration. The lower
limit of quantification for BBT-059 in the ELISA was 16.4 ng/mL;
plasma samples below this level were assigned a value of 0 when
determining group means. PK parameters were estimated for each
animal using Phoenix 64 WinNonlin pharmacokinetic software Build
8.1.0.3530 (Certara L.P.). A non-compartmental approach consistent
with the SC route of administration was used for parameter estima-
tion. The area under the protein concentration versus time curve
(AUC(g.y)), AUC . divided by the dose administered (AUCq.,,/D),
the area under the concentration versus time curve from time zero to
infinity (AUC(.)), AUC(p.oo) divided by the dose administered
(AUC¢.)/D), the maximum plasma drug concentration (C,,x), time
to peak plasma concentration (T,.x), the apparent volume of distribu-
tion during the terminal elimination phase (V,/F), and the half-life
(Ty,2) of the drug were calculated by the WinNonlin program.

Serum Metabolomics Using UPLC QTOF Analysis

Whole blood was collected in a serum separator tube and allowed
to clot for a minimum of 30 min after collection. The serum was sep-
arated and placed in a cryogenic storage tube and stored at —80°C
until analysis. Before sample preparation for LC-MS analysis, the
sequence of samples was randomized to avoid any bias. Detailed
methods for metabolite extraction and LC-MS analysis are described
in detail in our recent publications using NHP samples (57, 58). A
comprehensive list of the metabolites screened for in this study are
listed in Supplementary Table S1> (https://doi.org/10.1667/RADE-
24-00219.1.81).

Data Processing and Statistical Analysis

For vital signs, CBC, blood chemistry, and cytokine data, mean
values with standard errors were reported. One-way analysis of vari-
ance (ANOVA) with a Tukey post-hoc test was used to detect signifi-
cant differences between treatment groups at each timepoint.
Additionally, repeated measures two-way ANOVA tests with Bonfer-
roni corrections were also performed for vital signs, CBC, and cyto-
kine data to assess the effects of drug administration over the course
of the study within each treatment group. The baseline was compared
to post-drug administration timepoints to assess significant differ-
ences over time within treatment groups. Statistical software SPSS
version 22 (IBM, Armonk, NY) was used for all statistical analyses,
and p-values less than 0.05 were considered statistically significant.

Metabolomics data was log transformed and scaled following fea-
ture detection. Statistical analyses were then performed to follow

2 Editor’s note. The online version of this article (DOI: https://doi.
org/10.1667/RADE-24-00219.1) contains supplementary information
that is available to all authorized users.
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longitudinal changes in metabolomic profiles and any changes in the
phenotype. First, untargeted metabolomics raw data files were con-
verted to NetCDF file format using the Databridge tool in MassLynx
(Waters Corporation, Milford, MA). All parameters for peak picking
were optimized by the IPO (Isotopologue Parameter Optimization) R
package (59) and were then processed by the XCMS package (60).
All data was then normalized based on both the internal standard and
the QC-RLSC (QC robust LOESS signal correction (6/)). Other
details of data analysis have been described previously (37, 43).
Statistical comparisons were performed on metabolite and pathway
data for the 37.5 and 75 ng/kg treatment groups to assess differ-
ences between the baseline and irradiated baseline or post-
irradiation time points (Supplementary Tables S2—S5; https://doi.
org/10.1667/RADE-24-00219.1.S1).

RESULTS

A drug safety assessment and toxicity profile of BBT-
059 were completed through the analysis of metabolomic
data, in addition to vital signs, CBC, blood chemistry, cyto-
kine, and PK/PD studies. No treatment group experienced
adverse reactions to BBT-059 administration. The study
design is presented in Fig. 1.

Minimal Differences Were Observed in Vital Signs Between
the Two Treatment Groups

Across all vital signs measured (heart rate, temperature,
blood pressure and body weights), variation was observed
for each parameter and no overall trends were noted. Ani-
mals in both treatment groups experienced a decrease in
body weight after irradiation, but recovered to slightly
higher body weights compared to the baseline by the end of
the study. Significant differences were observed in temper-
ature, heart rate, weight, and diastolic blood pressure
between the two treatment groups at a few isolated time
points; however, no overall trend was observed. Statistical
analysis was also performed to assess intergroup differ-
ences over time (Supplementary Table S6; https://doi.org/
10.1667/RADE-24-00219.1.S1). Minimal significant dif-
ferences were observed between the baseline and the irra-
diated baseline or post-irradiation time points within
treatment groups, suggesting irradiation and drug admin-
istration had minimal effects on vital signs. Results for
vital signs for this study can be viewed in Supplementary
Fig. S1 (https://doi.org/10.1667/RADE-24-00219.1.52).

Radiation Induced Decreases in CBCs Regardless of
Treatment Group

Radiation had similar effects on CBCs in both treatment
groups regardless of BBT-059 dose. All parameters decreased
upon irradiation in both treatment groups. A few significant
differences were noted at a few time points between treatment
groups. However, these significant differences did not typi-
cally follow a trend, apart from one parameter, lymphocyte
counts decreased after irradiation and were generally higher in
the 75 pg/kg treatment group upon recovery, beginning around
day 6 and continuing throughout the remainder of the study.
Statistical comparisons were also performed to determine
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TABLE 1
Summary of BBT-059 Single Dose PK Parameters in NHPs®

Tiax Chnax AUC .y AUC(0-t)/D AUC ¢.inp AUC(0-inf)/D V,/F Tip

Dose Animals (h) (ng/mL) (ng h/mL) (hr*kg*ng/mL/ug) (ng h/mL) (hr*kg*ng/mL/pg)  (mL/kg) (h)
37.5 ng/kg All 1227 192 £50 5,749 = 1,727 153 = 46 7,148 = 1,495 191 = 40 166 =69 21 =8
Males 10£4 179 =60 5,018 = 1,402 134 = 37 6,609 * 1,361 178 £ 36 191 £96 23+ 11
Females 13 £9 206 =43 6,480 = 1,889 173 = 51 7,626 = 1,658 203 = 44 141220 20=*2
75 pg/kg All 11£7 258 £66 9,109 = 2,723 121 = 36 10,989 = 3,167 147 = 42 307 =100 29 =7
Males 13£9 291 £56 10,529 = 3,108 140 = 41 12,057 = 3,898 161 £ 52 276 £ 135 28 =8
Females 8 *0 225*66 7,690 = 1,683 103 = 22 9,921 £ 2,542 132 £ 34 33763 31=*8

* Data are mean and standard deviations for 8 animals in the 37.5 pg/kg group (4 males, 4 females), and 6 animals in the 75 pg/kg group (3

males, 3 females).

significance over time within treatment groups (Supplemen-
tary Table S7; https://doi.org/10.1667/RADE-24-00219.1.S1).
Significant differences were noted when comparing the base-
line to the post-irradiation time points in a majority of parame-
ters, suggesting irradiation induced significant dysregulation in
CBC parameters. CBC results can be viewed in Supplemen-
tary Figs. S2 and S3 (https://doi.org/10.1667/R ADE-24-00219.
1.S2).

Minimal Radiation-induced Effects Were Noted in Blood
Chemistry Parameters

Both treatment groups followed similar trends for most
blood chemistry parameters evaluated. A few parameters
exhibited consistently higher or lower concentrations in one
treatment group. Most notably, the concentration of albumin
was significantly higher at several time points (16 h and days
3,14, and 60 postirradiation) throughout the study in the 37.5
pg/kg group. In contrast, the 75 pg/kg group demonstrated
higher concentrations of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), cholesterol, and creatine
kinase at a majority of time points throughout the study period
with statistical significance at various time points. Alkaline
phosphatase (ALP), blood urea nitrogen (BUN), calcium,
chloride, creatinine, glucose, phosphorus, potassium, sodium,
total bilirubin, and total protein displayed fluctuating concen-
trations between the two dose groups, with few or no signifi-
cant differences. Parameter concentrations tended to peak
around 16 h to 3 days after irradiation but returned to baseline
levels by the study endpoint. Additional statistical compari-
sons were performed to assess differences between baseline
and post-irradiation time points within treatment groups (Sup-
plementary Table 8; https://doi.org/10.1667/RADE-24-00219.
1.S1). Significant differences were noted in ALB for both
treatment groups, and calcium, sodium, and globulin in the
37.5 pg/kg group, along with a few other isolated parameters.
Chemistry results can be viewed in Supplementary Figs. S4—
S6 (https://doi.org/10.1667/RADE-24-00219.1.S2).

Minimal Differences in Cytokine Concentrations Were
Observed in Either Treatment Group

A majority of the cytokine concentrations followed simi-
lar trends between the two treatment groups and fluctuated
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greatly throughout the 60-day study period. The concentra-
tions of a few cytokines including IL-16, IL-4, PDGF-BB,
MCP-1, IL-18, and LIF increased shortly after irradiation
and drug administration and then slowly decreased back
toward baseline measurements; PDGF-BB concentrations,
however, increased in the 75 pg/kg group beginning on day
30 and continued that trajectory until the end of the study.
Other cytokines such as SCF, IL-12p40, and M-CSF fluctu-
ated minimally from baseline concentrations in either treat-
ment group. As was performed for the other parameters,
additional statistical comparisons to address intergroup
comparisons over time were performed (Supplementary
Table S9; https://doi.org/10.1667/RADE-24-00219.1.51).
IL-16, TNF-a, SCF, PDGF-BB, MCP-1, IL-12p40, SDF-
la, and LIF concentrations were mostly higher in the 75
pg/kg treatment group; however, this trend was present in
baseline measurements and mostly continued throughout
the study in these parameters apart from a few exceptions.
Concentrations of certain cytokines including IL-8, SDF-
la, TRAIL, HGF, and IL-9 fluctuated later in the study,
but generally returned to baseline levels by the end of the
study. Cytokine concentrations over time can be viewed
in Supplementary Figs. S7-S9 (https://doi.org/10.1667/
RADE-24-00219.1.S1).

PK Results

The results of the PK analysis can be viewed in Table 1.
PK analysis of plasma samples showed that plasma concen-
trations of BBT-059 were highest within the first 2 days
after drug administration, and declined gradually thereafter
(Fig. 2). Cphax, the observed maximum plasma concentra-
tion of the drug, and the plasma concentration time pro-
files, AUC g.r) and AUCq.inf), increased by less than double
with a double dose of BBT-059. The values of C,,,,/dose,
AUCy.p/dose, and AUC.inp/dose decreased with the
higher dose of BBT-059 while the terminal half-life (T)
of BBT-059 increased with the higher dose. T,,,x was simi-
lar in both dose groups. The apparent volume of distribu-
tion, V,/F, was approximately twofold greater for the 75 pg
BBT-059 dose (307 = 100 mL/kg) compared to the 37.5
png BBT-059 dose (166 = 69 mL/kg). The V,/F values sug-
gest BBT-059 is largely restricted to the blood/plasma
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FIG. 2. Pharmacokinetic analysis to evaluate BBT-059 concentration after irradiation and subsequent drug
administration (37.5 pg/kg and 75 pg/kg). Data are means * standard deviations.

compartment. Pharmacokinetic parameters for males and
females within a dose group were similar (P > 0.24 for all
parameters using a two-tailed t-test).

Radiation Induced a Majority Downregulation in
Metabolites Analyzed in Both Treatment Groups

Radiation-induced metabolite dysregulation was observed
in both treatment groups, and the degree of dysregulation fluc-
tuated throughout the study for both treatment groups (Fig. 3).
Dysregulation that was not mitigated by BBT-059 administra-
tion was assessed by the presence of significance when com-
paring the baseline to post-irradiation time points. Particular
attention was paid to the irradiated baseline (which was 24 h
postirradiation, yet pre-drug administration), to assess the
effects of radiation (Fig. 4A and B). Some early, short-term
radiomitigation was afforded by either dose of BBT-059 at
the 4 h time point (Fig. 4C and D). However, this radiomitiga-
tion was short-lived, and ended after approximately day 4
postirradiation in both treatment groups (Fig. 4E and F). Both
treatment groups experienced a major downregulation of
metabolites throughout the study, with the 75 pg/kg dose
group demonstrating a greater degree of downregulation than
the 37.5 pg/kg dose group. However, at a few time points,
specifically 2 and 4 h postirradiation in the 37.5 pg/kg treat-
ment group, a majority of the metabolites were upregulated
compared to the baseline.

Minimal consistency in terms of dysregulation patterns in spe-
cific metabolomic pathways were noted between the two treat-
ment groups; more specifically, dysregulation of certain
pathways was limited to one treatment group. In the 37.5 pg/kg
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dose group, notable pathways including tyrosine metabolism
and the valine, leucine, and isoleucine degradation pathways
were dysregulated by radiation exposure; in the 75 pg/kg dose
group, the fatty acid activation, fatty acid metabolism, and
androgen and estrogen biosynthesis and metabolism pathways
were dysregulated. However, the C21-steroid hormone biosyn-
thesis and metabolism, fatty acid activation, and linoleate metab-
olism pathways were commonly dysregulated by radiation in
both treatment groups at several time points (Fig. SA—C).

Several metabolites were commonly and significantly
dysregulated by radiation exposure at a majority of the
time points assessed in both treatment groups including
monoisobutyl phthalic acid, N-methylhydantoin, ganode-
ric acid L, erinacine P, [6]-dehydrogingerdione, 2,6-di-tert-
butylbenzoquinone, methyl dihydrophaseate, 2,3-dimethyl-
2-cyclohexen-1-one, azelaic acid, 3-hydroxydodecanoic acid,
and petasinine. Other metabolites were uniquely dysregulated
in only one BBT-059 treatment group or the other, octanoic
acid, N-trimethyl-2-aminoethylphosphonate, along with lipids
PA(14:0/18:4(6Z,92,127.,15Z7)) and PA(14:1(9Z2)/18:4(6Z.,9Z,
127,157)) in the 37.5 pg/kg dose group, and 5-nonyltetrahy-
dro-2-oxo-3-furancarboxylic acid and asparaginyl-tryptophan
in the 75 pg/kg dose group.

BBT-059 Administration Induced Early Radiomitigation to
Specific Metabolites and Pathways

To assess whether BBT-059 administration mitigated
radiation-induced damage, the presence of significant dys-
regulation at the irradiated baseline was examined and
compared to the absence of significant dysregulation at the
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FIG. 3. Heatmaps comparing the metabolites detected in the 37.5 and 75 pg/kg treatment groups. The Baseline vs. 0 Hours comparison rep-
resents the effects of radiation. Overall, both treatment groups experienced a majority downregulation after 4.0 Gy total-body 7 irradiation.

post-irradiation time points. The number of significantly
dysregulated metabolites decreased in both treatment
groups after either dose of BBT-059 was administered, and
this mitigatory effect seemed to last until day 2 in the 37.5

pg/kg dose group and day 4 in the 75 pg/kg dose group, at
which point dysregulation returned to around irradiated
baseline counts and continued to fluctuate throughout the
remainder of the study.

Baseline vs. Irradiated Baseline Baseline vs. 4 Hours Baseline vs. Day 14
@ NS. @ Log(base2)FC @ pvalue ® p-value & Log (base 2) FC ® NS. @ log(base2)FC ® pvalue @ pvalue &Log (base 2) FC ® NS ® Log(base2)FC ® pvalue ® povalue & Log (base 2) FC
5 5 5
4 4 4 i
a a a
<3 <3 P
37.5uglkg  § 5 8
o o o
- - la |
12 2 12
X 1 1
0 0 0
2 3 3 0 : 2 2 -1 0 ;| 2 -2 -1 0 1 2
Log, fold change Log, fold change Log;, fold change
B ® NS @ Log(base2)FC ® pvalue @ p-value & Log (base 2) FC D @ 0SS Logbaxe2)FC: @) givalie @ ‘palue&iLlonlbase2) B F ® NS. ® Log(base2)FC ® pvalue ® pvalue & Log (base 2) FC
5 . 5 5
4 . 4 4
a
a . 3 a
75ugkg 2 - - 2 . 3
g o8 °obees S o
i} R 2 3 S
12 vty 12 V2
N
1 1 1
0 0 0
-2 -1 0 X 2 -2 -1 0 1 2 -2 -1 0 1 2
Log, fold change Log; fold change Log, fold change

FIG. 4. Volcano plots illustrating differential expression comparing the baseline (pre-irradiation and pre-drug administration) to the irradi-
ated baseline (24 h postirradiation) (panels A and B), 16 h postirradiation (panels C and D), and day 14 postirradiation (panels E and F) in the

37.5 ng/kg and 75 pg/kg dose groups, respectively.
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FIG. 5. Notable metabolic pathways were dysregulated by radiation including the C21-steroid hormone biosynthesis and metabolism path-
way (panel A), the fatty acid activation (panel B), and the linoleate metabolism pathway (panel C). Dysregulation fluctuated throughout the
study for each pathway; however, BBT-059 afforded some early, short-term mitigative effects from 0.5 h to approximately day 4 in either

treatment group.

Dysregulation of other pathways including the bile acid
biosynthesis, B-alanine metabolism, histidine metabolism,
squalene and cholesterol biosynthesis, selenoamino acid
metabolism, proponoate metabolism, and C21-steroid hor-
mone biosynthesis and metabolism pathways were initially
mitigated by a 37.5 pg/kg dose of BBT-059, but dysregula-
tion persisted at a few time points (Supplementary Table
S3; https://doi.org/10.1667/RADE-24-00219.1.S1). As for
the 75 pg/kg group, pathways including the de novo fatty
acid biosynthesis, fatty acid metabolism, vitamin (A) reti-
nol metabolism, linoleate metabolism, xenobiotics metabo-
lism, and arachidonic acid metabolism were initially
dysregulated in the irradiated baseline, and were then miti-
gated by BBT-059 treatment. Linoleate metabolism was
the only pathway that was dysregulated in the irradiated
baseline group that was then resolved after administration
of either dose of BBT-059. As for specific metabolites,
dysregulation to 2-Methyl-2-phenyl-undecane, Polyprenol,
11-Dehydrocorticosterone, and octadecadienoate (n-C18:2)
were restored by either dose of BBT-059.

DISCUSSION

PEGylated interleukin-11 (BBT-059) is currently being
developed as a radiomitigator, or an MCM administered after
radiation exposure to mitigate radiation-induced damage, and
has exhibited the potential to stimulate hematopoietic cell pro-
duction (62, 63). In this study, a 37.5 pg/kg (n = 8) and 75
pg/kg (n = 6) dose of BBT-059 was administered to NHPs 24
h after exposure to a sublethal dose of 4.0 Gy total-body
v-irradiation. Various data were collected to evaluate the
potential mitigative effects of BBT-059. Some radiation-
induced changes were observed in CBCs, while minimal
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changes were observed among vital signs, blood chemistry,
and cytokine profiles. Overall, minimal differences were
observed between BBT-059 treatment groups in each of these
parameters. PK analysis showed that the T, 5, Cpax, AUC(g.),
and AUC(y,p) increased with increasing BBT-059 dose,
although the manner was not proportional to dose. Comparing
these results to those from a SC dosing PK study of 37.5 and
75/kg pg BBT-059 in non-irradiated rhesus NHPs [37], it
appears that exposure to radiation results in slightly lower
BBT-059 Cihax, AUC(oy), and AUC(g.y¢) levels, but higher
Ty, values. BBT-059 V,/F values were approximately two-
fold greater in irradiated animals compared to non-irradiated
animals, suggesting greater tissue penetration in irradiated ani-
mals, although in both cases the drug was still largely con-
fined to the blood/plasma compartment. A caveat to these
conclusions is the fact that the experiments were performed at
different times. In brief, the above observations suggest that
the drug doses used in this study do not cause any adverse
effects on the vital signs, CBCs, chemistry, or cytokine pro-
files of the recipients, and ultimately have a good safety
profile.

One important factor to consider when assessing BBT-
059/IL-11 plasma concentrations is that human and NHP
IL-11 share 94% amino acid homology (37, 64). Due to
this fact, the ELISA kit used in this study to assess cytokine
profiles could not discriminate between human IL-11 and
BBT-059, apart from sensitivity. The 0 ng/mL BBT-059
standard, the irradiated baseline, and the plasma collected
at later time points were negative for BBT-059 (below the
limit of quantification of 16.4 ng/mL). Consequently, it is
possible that NHP IL-11 could have been detected by the
human IL-11 ELISA kit, and plasma samples determined
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to contain BBT-059 could be measuring a combination of
BBT-059 and endogenous NHP IL-11. Therefore, it can
reasonably be assumed that the plasma samples that were
determined to be below the lower limit of quantification
of BBT-059 are also below the lower limit of detection of
NHP IL-11. Ultimately, we have not measured affinities of
human IL-11 or BBT-059 for mouse, human, or NHP IL-
11 receptors, so the potential receptor affinity differences
were not considered when allometric scaling of drug doses
between mice and NHPs was performed. There is a high
degree of amino acid similarity between human, NHP, and
murine IL-11 proteins. As previously mentioned, human
and NHP IL-11 share 94% amino acid similarity, while
human and mouse IL-11 share 87.5% amino acid similar-
ity, and mouse and NHP IL-11 share 83.5% amino acid
similarity (64). The higher amino acid similarity between
human and NHP IL-11 proteins compared to human and
mouse IL-11 suggests that an allometrically scaled dose of
BBT-059 may be somewhat more potent in NHPs than in
mice, and that physiological responses observed for BBT-
059 in NHPs may be more predictive of the expected
responses of the drug in humans. Further studies will be
needed to better evaluate the physiological responses of the
different doses of BBT-059 in mice, NHPs, and humans.
Plasma metabolomic profiles were also assessed at vari-
ous time points throughout the study. Radiation exposure
has been previously shown to induce dysregulation to
metabolomic profiles, which was also observed in this
study (65—67). Pathways that are highly sensitive to radia-
tion were dysregulated in this study at a majority of the
time points analyzed. Some examples include the C21-steroid
hormone biosynthesis and metabolism pathway, glycerophos-
pholipid metabolism, and fatty acid activation pathways. A
few metabolites were also commonly dysregulated in both
BBT-059 treatment groups including ganoderic acid L, [6]-
dehydrogingerdione, 2,6-di-tert-butylbenzoquinone, and 3-
hydroxydodecanoic acid. Notably, 3-hydroxydodecanoic acid
has been associated with fatty acid disorders (68), and further
supports the notion that irradiation induces dyslipidemia.
Dysregulation to some of these pathways was mitigated
by one dose of BBT-059 but not the other; i.e., the C21-
steroid hormone biosynthesis and metabolism pathway was
not affected in the 37.5 pg/kg treatment group, but this was
not the case for the 75 pg/kg treatment group. However,
radiation-induced metabolomic dysregulation was miti-
gated for one notable metabolite in this pathway in both
treatment groups: 11-dehydrocorticosterone. Notably, the
linoleate metabolism pathway was the only pathway com-
monly mitigated by either dose of BBT-059. One metabo-
lite, octadecadienoate (n-C18:2), was linked to this pathway
and followed a similar trend in both treatment groups.
During the last few years, we have extensively studied
metabolomic changes induced by lethal doses of ionizing
radiation (69). We investigated altered metabolites in
both biofluids and tissue samples using murine (39—41/) and
NHP (57, 58, 66, 70—72) models that received “°Co v total-
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body irradiation, NHPs exposed to partial-body radiation
with LINAC-derived photons (58), and clinical patients
exposed to LINAC-derived photons (X rays) (73). In addi-
tion, we have studied metabolites in pre-terminal samples
from moribund vy-irradiated NHPs to identify the biomark-
ers that may be valuable for triage purposes (57). Various
MCMs that are being developed for prophylactic or mitiga-
tive use were also used to assess the effects on metabolo-
mics in irradiated and unirradiated animals (37, 3941, 43—
47, 58). The studies with irradiated animals using murine
and NHP models demonstrate that alterations in metabo-
lites induced by acute exposure to ionizing radiation can be
mitigated to some extent by MCMs (3941, 45, 46, 58).
We have also studied a multi-platform metabolomics
[LCMS and nuclear magnetic resonance (NMR)] to com-
prehensively characterize the temporal changes in metabo-
lite levels in samples collected from mice and NHPs after vy
irradiation, which suggested a unique physiological change
that is independent of radiation dose or species (39).

An earlier PK/PD study was performed in NHPs, which
analyzed the effects of a single SC administration of 37.5,
75, or 150 pg/kg dose of BBT-059 without irradiation.
Overall, some similarities were observed between these
two studies in terms of pathways activated or mitigated by
BBT-059 administration. In the previous study, the C21-
steroid hormone biosynthesis pathway was found to be sig-
nificantly stimulated by the administration of all doses of
BBT-059. In the current study, the C-21 steroid hormone
biosynthesis pathway was significantly dysregulated by
radiation exposure in both treatment groups; however, dys-
regulation resolved upon administration of 37.5 pg/kg
BBT-059, while dysregulation persisted with the 75 pg/kg
dose. The C-21 steroid hormone biosynthesis pathway has
been shown to be highly sensitive to ionizing radiation, as
has been demonstrated in many of our previous studies.
Notably, 11-dehydrocorticosterone, a key metabolite in this
pathway, was found to be significantly upregulated in the
previous study, regardless of the three BBT-059 doses
administered, and was also significantly mitigated in this
study by either dose of BBT-059. This corticosteroid is
believed to be upregulated in inflammatory conditions,
where it exhibits anti-inflammatory activity (74). Notably,
a recent study has been performed comparing metabolomic
changes induced by two doses of 2.0 Gy total-body irradia-
tion in leukemia patients and a single dose of 7.2 Gy total-
body irradiation in NHPs which demonstrated overlapping
perturbations in steroidogenesis and steroid hormone bio-
synthesis and metabolism (73). Taken together, these
results strongly indicate these pathways need further inves-
tigation for potential translation into clinical medicine.

One important aspect of this study is that although the
irradiated baseline reflects the effects of radiation, it is
impossible to definitively determine the effects of radiation
over time or the mitigative effects of drug administration
due to the absence of an irradiated control group in this
study. In this study, the irradiated baseline, which was 24 h
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postirradiation, was used to assess radiation-induced
changes. However, it is important to note that radiation-
induced changes can manifest after 24 h. Therefore, the
irradiated baseline only provided a glimpse of radiation-
induced changes. The ultimate purpose of this study was to
determine the pharmacokinetic and pharmacodynamic sig-
natures of BBT-059 administration, and as such, a control
group was not included per the study design. Due to these
limitations, additional studies must be performed investi-
gating the radiomitigative effects of BBT-059 with an irra-
diated control group and a greater sample size.

SUPPLEMENTARY MATERIALS

Supplementary Table S1. The complete list of metabo-
lites are screened in this study.

Supplementary Table S2. Statistical comparisons were
performed comparing metabolite profiles at the baseline
(pre-irradiation and pre-drug administration) to the irradi-
ated baseline (24 h postirradiation) and the postirradiation
times in the 37.5 pg/kg treatment group.

Supplementary Table S3. Statistical comparisons were
performed comparing metabolite profiles at the baseline
(pre-irradiation and pre-drug administration) to the irradi-
ated baseline (24 h postirradiation) and the postirradiation
times in the 75 pg/kg treatment group.

Supplementary Table S4. Pathway analysis was per-
formed by comparing metabolite profiles at the baseline
(pre-irradiation and pre-drug administration) to the irradi-
ated baseline (24 h postirradiation) and the postirradiation
times in the 37.5 pg/kg treatment group.

Supplementary Table S5. Pathway analysis was per-
formed by comparing metabolite profiles at the baseline
(pre-irradiation and pre-drug administration) to the irradi-
ated baseline (24 h postirradiation) and the postirradiation
times in the 75 pg/kg treatment group.

Supplementary Table S6. Repeated measures two-way
ANOVA tests were performed to assess the effects of drug
administration on vital signs data by comparing baseline
measurements to post-drug administration timepoints.

Supplementary Table S7. Repeated measures two-way
ANOVA tests were performed to assess the effects of drug
administration on complete blood cell (CBC) count date by
comparing base line measurements to post-drug administra-
tion timepoints.

Supplementary Table S8. Repeated measures two-way
ANOVA tests were performed to assess the effects of drug
administration on blood chemistry data by comparing base-
line measurements to post-drug administration timepoints.

Supplementary Table S9. Repeated measures two-way
ANOVA tests were performed to assess the effects of drug
administration on cytokine data on cytokine data by com-
paring baseline measurements to post-drug administration
timepoints.

Supplementary Fig. S1. Fourteen NHPs were exposed to
4.0 Gy total-body vy-radiation and were administered a
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single subcutaneous dose of either 37.5 pg/kg (n = 8) or 75
pg/kg (n = 6) dose of BBT-059 24 h postirradiation. Tem-
perature, heart rate, weight, percent weight change, systolic
blood pressure, and diastolic blood pressure were moni-
tored for 60 days postirradiation. P values less than 0.05
are denoted with *.

Supplementary Fig. S2. Fourteen NHPs were exposed to
4.0 Gy total-body y-radiation and were administered a sin-
gle subcutaneous dose of either 37.5 pg/kg (n = 8) or 75
pg/kg (n = 6) dose of BBT-059 24 h postirradiation. White
blood cells (WBCs), red blood cells (RBCs), hemoglobin
(HGB), hematocrit (HCT), platelet and neutrophil counts
were monitored for 60 days postirradiation. *P < 0.05.

Supplementary Fig. S3. Fourteen NHPs were exposed to
4.0 Gy total-body y-radiation and were administered a sin-
gle subcutaneous dose of either 37.5 pg/kg (n = 8) or 75
pg/kg (n = 6) dose of BBT-059 24 h postirradiation. Lym-
phocyte, monocyte, eosinophil, and basophil counts were
monitored for 60 days post-irradiation. *P < 0.05.

Supplementary Fig. S4. Fourteen NHPs were exposed to
4.0 Gy total-body y-radiation and were administered a sin-
gle subcutaneous (sc) dose of either 37.5 pg/kg (n = 8) or
75 pg/kg (n = 6) dose of BBT-059 24 h postirradiation.
Albumin, alkaline phosphatase (ALP), alanine transami-
nase (ALT), aspartate aminotransferase (AST), blood urea
nitrogen (BUN), and calcium concentrations were moni-
tored for 60 days post-irradiation. *P < 0.05.

Supplementary Fig. S5. Fourteen NHPs were exposed to
4.0 Gy total-body y-radiation and were administered a sin-
gle subcutaneous (sc) dose of either 37.5 pg/kg (n = 8) or
75 pg/kg (n = 6) dose of BBT-059 24 h postirradiation.
Chloride, cholesterol, creatine kinase, creatinine, glucose,
and phosphorous concentrations were monitored for
60 days post-irradiation. *P < 0.05.

Supplementary Fig. S6. Fourteen NHPs were exposed to
4.0 Gy total-body y-radiation and were administered a sin-
gle subcutaneous (sc) dose of either 37.5 pg/kg (n = 8) or
75 pg/kg (n = 6) dose of BBT-059 24 h postirradiation.
Potassium, sodium, total bilirubin, and total protein con-
centrations were monitored for 60 days post-irradiation.
*P < 0.05.

Supplementary Fig. S7. Fourteen NHPs were exposed to
4.0 Gy total-body y-radiation and were administered a sin-
gle subcutaneous (sc) dose of either 37.5 pg/kg (n = 8) or
75 ng/kg (n = 6) dose of BBT-059 24 h postirradiation. IL-
16, TNF-a, G-CSF, TNF-f, IL-4, and IL-8 concentrations
were monitored for 60 days post-irradiation. *P < 0.05.

Supplementary Fig. S8. Fourteen NHPs were exposed to
4.0 Gy total-body y-radiation and were administered a sin-
gle subcutaneous (sc) dose of either 37.5 pg/kg (n = 8) or
75 pg/kg (n = 6) dose of BBT-059 24 h postirradiation.
SCF, PDGF-BB, MCP-1, IL-18, IL-12p40, and SDF-1o
concentrations were monitored for 60 days post-irradiation.
*P < 0.05.

Supplementary Fig. S9. Fourteen NHPs were exposed to
4.0 Gy total-body 7y-radiation and were administered a
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single subcutaneous (sc) dose of either 37.5 pg/kg (n = 8)
or 75 pg/kg (n = 6) dose of BBT-059 24 h postirradiation.
IL-13, LIF, M-CSF, TRAIL, HGF, and IL-9 concentrations
were monitored for 60 days post-irradiation. *P < 0.05.
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